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INTRODUCTION 

The Alvord Val ley  i s  a complex, sinuous, elongate north-to-northeast trend- 

ing graben valley i n  t h e  northeastern p a r t  o f  the Bas in  and Range province i n  

southern Harney County , southeastern Oregon (Figure 1 ) . I t  i s  roughly 70 m i  1 es 

long and has a maximum w i d t h  o f  about 10 miles near t he  Alvord desert. The 

broad,  f l a t  valley (4,040 f t  elevation) i s  bounded on the  west by an ,impressive 

t i1  ted f a u l t  block mountain b e l t  (Pueblo and Steens Mountains) where e l eva t i ons  

reach 9,760 f t  along a steep, eroded escarpment. The southern part o f  the 

valley extends i n t o  Nevada and some maps c a l l  t h i s  p a r t  the  Pueblo Val  ley. To 

the southeast, the valley i s  bounded by the Trout  C;-eek Mountains (7,2300 f t )  

and t o  t h e  northeast  by 1 ower elevation 1-01 l i n g  h i  1 l s and plateaus more typical 

o f  the Owyhee Upland topography. A t  the extreme north and northeast on the  

Harney-Ma1 heur County border,  the  val 1 ey narrows and merges i nto the Sheephead 

Mountains .  

The val ley i s  essential ly f l a t  w i t h  interior drainage toward two ephemeral 

1 akes, Turn Turn a t  the south end and A 1  vord i n  the central por t ion ,  which are only 

a few f e e t  deep and have areal extent which vary w i t h  seasonal rainfal l  and 

2 stream f l o w .  A larger playa c a l l e d  the A1 vord Desert covers about 250 km i n  the 

north-central  p a r t  of the valley. 

This p a r t  of southeastern Oregon has a semi-arid c l imate  w i t h  wide v a r i a -  

t ions  i n  temperature. The necessity o f  i r r i g a t i o n  and shor t  growing l i m i t s  agr i -  

culture t o  hay and gra in.  The most important indust ry  i s  c a t t l e  grazing. Popu- 

l a t i o n  density i n  t h i s  remote area is very low, less than 1 per square m i l e ,  and 

there are only  two s m a l l  settlements o ther  than i s o l a t e d  ranches, Denio on the 

Nevada border a t  the  extreme south end o f  the vaJ ley, and F i e l d s ,  20 m i  Jes no r th  

of Denio. 

The p a r t  of the A1 vord Vat ley geothermal area eval uated f o r  t h i s  report i s  



STATE OF OREGON 

F igu re  1: Map showing 1ocatio.n o f  study area 



covered by the Adel AMS quadrangle, 1 : 250,000 and by ten 7% ( 1  :24,000) United 

States Geologic (USGS) topographic maps: Fields, Borax Lake, V Lake, Andrews, 

A1 vord Hot  Springs , W i  1 dhorse Lake, and the A1 berson, N. E. , N. W ,  , S .  W .  , and 

2 
S .E.  The area covers about 550 square miles (1,430 km ) and i nc l  udes a1 1 o f  

the A1 vard Val l ey north  o f  F i  el ds ; the Steens Mountain escarpment as f a r  north 

as W i  l dharse Lake and the nor theast  branching va l  1 ey t h a t  i ncl udes Mickey Spring 

near the Harney-Ma1 heur County I i ne. 

This study was funded under U. S .  Department of Energy (USDOE) Contract No. 

DE FC04-49ET27220. The pro jec t  i s  p a r t  of a sta te-coupled USOOE program f o r  

assessment o f  1 ow-tempera ture geothermal resources for d i  rect use. 



GEOLOGY 

In t roduct ion 

The geologic map i n  P l a t e  I has been taken directly f r o m  the Walker and 

Repenning (1965) reconnaissance map of the Adel AMS sheet. Ten days were spent 

i n  the A? vord Val ley f i e 1  d-checking areas where the  geology i s  complicated o r  

where s t ruc tu ra l  re la t ionsh ips  are not clear. Some samples were taken f o r  K / A r  

dating as well, b u t  these data are  not ,  as yet ,  a v a i l a b l e .  

Volcanic s t ra t ig raphy  

Regional studies and o ther  repor t s  on the area t o  the south and west of 

the A1 vord Val ley show t h e  basement rocks t o  be an assemblage of  Paleozoic and 

Mesozoic me tamorphi c and grani t i c  i n t r u s i v e  rocks. Moderate t o  steeply dipping 

Permian and T r i a s s i c  me tarnorphi c rocks i ncl  ude quartz i tes , graywacke sandstone, 

greens tone, seri ci t e  s c h i s t  , quartz-muscovi t e  schis t ,  a r g i  1 1 i te , and m i  nor  mar- 

ble .  Cre taceous-age gneissic granodi ori t e  and quartz d i  ar i  t e  are i ntrus i ve i n  t o  

the metamorphic rocks. 

In the study area, the rocks are a l l  volcanical ly  derived and o f  Miocene 

and younger age. As pointed o u t  by W i l l i a m s  and Cornpton (1953) and Avent (1969), 

a truly impressive dispIay of  Tertiary volcanic  rocks i s  exposed i n  the eastern 

escarpment o f  the  Steens lilountnins. Baksi ( I  967) has suggested t h a t  i t  may be 

one o f  the world's largest s ing le  exposirres of successive Tertiary lavas .  Fuller 

(1931 was the f i r s t  t o  describe the sequence i n  deta i l ,  and he d i v j d e d  them as 

f o l l  ows : 

( 1  ) The 01 dest, a sequence o f  l ight-colored,  f o s s i l  i f e r o u s  s i l i c i  c t u f f s  

and sediments, claystone, opaline cher t ,  and conglomerate i n  th in  

to  th ick  beds to ta l  1 ing 500 t o  800 feet and named t h e  A1 vord Creek 

Formation. There has been much controversy about the  age o f  t h e  

A1 vord Creek Formation,  but  K / A r  dates of  23 m y .  by Zvernden (1964) 



Formation. There has been much controversy about t h e  age o f  the 

A1 vord Creek Formation, b u t  KJAr dates o f  21 m.y. by Evernden 

(1964) and the detemination t h a t  the  Steens lava flows are a l l  

pre-PI iocene have es tab1  ished a 1 ower Pliocene age f o r  the  A1 vord 

Creek Formation. 

Overlying the A1 vord Creek Formation are rhyo l i t e  and daci  t e  flows, 

ash-flow t u f f ,  and interbedded tuffs and breccia t o t a l  1 i n g  I ,000 

t o  1,500 f t  t h i c k .  These rocks are named the Pike Creek Formation. 

