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HEAT FLOW STUDIES 

IN THE 

STEAMBOAT MOUNTAIN-LEMEI ROCK AREA, 

SKAMANIA COUNTY, WASHINGTON 
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A B S T R A C T 

In order to invest igate the possible occurrence of geothermal energy in areas of Quaternary 

basalt ic vo lcanism, the Washington State Department of Natura l Resources d r i l l ed several 152 m deep 

hea t - f l ow holes in the Steamboat Mounta in-Lemei Rock area of Skamania County , Washington. The study 

area is located in the southern part of Washington's Cascade Mountains between 45°54 ' and 46°07 ' N . 

and 121°40' and 121°53' W . This area was selected for study because geologic mapping had iden t i f i ed a 

nor th- t rending chain of late Quaternary basalt ic volcanoes that had extruded a sequence of lava flows 

up to 600 m t h i c k , and because the chain of volcanoes is area l ly co inc ident w i t h a we l l - de f i ned grav i ty 

low w i th a minimum value of about - 1 1 0 mgals. 

The Quaternary lava flows a l l exh ib i t normal remanent magnetic po la r i t y , so are probably less 

than 690,000 years o l d . Most of the flows and volcanoes appear to be younger than the Salmon Springs 

G l a c i a t i o n (40,000 to 80 ,000 years ago), and some are younger than Fraser G l a c i a t i o n (less than about 

12 ,500 years o ld ) . One large lava f low (the Big Lava Bed) and its source cinder cone can be shown to 

be between 450 and 4 , 0 0 0 years o ld by their relat ionship to dated ash and cinder deposits erupted from 

nearby Mount St. Helens. The young basalts rest on deformed Tert iary sedimentary and vo lcan ic rocks. 

Thermal springs w i th low discharge and temperatures o f less than 50°C occur about 20 km south of the 

study area. 
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Dallas, TX 75275. 
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Gradients of 5 2 . 7 and 5 3 . 4 ° C / k m and heat flows of 1.8 and 1.6 u c a l / c m 2 s e c , respect ive ly , 

were measured in two d r i l l holes near the east f lank of the chain of volcanoes. Gradients of 44 .5 and 

5 8 ° C / k m and heat f lows of 1 . 3 and 1.6 uca l / cm 2 sec , respect ive ly , were measured in two holes near the 

axis of the cha in , and one gradient of 4 9 . 8 ° C / k m and heat f low of 1 .5 uca l /cm 2 sec were measured in a 

d r i l l hole near the west f lank of the cha in . A l l gradients and heat flows are terrain corrected. 

These heat - f low values are typ ica l regional heat - f low values for the Cascade Mounta ins. The 

data show that there is no large-s ized heat source body w i t h i n the general area of the hea t - f l ow study. 

However , there is on ly one locat ion in Washington, also in the Cascade Mounta ins, where higher gra-

dients have been measured. 

I N T R O D U C T I O N 

Abundant recent vo lcan ic features ind icate 

that the Cascade Range of northern C a l i f o r n i a , west-

ern Oregon, and western Washington is one of the 

major geothermal provinces of the Uni ted States. 

Smith and Shaw (1975) ten ta t i ve ly iden t i f ied 53 pos-

sible ac t ive igneous systems in the western Uni ted 

States. O f these systems, 19 (over one- th i rd of the 

to ta l ) are in the Cascade Range. Therefore, inves t i -

gat ion of the geothermal characterist ics of the Cas-

cade Range is of great importance to the regional 

resource assessment of the geothermal potent ia l of 

the western United States, and to the understanding 

of the geologic controls on , and d ist r ibut ion o f , 

geothermal systems in the Cascades. Understanding 

the controls on geothermal features in the Cascade 

Range has an even wider s ign i f icance because there 

are many analogous areas around the wor ld . The 

tec ton ic sett ing of the Cascade Range is analogous 

to the subduct ion-zone-associated island arc tectonism 

and volcanism (Atwater , 1970; B lackwe l l , 1971) so 

typ ica l o f the Paci f ic Basin. 

Quaternary vo lcan ic ac t i v i t y in the Cascades 

has occurred in two contrasting settings. The most 

prominent parts of the Pleistocene and Recent v o l -

canic section are the large andesit ic stratovolcanoes. 

These volcanoes make up most of the " i den t i f i ed 

vo lcan ic systems" l isted by Smith and Shaw (1975). 