K/Ar age da ta  have establi shed a 1 ower t o  middle Miocene (? )  age 

f o r  the Pike Creek rocks. Addi t ional  rock samples arc being anal- 

yzed f o r  t h i s  study t o  conf i rm  t h i s  age. 

( 3 )  The next  youngest p a r t  o f  the sequence comprises two loca l ly  exten- 

s i v e  and th ick  (900 ft*) andesite flows w i t h  spectacular columnar 

j o i n t i n g  over la in  by t h i n  andesite and b a s a l t  f l o w s  and clast ic  

material o f  var iab le  thickness. Ful ler (1930) called these rocks 

the Steens Mountain Andesit ic Series.  The relationship o f  t h i s  

assemblage ( t o t a l  t h i  ckness -2,000 f t )  wi t h  t h e  under1 y i  ng Pi  ke 

Creek and A l  vord Creek Form t i  ons i s  not  certai n; however, i t  has 

been assigned a late Miocene age. 

( 4  1 Unconformabl y above t h e  i rregul a r  andesi ti c f l  ews and pyrocl a s t i  c 

rocks o f  the Steens Mountains s e r i e s  are t h i c k  sections o f  the 

Steens Basalt .  The Steens Basal t consis ts  o f  as much as 5,000 ft 

o f  th in ,  regularly bedded flows o f  p o r p h y r i t i c  t o  aphyr ic  o l i v i n e  

tha l  e i  te  t o  h i g h  a1 umi na basa l  t, Nos t workers now agree t h a t  the 

Steens B a s a l t  sect ion was erupted regular ly  and rapidly over a 

shor t  period of geologic t ime  during the  l a t e  Miocene from local 

f i ssure  vents. K/Ar dates of 14.5 m.y. t o  16 m.y. ind ica te  t h a t  

t h e  Steens B a s a l t  i s  a lateral t ime equivalent of p a r t  o f  the  

- 5 - 



Co1 umbia R i  v e r  Basal t Group. 

(5) M i n o r  amounts o f  rhyol i te  and dacite flows and ash-f low t u f f s  are 

present above the Steens Basalt .  These are shown as T t r  on the 

geologic maps. Their  age i s  n o t  known, b u t  i s  probably 1 ate  Mio- 

cene o r  early Pliocene. 

East o f  the Alvord Valley the structural and topograph ic  e l e v a t i o n  o f  the  

faul t  blocks decreases so t h a t  younger volcanic rocks mantle the early Tertiary 

section.  However, a t  the  northeast end o f  the val ley ,  Steens Mountain Basal t  

i s  s t i l l  the prominent rock type. Walker and Repenning (1965) show the Steens 

B a s a l t  d ipping t o  the south and successively o v e r l a i n  by T a f ,  a series of platy 

andesi t e  f lows and flow brecc ia ;  :"tr, ash- f l  ow t u f f  a n d  rhyol i te -dac i  t e  masses ; 

T s t ,  tuffaceous s i r  ts tone,  sands tone, and cong1omer;te ; and Tb, dark gray dense 

mesa capping  b a s a l t  f l o w s .  All of these heterogenous volcanic rocks are prob- 

ably o f  1 a t e  Miocene and P l  i o c e n ~  age. 

The mountain f l a n k s  2nd hasin  are  draped a n d  -Filled wi th  a variety of  Pl io-  

Pleistocene and Holocene a l l uv ium.  The oldest o f  t h i s  k i n d  of depos i t  

(@"st) i s  present near Fields t? t h ~  ~ a ~ ~ i i ,  and  oc:.urs 3s  t i l t ed ,  u p l i f t e d ,  

1 ow ro l l i ng  h i  11s adjacent, t:, the mourrtai n fronts. The deposits are ch ie f ly  

massive t o  crudely layered,  ~cme~:l;.?", tnnsnf idated, col luvium a n d  conglomerate. 

Avent (3965) described t h i s  poo!-!y s ~ . : . : + t 2 d ,  crudely s t r a t ' i 5 i e d  sedimentary u n i t  

i n  detail and proposed the name Ttrin T1.m Conglomerate. An aye o f  middle t o  1 a t e s t  

PI iocene has been suggested. Lands l f dr! x b r i  s ( cni t Qbs j a 1 on9 t h e  base of  moun- 

t a i  n f r on t s  and some o f  the 71 2j.r 1 ?ke s i  i t and sand depasi ts  ( u n i t  &p) have 

been del ineated where censpicliaus, Q;rater~ary a l l u v i a l  f a n  deposi ts ,  f luvia l  

and l a k e  gravel ,  s a n d ,  s i l t .  i;nc! evat~cr i te  deposi-cs have n o t  bcen d i f f e r e n t i a t e d  

and are  shown as QaZ cn t h ~  geolnglc maps. 



Detai led descriptions o f  individual form t i  ons have been pub1 i shed by 

many authors 1 i s t e d  in the references a t  the  end of t h i s  report. 

As a convenience f o r  cornpil i n g  the geologic map, t h e  s i  I i c i c  rocks of the 

A1 vord Creek Form t i o n  and P i  ke Creek Formati on have been combined as wet 1 as 

the andesi t e  and basalt flows o f  the Steens b u n t a i n  Volcanic Series and t h e  

S teens Basal t. 

Structural geol ogy 

The A1 vo rd  Val 1 ey i s  i n  the northern p a r t  of the  Basi n and Range Province. 

Prominent horst and graben features o f  t h e  area are characteristic of the r e s t  

o f  the province and are the  result of considerable east-west extension during 

the l a t e  Cenozoic. 

An examination o f  ERTS Landsat color  imagery o f  southeastern Oregon tends 

t o  c o n f i  mn the observations of early day observers (Russel 1 , 1884, and Wasi ns, 

1904) who suggested t h a t  the Steens-Pueblo Mountain range i s  the western flank 

of an a rch ,  the  keys tone o f  which dropped down t o  form the A1 vord Val 1 ey . The 

photos show t h a t  a 1 arge p a r t  of the h i  gh S teens have been an elongate f ow, dome 

shaped mass before i t became the complex hors t and graben structure i t i s  today. 

A set  o f  NNE and NNW t r e n d i n g  fau l ts  i s  we1 l developed, especial Jy a t  the north 

end o f  t h e  A1 vord Val ley (Figure 2 ) .  

Lawrence (1976) interpreted the pattern o f  f a u l t i n g  i n  the Basin and Range 

o f  southeastern Oregon as zones of east-west extension that I i e  between promin- 

e n t  right-lateral wrench f a u l t s  which trend N. 50' W .  t o  N. 60' N. The Steens- 

A1 vord area 1 ies between Lawrence's "Vale" tone to the  north and another t h a t  

Lawrence calls the "Eugene-Denio" zone t o  the south. Far ther  west, the north- 

ward extension o f  the  Basin and Range topography i s  terminated by the '%rothers" 

f a u l t  zone which Lawrence interprets as ending a t  or near the range-front o f  

the Steens Mountains. 





Displacements on the range-front f a u l t s  are  estimated t o  be as much as 

10,000 f ee t  along the west side o f  the Alvord Valley and much less  along the 

east  margin where the escarpment i s  much lower. A large t i l t e d  block i s  sug- 

gested by a reversal o f  dips i n  the f o o t h i l l  s west of t he  valley from the  

mouth o f  W i  1 dhorse Canyon southward t o  Fi  el  ds . General ly , the mass i ye Steens 

Mountain block t i l t s  t o  the west a t  5' o r  less.  The east-facing escarpment 

and f rontal  f a u l t  zone generally trends about N. 5' E. but have sections where 

the trend approaches N. 25' E ,  

Most o f  the elevation of  the range appears t o  have occurred before the 

onset o f  glac ia t ion .  Glaciat ion has l e f t  1 arge u-shaped canyons and cirques 

in the hSgh Steens, such as Keiger Gorge. 

The PI  i ocene- P l  ies tocene Turn Turn congl omera t e  has a1 so been deformed and 

up1 i f ted. Quaternary a1 1 uv i  a1 fans a1 so appear t o  have been sl i gh t ly  up1 i f ted 

and erosionally c u t  i n t o  scarplets and low ridge-like deposits (Cleary, 1976) 

i n d i c a t i n g  t h a t  many o f  the faul ts i n  the area are s t i l l  act ive .  Such faul  t s  

continual  'iy create fracture permeabi 1 i ty f o r  deep ci rcul a t i o n  of geothermal 

water. 



GEOPHYSICS 

A number o f  geophysical s tudies  were avai 1 able  f o r  eval uation i n  t h i s  

report .  They a r e  a regi onal aeromagnetic survey performed by the USGS j n  

1972 ( Figure 3 )  ; an audio-magneto te l l  u r i c  survey performed by Long and Gregory 

o f  the USGS i n  1975, presented a t  the 7 . 5  and 27 hertz  bands (Figures 4 and 5); 

gravi  ty and truck-moun ted  magnetic p r o f i  1 es performed by G r i  scorn, Andrew and 

Conradi o f  the USGS i n  1975 ( n o t  i n c l  uded w i t h  this report) ; and a Bouguer grav- 

i ty anomaly study performed by Cl eary , 1974a, of the Uni vers i ty o f  Montana 

(Figure 6 ) .  

Owing t o  i t s  small scale, the  regional aeromagnetic study (F igure  3) i s  

d i f f i c u l t  t o  i n t e r p r e t  on a s i te -spec i f i c  basis.  The Steens Mountain fault 

escarpment on the western edge of the map i s  indjcated by a sharp change from 

smooth contours, ind ica t ive  of a deep al luvia l  valley, t o  a strong north-to- 

northeast trend o f  short-period,  elongated maxima and minima. T h i s  area of 

elongated anomal i es  i s  coi nci dent w i t h  the  complexly nor theas te r ly  and north- 

westerly faul ted  Steens Mountains. The mountains are composed mainly o f  re1 a- 

tively h i g h l y  suscept ib le  lavas  w i t h  minor non-susceptible r h y o l i t e 5  and t u f f s  

along the range front. The valley i s  character ized by smooth contours trending 

north  to  northeaster ly  w i th  a closed minimum centered on the eastern portion o f  

the A1 vord Desert, probably i n d i c a t i n g  t h a t  bedrock beneath the valley f i  1 1  i s  

dipping to  the  northeast.  This t rend begins to  show increasing p o s i t i v e  gradi- 

ents to  the south and east along the Trout Creek Mountains and Sheepshead Moun- 

ta ins  f r o n t .  

Detai 1 ed,  continuous , truck-moun ted,  magnetic p r o f i  1 es performed by Griscom, 

Andrew, and Conradi (1975) taken through Borax Lake, Mickey Hot Springs, and 

A1 vord Hot Springs show much more de ta i  1 . These t raverses,  i n  con junct ion w i  t h  

thei r gravi ty traverses, i n d i c a t e  t h a t  each h o t  spr ing i s  coincident  w i  t h  a 
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geophysical anomaly which i s  i n t e r p r e t e d  t o  be a f a u l  t. Their study also con- 

c l  udes t h a t  many of  t h e  f a u l t s  mapped fo r  t h i s  study extend i n t o  the valley 

beneath the f i l l .  The reader i s  d i r e c t e d  to  t h e i r  publication for detajled 

discussion o f  t h e i r  study. 

An audiomagnetotell u r i c  apparent resist1 v i  ty study o f  the A1 vord Valley 

p e r f o m d  by Long and Gregory (1975) del ineates three areas of high conductance 

(Figures 4 and 5 ) .  These areas show up as small res is t iv i ty  minima surrounding 

Hot Borax and Mickey S p r i n g s ,  and a 1 arge r e s i s t i v i t y  minimum surrounding the 

A1 vord Desert p t  aya. The minima surrounding the two h o t  spr ings  are seen through- 

o u t  the frequency spectra a t  both sha l low and extreme depths. In both  cases, 

the anomaly broadens and centers on surface ho t  springs a t  the higher end o f  the 

frequency spectrum ( i - e . ,  shallower p r o b i n g ) .  The anomaly a t  Mickey Springs 

s h i f t s  very l i t t l e ,  and does not broaden a great deal a t  high frequencies, sug- 

gesting a more direct path t o  the surface fo r  ascending waters and probably a 

shallower depth t o  source. This assumption is reinforced by geologic mapping 

which indicates less depth t o  bedrock than f o r  the o the r  springs,  and a h igh o r i -  

f i c e  temperature which may i n d i c a t e  a shor te r  path t o  the sur face.  

The anomaly surrounding Hot Borax Lake shows some displacement toward the 

val 1 ey bounding faul t s  a t  1 ower frequencies j i  .e .  , deeper probi ng) , and a 

decrease in the s i z e  o f  t h e  anomaly. This may indicate t h a t  thermal water 

e x i t s  the range-front f a u l t  i n  a 1 imi ted area a t  depth and migrates down the 

hydro1 ogi c d i p  toward the center of the basi n, where i t f i n a l  ly appears as a 

zone of widely scattered h o t  to warm springs. 