In addi t ion to the andesit ic vo lcanoes, wh ich ac tua l l y 

have associated ash deposits and lava flows w i th com-

positions ranging from basalt to rhyo l i te or rhyodac i te , 

there are vo lcan ic centers composed predominant ly 

of basalt . According to Smith and Shaw (1975), 

there are 34 basalt ic lava f ields in the conterminous 

western Uni ted States character ized by lava flows 

less than 10,000 years o ld ; seventeen of these are in 

the Cascade Range. Al though more is known about 

the andesit ic stratovolcanoes, the basalts may be 

much more abundant vo lume t r i ca l l y . Accord ing to 

McBirney and others (1974) the volume of Pl iocene 

and Quaternary basalt ic lavas extruded in a port ion 

of the Oregon Cascades, located between 44° and 

45° N . and 118° and 124° W . , is 3 ,500 km 3 or 

greater . On the other hand, the volume of andesit ic 
3 

and more s i l i c i c vo lcan ic rocks is less than 500 km . 

The i n i t i a l re la t ive volume of magmas involved and 

the f ract ion remaining underground as intrusives a re , 

of course, unknown factors; the re la t ive volumes o f 

s i l i c i c and basalt ic intrusive rocks may we l l be the 

reverse of the volumes of s i l i c i c and basalt ic rocks 

extruded on the earth's surface. 

The known hydrothermal convect ion systems 

of the western United States are discussed by Renner, 

W h i t e , and Wi l l iams (1975). O f a tota l of 60 hydro-

thermal convect ion systems w i th subsurface tempera-



tures in excess of 150°C in the conterminous western 

Uni ted States, on ly 7 are located in the Cascade 

Range. O f almost 200 systems w i th temperatures 

between 90° and 150°C , on ly 10 are found in the 

Cascade Range. 

Thus, compared to the remainder of the west-

ern United States, i t appears that the Cascade Range 

has a higher re la t i ve occurrence o f vo lcan ic centers 

than i t does o f hydrothermal convect ion systems. 

This lack of association of hydrothermal convect ion 

systems w i th the youngest vo lcan ic rocks in a g iven 

region is also character ist ic of the Japanese island 

arc geothermal systems. Hydrothermal convect ion 

systems there are not t y p i c a l l y associated w i th the 

youngest stratovolcanoes (Yuhara, 1974). It is on ly 

after s ign i f icant erosion has breached the carapace 

of the vo lcano that hydrothermal systems are observed. 

There may be hydrothermal systems present before 

erosion, but i f so, they do not usually have surface 

manifestat ions. 

Other factors may contr ibute toward the 

apparent lack of hydrothermal systems in the Cascade 

Range as w e l l . The heavy ra in fa l l character ist ic of 

the western parts o f the Cascade Range may lead to 

shallow hydrologic condit ions that mask deep geo-

thermal systems, or the systems may not have d e v e l -

oped y e t . Thus, i n order to understand the geothermal 

systems associated w i th the suite of rocks of the Cas-

cades, and in order to assess the geothermal potent ia l 

of the Cascade Range, de ta i led studies of the vo lcan ic 

centers and of the regional geothermal character ist ics 

are necessary. 

It is general ly assumed that s i l i c i c vo lcan ic 

centers are more favorable for development of geo-

thermal systems than basalt ic centers (Combs and 

M u f f l e r , 1973; Smith and Shaw, 1975). However, 

Smith and Shaw point out that the frequent associ-

a t ion of s i l i c i c domes w i th basalt lava f ields suggests 

that such an assumption should be v iewed very care-

f u l l y . Most of the s i l i c i c centers in the Cascades 

consist of the young stratovolcanoes and their satel -

l i t e vents. In genera l , these centers are in nat ional 

parks or wilderness areas, surrounded by rugged te r -

ra in w i t h poor access where geophysical explorat ion 

is very d i f f i c u l t , expensive, and t ime consuming. 

In Washington the Quaternary vo lcan ic centers are 

the andesit ic stratovolcanoes—Mount Baker, G lac i e r 

Peak, Mount Rainier, Mount St . Helens, and Mount 

Adams—and the basalt ic centers are Indian Heaven 

fissure zone area, King Mounta in fissure zone area, 

and the Simcoe Mountains area. The basalt ic centers 

are a l l in the southern part of Washington's Cascade 

Range. 