The t h i r d  anomaly surrounding A1 vord Va l  1 ey i s  probably due t o  high ly  con- 

duct i  ve 'i ayers o f  evapori te-ri ch sediments and sal  i ne waters buried beneath 

the p laya f loor .  This anomaly probably masks any anomaly which may be associ- 

ated w i t h  Alvord Hot Springs, found t o  the west o f  the  Alvord Desert, although 
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a s l i g h t  amount of offset t ing towards the springs i s  seen i n  the higher fre- 

quencies which may be caused by surface effects around the springs. 

The f i n a l  geophysical study evaluated for this report i s  a simple Bouguer 

gravity map developed by Cleary (1 976a) of the A1 vord Val ley (Figure 6 ) .  This 

map, which i s  discussed i n  d e t a i l  i n  h i s  thesis ,  ind ica tes  t h a t  the valley is 

a complex graben. Cross-sections f r o m  h i s  report are presented on the accom- 

panying geologic maps (P la te  1-11) and i nd i ca t e  t h a t  a number o f  the valley 

bounding and i n t e r s e c t i n g  fau l  t s  continue under the v a l  1 ey fi 1 l , where they 

probably control the observed geothermal sys tern. Cl eary a1 so describes some 

contemporary seismic events and graben-boundi ng s trwctures t h a t  he i nterpre ts 

to be ac t ive .  



Figure 6. SIMPLE BOUGUER GRAVITY MAP OF THE ALVORD DESERT AREA, OREGON 
(Prom Cleary, 2976a) 

; * -  Gravity stat ions 
0 - Gxavity base statians 

/18o/- Gravity   on tours mgdla 
- - 
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WATER CHEMISTRY 

During the period o f  t h i s  s t u d y ,  s i x  spr ings were sampled and t h e i r  

waters analyzed. Together w i t h  pub? i shed analyses (Mariner and others, 1974, 

1980; and USGS and DOGAMI, 1979), a t o t a l  o f  twenty-seven analyses a re  ava i l -  

able for eval uation (Tab1 e 1 ) .  F i e l  d reconnaissance i ndi cates a considerable 

number o f  thermal anornal i e s  ; however, a I arge number o f  these springs and we1 1 s 

were unlocatable, not f lowing or unsampled owlng t o  t i m e  constra ints .  

Sampl i ng temperatures during fS el d co l  1 ec t i on  ranged f r o m  near boi 1 i ng 

( 1 0 0 ~ ~ )  f o r  A1 vord Hot Springs, Mickey Hot Springs, and Hot Borax Lake down t o  

6' C f o r  Burke Spring.  

The thermal waters can best be described as neutral to slightly a lka l ine ,  

m i  xed-i on bicarbonate water t yp i  cal  of hot-water systems found throughout the 

Bas i  n-Range province. Preliminary analyses o f  the a v a i  1 able data ind ica tes  that 

two species o f  water are present, (1) the Mickey Springs group and (2) Alverd 

Springs and H o t  Borax Lake, w i th  the Mickey Springs group showing s f  igh t ly  

h i  gher estimated reservo i r  temperatures (Table 2 )  , 

The four  ho t  springs or groups o f  hot springs i n  the study area ( P l a t e  111) 

are rather widely separated along a nor theas t  t rend fram j u s t  west o f  F i e l  ds 

(Pedro Spring) i n  the south-central p a r t  o f  the va l ley  t o  Mickey Springs about 

35 miles t o  the northeast. I n  addi t i an  to being widely separated, the springs 

a1 so appear t o  be i n  d i  fferent envi ronments , a1 thowgh a1 J are local i zed by 

faul t s  or faul t zones. Pedro Spring,  the 1 east hot  (27' C)  , emerges f rom 

b a s a l t  flows o f  the h o r s t  block. Borax Hot Lake i s  i n  the center o f  the valley 

and has a l i n e a r  north-south s t r i n g  o f  spr ing  o r i f i c e s ,  some o f  wh-ich are near 

bo i  1 i ng temperatures . These o r i f i c e s  a r e  probably associated wi t h  a buried 

va l  l ey-boundi ng faul t which was discussed i n  the geophysics s e c t i o n  o f  th-i s 

repor t .  The dl vord Hot Springs occur at  the base of the Steens Mountain 



escarpment and are probably control led by a major f ron ta l  f a u l t .  Mickey Spr ing ,  

the northernmost i s  a1 so the h o t t e s t  in the A1 vord Val ley ,  and i t  i s  the only 

hot s p r i n g  i n  the eastern part  o f  the valley. There, several spring orifices, 

bubbling mud pots ,  and steam vents occur i n  a 1- t o  2-acre area of t u f a  mounds 

adjacent t o  a l a rge  northeast-trending f a u l t  block. 



Tab1 e I .  Spring and we1 1 chemistry o f  the A1 vord Desert area. A 1  1 measurements 
are i n  mg/l, except f o r  pH or  as indicated. nt = n o t  tested; t r  = trace. 

Burke 
S p r i n g  

'Blair 
Spri ng 

Cold 
Spri ng 

An tel ope 
Hot Spri ngs 

Pedro 
Spring 

Location 355/ 33E/ 
34 Dcb 

5/60 

10 

7.8 

240 

Date sampled 

Temp. ( O  C) 

pH 
Conductance 
prnhos/cm 

A 1  k a l i n i t y  
X,, as mg/l HCQ3 

Xc as mg/l CaC03 

Hardness 
as mgJl CaCQ3 

T o t a l  dissolved 
sol i ds  

S i  O2 

Fe ( t o t a l )  

A1 
HC03 

P04 



Table 1 . Spr ing and we1 1 chemistry of the Alvord Desert area--Conti nued. A 1  f 
measurements are i n  rng/l, except for pH or as indicated. n t  = not  tested; t r  = trace, 

Mickey 
H o t  Springs 

M i  ckey 
Hot Springs 

Mi c key 
Hot Spr ings  

33S/35E/ 
13B 

9/ 76 

86 

8.31 

2200 

Mickey 
H o t  Springs 

37SJ32 3/4E/ 
28Ba 

5/  80 

87 

8.9 

2 300 

Loca ti on 

Date sampled 

Temp. (O C) 

pH 
Conductance 
pmhos/cm 

A 1  kal i n i  ty 
Xh as mg/l HCQ3 

Hardness 
as mg/l CaC03 

To ta l  d i s s o l v e d  
sol i ds  

S i O2 

As 
B 

t i  

F 

Fe ( t o t a l )  
A1 

HC03 

P04 

S04 



Table  1 . Spring and we1 1 chemi stry o f  the A t  vord Desert area--Con t inued.  A1 1 
measurements are i n  mgJ t  , except for pH or as indicated. nt = not tested; t r  = trace. 

0 '  Keefe 
Spring 

A t  vord 
H o t  Springs 

A1 vord 
H o t  Springs 

A1 vord 
H o t  Springs 

Locat ion 

Date sampled 

Temp. (' C )  

pH 

Conductance 
urnhas /cm 
A1 kal i n i  ty 
X,, as mg/l HC03 

Hardness 
as mg/l  CaC03 

Tota l  d issolved 
so l  i d s  

S i  O2 

Fe ( t o t a l )  

A1 

HCQ3 



Table 1 .  Spring and we1 1 chemistry of the A1 vord Desert area--Conti nued. A1 1 
measurements a r e  in mg/l , except for pH or  as ind ica ted .  nt = no t  tested; tr = trace. 

Spring N.W. 
of Borax Lake 

Spr ing  M.W. 
o f  Borax Lake 

Hot Borax 
take #2 

Hot Borax 
Lake #3 

Location 

Date sampled 

Temp. (' C )  

Conductance 
umhos/cm 

A t  ka l  i n i  ty 
X,, as mg/l HC03 

X, as mg/l CaC03 

Hardness 
as mg/l  CaC03 

Total di ssol ved 
solids 

S i  OZ 

Na 

K 

Ca 

Mg 
C1 

B 

L i  
F 

Fe ( t o t a l  J 

A1 

HC03 

P04 



Table I .  Spring and well chemistry o f  the A1 vord Deser t  area--Continued. A1 1 
measurements are i n  rng/l, except forJpH or as indicated. n t  = n o t  tested; tr = trace. 

H o t  Borax 
Lake #4 

Hot Borax 
Lake #5 

Hot Borax 
Lake #I 

Unnamed Rot s p r i n g  
n e a r  h o t  l ake  #3 

L o c a t i o n  

Date sampled 

Temp. (O C )  

Conductance 
pmhos/cm 

A1 kal  i ni ty  
Xh as mg/l HC03 

Xc as mg/l CaC03 

Hardness 
as mg/l CaC03 

To ta l  di  ssol ved 
sol i ds  

Fe ( t o t a l )  

A 1  

K O 3  



Table 1. Spring and well chemistry of the A1 vord Desert area--Continued. A1 1 
measurements are i n mg/l , except f o r  pH or as indicated.  n t  = n o t  tested; t r  = trace. 

Unnamed ho t  spring 
near hot  lake #4 

Unnamed hot  spri ng 
near h o t  lake #5 

Unnamed ho t  spring 
near hot lake #6 

37S/ 33E 
9/76 

86 

8.67 

2040 

Location 

Date sampled 

Temp. 1' C )  

Conductance 
pmhos Jcm 

A1 ka l  i n i  ty 
Xh fi s ~ / I  HC03 

Hardness 
as mg/l CaC03 

T o t a l  dissolved 
solids 
5 i O2 

Na 

K 

Ca 

Mg 
C1 

As 

8 

L i 
F 

Fe ( t o t a l )  
A1 

HC03 

P04 



Tab1 e 1 . Spring and we1 1 chernis t ry  of the A 1  vord Desert area--Con ti nued, A1 1 
measurements are in mg/l, except for pH or as indicated.  nt = not  tested; tr = trace. 

Unnamed ho t  spri ng Unnamed h o t  spring 
near h o t  l ake  R7 near h o t  l a k e  #8 

Locat ion 

Date sampled 
Temp. ( O  C) 

Conductance 
pmhos/cm 

A1 kal i ni ty 
Xh as mg/I HCOQ 

Xc as mg/l CaC03 

Hardness 
as mg/l CaCQ3 

Total  dissot  ved 
sol i ds  

t.lg 

C1 

As 

5 

ti 
F 

Fe ( t o t a l )  
A1 

HC03 



Table 2. Geothermetri c cal cul at1  ons* o f  min imum reservoir temperatures f o r  
selected thermal waters o f  the A1 vord Desert area. 

Burke 
S p r i  ng 

Blair Cold 
Spring S p r i  ng 

An te1 ope 
Hot Springs 

Pedro Mickey 
Spring Hot Spr ings  '71 

Ff ow rate 
1 i ters/mi n. 

Measured 
temperature 

O c  

Na: K 

O c  

Na: K: Ca 
1/3 B 
0 

C 

Ma: K: Ca 
4/3 B 
O c  

Na: K: Ca 
Mg corrected 
OC 

S i  O p  
conductive 
O c  

S i O2 

ad iaba t ic  
0 C 

S i  O2 
chalcedony 
O c  

Si02 

opa 1 

O c  

*Methodology f o r  calculat ions presented i n  Appendix A .  nc = no t  calculated. 
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Tab1 e 2. Geothermetri c calculations* o f  minimum reservoir temperatures f o r  
selected thermal waters of the A1 vord Desert area--Conti nued. 

M i  c key Mickey M i  c key 0 ' Keefe 
Hot  Springs "2 Ho t  Springs '76  Hot Springs "80 Spring 

Flow rate 
1 i tersi'mi n. 

Measured 
temperature 

Na: K 

Na: K: Ca 
1/3 6 
0 C 

Na: K:Ca 
4/3  8 

OC 

Na: K: Ca 
Mg corrected 
O c  

S i O T  

conducti ve 

Si02 

adiabat ic  
0 
C 

S i  O2 
chalcedony 

S i O2 
opal 

*Methodology f o r  calculations presented i n  Appendix A.  nc = not calculated. 
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Table 2. Geothermetric calculations* of m i  nimurn reservoi r temperatures for 
selected thermal waters  o f  the AT vord Desert area--Con t i  nued. 

A1 vord 
Hot Springs '55  

A 1  vord A1 vord A1 vord 
Hot Springs '72 Hot Springs '76 Hot Springs '80 

Flow rate 
l i  ters/min. 

Measured 
temperature 
O c  

Na: K: Ca 
1/3 & 

OC 

Na: K: Ca 
Mg corrected 

OC 

S i O2 
conduc ti ve 

O c  

Si02 

a d i a b a t i c  

O c  

Si02 

chal cedony 

S i OZ 

opa l  
0 C 

*Methodology f o r  calculations presented i n  Appendix A, nc = not calculated. 
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Table 2. Geothemtri c calculations* o f  m i  n i  mum reservoir temperatures for 
selected thermal: waters of the A1 vord Desert area--Conti nued. 