The Indian Heaven basalt f i e ld l ies between 

the stratovolcanoes of Mount St. Helens and Mount 

Adams in southwestern Washington. The basalts cover 

an area of 2 ,200 km2 and the youngest f lows are no 

older than 4 , 0 0 0 years. The geology has been studied 

in de ta i l by Hammond and others (1976) and a grav i ty 

survey of the area was done by St r ick l in (1975). 

Because o f the greater extent o f knowledge about 

this par t icu lar vo lcan ic f i e l d , its good accessib i l i ty 

by road, and geothermal leasing in terest , the Indian 

Heaven area was selected as a test area for invest igat -

ing the geothermal systems of the State o f Washington, 

and of the Cascade Range in genera l . The geothermal 

potent ia l o f the area was evaluated by d r i l l i ng a 

number of hea t - f l ow holes, sited w i th carefu l con-

siderat ion of the ava i lab le geolog ic and grav i ty da ta . 

The primary ob ject of this report is to describe the 

results of those hea t - f l ow studies. 
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G E O L O G Y 

GENERAL FEATURES 

The Cascade Range extends for about 1 ,000 

km, from the Canadian border to Lassen Peak in 

northern C a l i f o r n i a . The range has been arched and 

up l i f ted some 1 ,000 to 3 ,000 m, the greater amount 

occurr ing at the northern end, during the late P l io -

cene and Pleistocene. 

The southern Cascades of Washington ( f ig . 1 , 

table 1) are composed of c a l c - a l k a l i n e vo lcan ic rocks 

of Tert iary and Quaternary age. The Cenozoic rocks 

are predominant ly pyroxene andesi te, fo l lowed by 

basal t , rhyodac i te , d a c i t e , and rhyo l i t e , in decreas-

ing order . Strata are formed by lava flows and brec-

c ias, lahars (mostly breccias) , r iver-deposi ted rocks 

of vo lcan ic o r i g i n , and tephra deposits. Several 

sequences o f widespread ash- f low tu f f deposits or 

ignimbri tes (for example, the Stevens Ridge Formation) 

form marker strat igraphic units and structural datum 

horizons. 

The Tert iary rocks are extensively a l tered and 

loca l l y zeo l i t i zed to the lowest grades o f regional 

metamorphism (Wise 1959, 1961; Fiske, Hopson, and 

Waters, 1963; Fischer, 1971; and Hartman, 1973). 

Many i r regular zones of hydrothermal a l t e ra t i on , con-

sisting predominant ly of s i l i c i f i ca t i on and a rg i l l i za t i on 

w i th disseminated base-metal sulfides (Gran t , 1969), 

are associated w i th Tert iary plutons. These zones 

occur mostly outside of the area shown in f igure 1 , 

but since the a l te ra t ion af fects a l l except the most 

recent strata, presumably geothermal a c t i v i t y has been 

a common phenomenon in the southern Cascades of 

Washington for much o f the Cenozoic Era. 

Quaternary basalts have been erupted onto 

the Tert iary rock uni ts , wh ich were previously folded 

and fau l ted . Most faults in the southern Cascades of 

Washington trend northwest or north and are normal 

faul ts. Movement on some was as late as Quaternary . 

Folds are usually rather broad and open; in the nor th-

ern part o f the area, they trend west or northwest, 

and in the southern part southwest. The Quaternary 

basalts are not fo lded. 

The crestal part o f the range, inc lud ing the 

Indian Heaven fissure zone area ( f ig . 1) is deeply 



TABLE 1. —Cenozo ic geo log ic units of the southern Cascade Range, Washington 

Age Map symbol Un i t References L i tho logy 
Thickness 

(m) 

Qhv V o l c a n i c rocks o f Moun t St . Helens Hopson (1971) , 
C rande l l and 
M u l l i n e a u x (1973) 

C h i e f l y pyroxene andes i te , d a c i t e , and o l i v i n e basalt 
lava f lows and b r e c c i a , mudf low and pyroc las t ic 
f l o w s , and tephra deposits 

10 to 250 

V o l c a n i c rocks o f Moun t Adams Sheppard (1967) , 
Hopkins (1969, 
1976) 

M a i n l y o l i v i n e , hype rs thene -aug i te , and hornb lende 
andesi te porphyry lava f lows and b r e c c i a , mudf low 
and py roc las t i c f l ows , and tephra deposits 

10 to 200 

u n c o n f o r m i t y 

Q b Basalts o f fissure zones ( inc ludes 
basalts o f Trout Creek H i l l and 
Big Lava Bed o f Wise , 1970, and 
Waters, 1973, Camas Prair ie and 
Wh i t e Salmon River o f Sheppard, 
1964) 

Hammond (1973) , 
Pedersen (1973) 

Pahoehoe to b l o c k y o l i v i n e and(or) pyroxene basal t 
lava f l ows , b r e c c i a , scor ia , and c inder deposits 

1 to 60 

u n c o n f o r m i t y 

QUATERNARY 
Qa Andes i te near Laurel ( inc ludes 

b recc ia ted rhyo l i t e o f Mann 
Butte) 

Sheppard (1964) A u g i t e - h o r n b l e n d e andesi te lava f lows and b recc ia 10 to 250 

u n c o n f o r m i t y 

P l iocene-
Pleistocene 

QTb Misce l laneous basalts o f 
Sheppard, 1964, N e w c o m b , 
1969, and Wise, 1970 

Waters (1973) O l i v i n e basal t l ava f l o w s , b r e c c i a , scor ia , c inders , 
and p i l l o w - p a l a g o n i t e b recc ia 

1 to 100 

u n c o n f o r m i t y 

QTa Andesites of Soda Peak and 
Timbered Peak ( inc ludes 
miscel laneous andesites of 
Sheppard, 1964) 

Wise (1970) O l i v i n e - h y p e r s t h e n e - h o r n b l e n d e andesi te lava f l ows , 
b r e c c i a , and c inder deposits 

20 to 100 

u n c o n f o r m i t y 

M i o c e n e Ty Yak ima Basalt ( inc ludes 
Ellensburg Formation o f 
Sheppard, 1964, and 
N e w c o m b , 1969) 

Sheppard (1964) , 
N e w c o m b (1969) , 
Holmgren (1969) , 
Wise (1970) , 
Waters (1973) 

Da rk - co l o red basalt f lows and p i l l o w - p a l a g o n i t e 
b recc ia ; l i g h t - c o l o r e d tu f faceous , d iatomaceous 
s i l t s tone , sandstone, and conglomerate interbeds 

100 to 600 

r e g i o n a l u n c o n f o r m i t y 

> < 

Tec Eagle Creek Format ion Wise (1970) , 
Waters (1973) 

L i g h t - c o l o r e d , w e l l - b e d d e d v o l c a n i c cong lomera te , 
mudf low b r e c c i a , sandstone, t u f f ; few pyroxene 
andesi te and basalt lava f lows 

80 to 1000 

u n c o n f o r m i t y 

Tv Pre-Eagle Creek v o l c a n i c and 
sedimentary rocks Har le (1974) D a r k - c o l o r e d pyroxene andesi te and basalt lava f lows 

and b r e c c i a , m u d f l o w , and v o l c a n i c sedimentary 
rocks 

400 

Tsr Stevens Ridge Format ion F iske, Hopson, and 
Wafers (1963) , 
Hammond (19 /4 ) 

L i g h t - c o l o r e d t u f f , pum ice , and l i t h i c b recc ia ; 
v o l c a n i c sedimentary rocks; few basa l t , andes i te , 
and s i l i c i c lava f lows and b recc ia 

90 to 600 

r e g i o n a l u n c o n f o r m i t y 

Eocene-
O l i g o c e n e 

To Ohanapecosh Format ion Fiske, Hopson, and 
Waters (1963) , 
Wise (1970) , 
Waters (1973) 

In ters t ra t i f ied d a r k - c o l o r e d basalt and pyroxene 
andesi te lava f lows and b r e c c i a , and va r i co lo red 
andesi te to rhyodac l te py roc las t i c and v o l c a n i c 
sedimentary rocks 

4500 
Base not 

exposed 



FIGURE 1. — G e n e r a l i z e d geologic map and cross sections o f part of the southern Cascade Range, 
Washington (for explanat ion of geologic uni ts , see table 1). 