Spring N.W. o f  
Borax Lake '57 

71 

Spring N.W, o f  
Borax Lake ' 72 

56 

Hot Borax Lake #2 
S p r i n g  '53 

Hot Borax Lake #3  
Spring '53 

F l  ow rate 
1 i ters/mi n. 

Measured 
temperature 
O c  

Na: K 
0 C 

Na: K: Ca 
1/3  B 
O c  

Na:K:Ca 
4/3 B 

O c  

Na: K: Ca 
Mg corrected 
O c  

Si02 

conductive 

OC 

S i O2 
a d i a b a t i c  

Oc 

S i O2 
chalcedony 

O c  

S i  OZ 

opal 

OC 

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



Tab1 e 2. Geothermetri c cal cul a t ions* o f  minimum reservoir temperatures for 
selected thermal waters o f  the A1 vord Desert area--Continued, 

Not Borax 
Lake #4 

Spr ing '53 

Hot Borax 
Lake #5 

Spri ng ' 61 

Hot Borax 
Lake #1 

Spring '72 

Unnamed h o t  
spring near 

hot l a k e  #3 '76 

Unnamed hot  
spring near 

ho t  l a k e  84 '76 

F l  ow rate 
1 i ters/mi n. 

Measured 
temperature 

OC 

Na: K 

O c  

Na: K: Ca 
4S3 B 

O c  

Na:K:Ca 
Mg corrected 
O c  

Si02 

conductive 

OC 

Si02 

a d i a b a t i c  

OC 

Si O p  

chalcedony 

O c  

S i  O2 
opa 1 

O c  

*Methodology f o r  calculations presented i n  Appendix A. nc = no t  calculated. 



Table 2.  Geothermetri c cal cul a t ions* of m i  nirnum reservoi r temperatures for 
selected thermal waters of the A1 vord Desert area--Conti nued. 

Unnamed h o t  
spring near 

h o t  lake #5 '76 

Unnamed h o t  
s p r i n g  near 

h o t  l ake  #6 '76 

Unnamed h o t  
spr ing near 
ho t  lake  #7 

Unnamed hot  
spr ing  near 

hot  1 ake #8 '76 

F l  ow r a t e  
I i ters/mi n . 
Measured 
temperature 
OC 

Na: K 

O c  

Na: K: Ca 
1 / 3  6 

O c  

Na: K: Ca 
4J3 (3 

O c  

Na: K:Ca 
Mg corrected 
O c  

S i O2 
conducti ve 

O c  

Si02 

ad iaba t ic  

O c  

Si02 

chalcedony 

O c  

S i Q 2  

opal  

OC 

*Methadology f o r  calculations presented i n  Appendix A.  nc = n o t  calculated. 



GEOTHERI4AL GRADIENT AND HEAT FLOW DATA 

Temperature gradient and hea t  flow res ul t s  for the A1 word Val 1 ey area 

of Oregon are shown i n  Table 3. Included i n  the tab le  are the township/ 

range-section and the l a l i  tude and 1 ongi tude 1 oca t i o n  of each hole, In 

a d d i t i o n  t h e  hole name, date o f  logging used, c o l l a r  elevat ion, bottom hole 

temperature, maximum depth, corrected temperature g rad ien t  and (where avai 1 a b l e )  

corrected heat f l o w  are shown. In add i t ion  t o  these da ta  the depth i n t e r v a l  

and average thermal conducti v i  ty  used for cal cul a t i  on of t he  gradient  and heat  

flow are shown. The tab le  values are  given in $1 u n i t s .  To t r a n s f o m  un i ts ,  
2 1 x lom6 cal/crn sec (HFU) = 41.84 r n ~ r n - ~ ,  1 x loh3  cal /cm secOc (TCU) = 

-1 - 1  0.4184 Wm K - Also 1°c/km = lrn~m-I = 1 8 . 2 ~ ~ / 1 0 0  f t .  The temperature-depth 

measurements f o r  each hole have been open-fi l e d  a t  the DOGAMI o f f i c e  i n  Por t -  

land, and can be obtained by contacting t h a t  of f i ce .  Corrected gradient  and 

corrected heat f low are v a l  ues fo r  which the topographic e f fec ts  have been 

removed. These are no t  s i g n i f i c a n t  f o r  the s i t e s  studied. 

The holes are ranked i n  terms o f  the qua1 i ty o f  the g rad ien t  o r  heat  flow 

information, f r o m  high qua1 i t y  ( A ) ,  to good q u a l i t y  ( B ) ,  t o  marginal q u a l i t y  

( C )  , t o  da ta  w i t h  some problems (a) ,  t o  data for which no useful temperature 

grad ient  or heat f l o w  can be estimated ( X ) .  Heat f l o w  values i n  geothermal 

systems are indicated by a G. All holes have been pla t ted  on an AM5 Base pre- 

sented as Plate I .  Only 8 holes are shown in Table 3 i n  t h i s  area. the 

regional data  i n  south central Oregon are sparse (Blackwell -- e t  a1 ., 1978). 

Four h e a t  flaw measurements have been published by Sass e t  a l . ,  (1976) and are 

included on the table. These holes were drilled s p e c i f i c a l l y  for heat flow, 

and thermal conduct iv i ty  measurements were made on core and c u t t i n g  samples 

f rom the holes . For the wa te r  we1 1 s on1 y estimated thermal conducti v i  ty val ues 

*Written by D r .  Dav id  D. Blackwell, Southern Methodist University 



Jab1 e 3. Geothermal -gradi e n t  data , A1 vcre  Desert area, Oregon. 

Bottom Dep* Uncorr. Corr. Corr. 
Wn/Rng- N Lat. W Long Hole # Collar Temp. , .,Interval A Y ~ .  TC # Gradient Gradient HF 

M- 1 K- 1 
Q 

Sect ion Deg-Min. Deq.Min. Date Elev. ["Cl (m) n= "CJkrn "C/km mWm-' AF 



are avai lable  and the quality o f  the data i s  qu i te  low. Because o f  the sparsity 

o f  data  very l i t t l e  can be sa id  i n  detail about the  potential o f  the  area. In 

general , the heat flow v a l  ues and geothermal gradients appear to  be qui t e  h igh 

and, except for the remoteness o f  the area, there might be good p o t e n t i a l  for  

usable low temperature water to be found  a t  l e a s s  than 1.5 krn depth. Extensive 

gradient d r i l l i n g  has been ca r r i ed  o u t  by explorat ion companies in the search 

for h igh  temperature geothermal resources. These data are  no t  a v a i l a b l e ,  as 

they are proprietary. 



CONCLUSIONS AND RECOMMENDATIONS 

This reconnaissance study o f  the  A1 verd Val ley has defined two geothermal 

systems worthy o f  further inves t iga t ion .  Those are the ( 1 )  !-lickey H o t  Springs 

area i n  the northern end of the Val ley, and the ( 2 3  A1 vord-Hot Borax Lake area 

in the central and southern end of the Val 1 ey. Surf ace ind ica t ions  are t h a t  

both o f  these areas have high estimated reservoir temperatures and  may repre- 

sent the  surface manjfestations o f  a system a t  depth  which has temperatures 

high enough f o r  direct utilization and possibly electrical power production. 

Recomndat i  ons for  s i  te -spec i  f i  c analyses f o r  these two very important areas 

should be carried out under one f ie1 d program, and are 1 i s t e d  as fol lows:  

1. Detailed ( 1  :24,000 o r  Jess) geologic and photogeolo~ic mapping o f  the areas 

immediately adjacent to the spri ng zone wi t h  emphas i s on recogni t i o n  and 

mapping o f  a c t i v e  andlor thermal structures . 
2. Detailed sampling and ana lys is  o f  ho t  and cold spr ings  including i so top ic  

analysis , to  de termi ne precise subsurface condi t i  ons , 

3 .  C l o s e l y  spaced gravi ty  s t a t i o n s  t o  be coup1 ed w i  t h  e x i  s ti ng stat ions and 

reduced to  complete s i  te-speci f ic  Souguer and res i dual anomaly maps to pro- 

vide for detai 1 ed analysis o f  subsurface thermal structures . 
4. Acontemporaryseismic  study and a microseismic study using an array o f  

h i  gh-gai n seisrnome ters to determine sei smi c i  ty o f  the Val  1 ey and re1 a t i  on 

o f  ac t ive  faults t o  the geothermal regime. 

5. A program of  20 t o  30 500-ft g r a d j e n t / s t r a t i  graphy holes fol lowed by a 

program of 5 to 10 2000-ft grad ien t  holes to  refine the evaluat ion o f  the 

dl vord Val ley geothermal model for deep production dri 1 I i ng. 



BIBLICGRAPHY OF THE ALVORD DESERT 

Avent, J.C., 1970, Corre lat ion of the Steens-Columbia River Basatts: Some 
tectonic  and petrogenetic imp1 icat ions, i n  Co? umbia R i v e r  Basal t Sym- 
p o s  i urn, 2nd , Cheney , Wash. , 1969, ~ r o c e e n n g s  : Cheney , Eastern Wash- 
ington State College Press, p. 133-1 57.  

Baldwin, E.M., 1976, Geology of Oregon (revised ed.): Dubuque, Iowa, Kendall/ 
Hunt, 147 p. 

Bl ackwe't 1 , D ,D., Hul l  , D .A,,  Bowen, R.G. , and Steel e ,  J . L . , 1978, Heat flow 
o f  Oregon: Oregon Department of Geology and Mineral Indus t r ies  Special 
Paper 4, 42 p .  

Bowen, R . G . ,  and Peterson, N.V., compilers,  1970, Themal spr ings and wel ls  
in Oregon: Oregon Department of Geology and Mineral Industries M i  scel- 
1 aneous Paper 14 [map), scale a p p r a x .  1 :I ,000,000. 

Bowen, R . G . ,  Peterson, N . V . ,  and Riccio, J.F., compilers, 1978, Low- t o  
i ntemediate-tempera t u r e  thermal springs and we1 1 s i n  Oregon: Oregon 
Department o f  Geol ogy and Mineral Industries Geol agic Map Series GMS-10, 
scale  approx . I : 1,000,000. 

Cleary, J.G.,197Sa, Geothermal i nves t i ga t i on  o f  the  Alvord Val ley,  southeast 
Oregon: Missoula, Mont,, Univers i ty  of Montana master 's thesis, 71 p .  

197dh, A1 vord Val 1 ey , Oregon geothermal i nves t i ga t i on  (abs. ) : American 
Association o f  Petroleum Geologists Bu l l e t i n ,  v. 60, no. 8, p. 1394. 

Donath , F.A., 1962, Analysis of Basi n-Range structure, south-central Oregon: 
Geological Society o f  Amerjca Bulletin, v ,  73, no. 1, p. 1-15. 

Evernden , J . F. , and James, G .T. , 1964, P o t a s s i  urn-argon dates and the Te r t i a ry  
f l o r a s  o f  North America: American Journa l  o f  Science, v. 262, no. 8, 
p. 945-974. 

Fryberger, J . S. , 1959, The geof nyy o f  Steens Mountain, Oregon: Eugene, Oreg . , 
University of Oregon master's thesis ,  65 p. 

Fuller, R.E . ,  1930, The petrology and s t ruc tu ra l  r e l a t i o n s h i p  o f  the Steens 
Mountain volcanic ser ies o f  southeastern Oregon: Seattle, Wash., Univ- 
ersity o f  Washington doctoral dissertation, 282 p .  

1931, The geomorphology and volcanic sequence of Steens Mountain i n  
sou theastern Oregon: Seatt le ,  Wash, , Un ive rs i t y  of Washington Pub1 i ca- 
t ions  i n  Geology, v .  3, no. 1, p. 1-130. 

Fuller, R.E.,  and Waters, A.C., 1929, The nature and origin of the hors t  and 
graben structure of southern Oregon: Journal of Geology, v .  37, no. 3 ,  
p. 204-238. 



Griscom, A , ,  and Conradi, A * ,  J r . ,  1975, Principal facts and preliminary 
i nterpretation for grav j  t y  prof i 1 es and conti nuous truck-mounted magne- 
tometer profi les in the Alvord Valley, Oregon: U.S. Geological Survey 
Open-File Report 75-293, 20 p., 18 p l s .  

Groh , E .A. , 1966, Geothermal energy potenti a? i n Oregon : Oregon Department 
o f  Geology and Mi nera 1 Industries, Ore Bin, v ,  28, no. 7 ,  p .  125-1 35. 

Harrol d ,  J . C . , 1973, Geology of the north-central Pueblo Mountains , Harney 
County, Oregon: Carval 1 i s  , Oreg . , Oregon Sta te  Universi ty master's 
thes'is, 135 p .  

Hook, R . ,  1980, The volcanic stratigraphy of the Mickey H o t  Springs area, 
Harney County, Oregon: Corval 1 is, Oreg . , Oregon S t a t e  University master 's 
thesis , i n progress. 

Hull, D.A., Blackwel I ,  D.D. ,  Bowen, R.G., Peterson, N.V., and Black,  G.L., 
1977, Geothermal gradient data: Oregon Department o f  Geology and Mi nera? 
Industries Open-File Report 0-77-2, 134 p. 

Johnson, G. D. , 1960, Geology o f  t he  northwest quarter A1 vord Lake Three quad- 
rang1 e , Oregon : Corval 1 i s ,  Oreg . , Oregon State Col 1 ege master's thes i s ,  
75  p. 

Libbey, F.W., 1960, Boron i n  Alvord Valley, Harney County, Oregon: Oregon 
Department o f  Geology and Mineral Industries, Ore Bin ,  v .  22, no. 10, 
p. 97-105. 

Long, C.L,,and Gregory, D.I., 1975, Audio-magnetotelluric apparent res is t iv i ty  
maps fo r  p a r t  o f  Harney County, Oregon: U.S. Geological Survey Open-File 
Report 75-297, 5 pls . , sca le  1:62,500. 

Muffler, L,J.P., ed,, 1979, Assessment o f  geothem~al resources of the United 
States--1978: U.S. Geological Survey Circular 790, 163 p. 

Ross, C.P , ,  1942, Quicks i lver  deposits in the Steens and Pueblo Mountains, 
southern Oregon: U.S. Geological Survey Bulletin 931-3, p. 227-258. 

Ross, C.S, ,  and Smith, R . L . ,  1961, Ash-flow tu f fs :  Their o r i g i n ,  geologic 
r e l a t i o n s ,  and identif icat ion:  U.S. Geologjcal Survey Professional Paper 
366, 81 p. 

Russell, I.C., 1884, A geological reconnaissance i n  southern Oregon: U .S .  
Geological Survey 4 t h  Annual Report, 1882-83, p. 431 -464. 

1903a, Notes on the geology o f  southwestern Idaho and southeastern 
Oregon: U.S. Geological Survey Bulletin 217, p. 36-69. 

l903b, Prel imi nary repo r t  on ar tes ian  basins i n  southwestern Idaho and 
southeastern Oregon: U . S .  Geological Survey Water-Supply Paper 78, 51 p. 

S a s s ,  J .H . ,  Galanis,  S.D., Jr . ,  Munroe, R.J., and Urban, T.C., 1976, Heat-flow 
data f rom southeastern Oregon: U .S. Geological Survey Open-Fi 1 e Report 
76-217, 52 p. 



Smith, W.D. , 1927, Contri bvtion t o  the geology o f  southeastern Oregon (Steens 
and Pueblo Mountains): Journal of Geology, v .  35, no. 5 ,  p, 421-440. 

Tower, D.B., 1972, Geology o f  the cent ra l  Pueblo Mountains, Harney County, 
Oregon: C o r v a l l i s ,  Oreg., Oregon State University master's thesis, 96 p. 

U,S. Geological Survey and Oregon Department of Geology and Mineral  Indus- 
t r i e s ,  1979, Chemical analyses o f  thermal springs and we1 1 s i n  Oregon: 
Oregon Department o f  Geology and Mineral Industries Open-Fi 1 e Report 
0-79-3, 170 p. 

Walker, G.W., and Peterson, N.V., 7969, Geology o f  the Basin and Range prov- 
Jnce, i n  Weissenborn, A.E.,  ed., Mineral and water resources of Oregon: 
OregonTepartment of Geology and Mineral  Industries Bul I e t i  n 64, p. 83-88. 

Walker, G.W., and Repenning, C . A . ,  1965, Reconnaissance geologic map of the 
Adel quadrangle, Lake, Harney, and Malheur Counties, Oregon: U.S. Geo- 
l o g i c a l  Survey M i  scel 1 aneous Geologic Inves t iga t ions  Map 1-446, scat e 
1 :250,000. 

Waring, G.A., 1965 (revised by R.R. Hlankenship and R. Bentall), Thermal 
springs o f  the Uni ted S ta tes  and other countries o f  the world--a summary: 
U .S. Geological Survey Professional Paper 492, 383 p .  

W i  1 kerson, W .  L. , 1958, The geology o f  a por t ion  of the southern Steens Moun- 
t a  i ns , Oregon : Eugene, Oreg . , Uni vers i  ty of Oregon mas ter ' s thes is  , 
89 p. 

Wil l iams, H.,  and Compton, R.R., 1953, Q u i c k s i l v e r  deposits o f  Steens Moun- 
tain and Puebf o Mountains, southeas t Oregon: U .S. Geological Survey 
Bulletin 995-8, p. 19-77. 



APPENDIX A 

Formulas used i n  calculations 

Na: K ( rev ised)  : 3 21 7 
t OC = log (Na/K) + 1.483 

- 273.15 (Fournier, 1979) 

1647 
t 'C = 2.24 + F ( T )  

- 273.15 (Fournier and Truesdell, 1973)s 

where F IT) = log (NaIK) + [ 8 log ( f i / ~ a )  1, 
6 = 1/3 i f  t> IOO'C, and 4/? if t <lOoOc, 
tOc = calculated reservoir  temperature, 

and concentrations are expressed i n mol a1 i ty. 

Nagnesi urn correction ratio : 

(mil 1 iequivalents  Ng) 
R = ( m i l 2  iequi  valents Mg) + (mil 1 iequivalents  Ca) + ( m i l  1 iequivalents  K) X 100 

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

b t  = 10.66-(4.7415) (R) + C(325.87) ( log  R ) ~ ]  - C(1.032 X lo5) ( l o g  R]'/T] - 
Mg 2 2 3 2 

L(1.968 X 10 ' )  ( l o g  R )  /T ] + [(1.605 X lo7) ( l o g  R )  / T  1, 
where R = magnesi urn correction r a t i o  expressed i n  equivalents, 

A t  = the temperature correction that i s  subtracted from 
Mg 

t he  Na:K:Ca 1 J 3  s calculated temperature, 
0 T = Na: K:Ca 1/3 6 cal cvlated temperature i n  K.  

Or b t  can be obtained by using the graph compiled by Fournier and Pot te r  ( 1  979).  
Mg 

Si02 temperature c a l  cul a t ions  (Fourni er and Rowe, 1966) : 

S i  O p  (conductive) ,  o 1309 
t C = 5.19 + log ( S ~ O ~ T  - 273'15 

S i 0 2  (ad iaba t i c ) ,  1522 
t0c = 5.75 + log t S i O p j  - 273*15 

S i  O2 (chalcedony ) , 1032 
tot = 4.69 + log ( S O Z )  - 273.15 

S i U 2  (opal 1, 731 
tQc = 4.52 + log (Si02) - 273.15, 

where Si02 i s  expressed in rng/l, 
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APPENDIX & 

Geothermal Gradient Data 
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