MAP EXPLANATION 

CROSS SECTIONS 

INDIAN HEAVEN FISSURE 
ZONE 

KING MOUNTAIN 
FISSURE ZONE 

INDIAN HEAVEN FISSURE ZONE 

Marble Mountain 

1258 m 
Swift Reservoir Wind River Falls Creek 

Red Mountain 
1514 m 

Big Lava Bed L i t t l e 
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Mountain 
L i t t le White Salmon River Whi te Salmon River Rattlesnake Creek Major Creek 

Muddy Creek Clear Creek Lewis River 
Crazy Hills Lone Butte 

Lemei Rock 

1606 m. White Salmon River Gilmer Creek Rattlesnake Creek 

Clear Creek Alec Creek Lewis River Tillacum Creek 

Steamboat Mountain 

Trout Lake Creek 

White 
Salmon 
River Cascade 
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King Mountain Smith Butt( 

Smith Creek 
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Morrison Creek 



FIGURE 2 . — G e o l o g i c map o f the Indian Heaven area, southern Cascade Range, Washington. 



Basalt o f Rush Creek 

Basalt o f Trout Creek H i l l 

Basalt o f Mosquito Lake 

Basalt o f Deadhorse Creek 

Basalt, und i f fe ren t ia ted , o f L i t t le 
Deer Point 

Basalt, younger , o f L i t t le Deer Point 

Basalt, o lde r , of L i t t le Deer Point 

Basalts, less than 690,000 years o ld 

Andesites, less than 690 ,000 years o l d , 
includes brecc iated rhyo l i te o f 
Mann Butte 

Basalts, greater than 690,000 years o ld 

Yak ima Basalt, and associated sedimentary rocks 

Eagle Creek Formation 

Pre-Eagle Creek vo lcan ic and sedimentary rocks 

Stevens Ridge Formation 

Ohanapecosh Formation 

Hypabyssal intrusive rocks 
(Miocene or younger) 

Landslides 

Vo lcan ic rocks, mostly andesites, of 
Mount St. Helens and Mount Adams 

Basalt of the Big Lava Bed 

Cinders o f South Red Mounta in 

Basalt, younger, o f Twin Buttes 

Basalt, o lde r , o f Twin Buttes 

Basalt and p i l low palagoni te o f Burnt Peak 

Basalt o f Ice Cave 

Basalt o f Swampy Meadows 

Basalt o f Eunice Lake 

Basalt o f Falls Creek 

Basalt o f Forlorn Lakes 

Basalt o f Papoose Mounta in 

Basalt of Black Creek 

Basalt o f Flattop Mounta in 

Basalt of Ou t law Creek 

Basalt o f South Prairie 
Basaltic dikes and plugs 

(Pleistocene) 
Qd 



dissected by g l ac i a t i on . Consequent ly , large areas 

are mantled by t i l l and g lac ia l outwash deposits. In 

other areas, a th ick soil cover has been deve loped. 

C E N O Z O I C ROCKS 

Tert iary strat igraphic units are summarized 

in tab le 1. The oldest rocks exposed are part of the 

Ohanapecosh Formation, of Eocene-Ol igocene age. 

The strata are over 4 , 5 0 0 m th ick and consist of i n te r -

st rat i f ied vo lcan ic sediments, andesite and basalt 

l ava - f low complexes, and debr is - f low breccias. 

Indiv idual units are we l l - s t ra t i f i ed but discontinuous 

l a te ra l l y , and marker or t raceable strata are lack ing . 

The Ohanapecosh is over la in unconformably 

by the major Tert iary marker un i t , the Stevens Ridge 

Formation, wh ich is largely ash- f low tuffs and i n te r -

bedded vo lcan ic sedimentary rocks, and from 90 to 

600 m t h i c k . The Stevens Ridge Formation is M i o -

cene in age; i t was rad iometr ica l ly dated at 20 to 25 

m i l l i on years o l d by Hartman (1973). The Stevens 

Ridge Formation is over la in conformably by pre-Eagle 

Creek vo lcan ic and sedimentary rocks, composed of 

pyroxene andesite lava f low complexes and vo lcan ic 

sediments, w i th a maximum thickness of 400 m. 

The Ohanapecosh and Stevens Ridge Formations 

and the pre-Eagle Creek vo lcan ic and sedimentary 

rocks can be traced almost cont inuously through the 

area ( f i g . 1). O f the three formations, O h a n a -

pecosh and Stevens Ridge rocks are considered the 

least permeable, the former because of widespread 

z e o l i t i z a t i o n , and the latter because of its compact-

ness, z e o l i t i z a t i o n , and high clay content . The three 

units may be h igh ly permeable in fau l t or fracture 

zones, and the pre-Eagle Creek vo lcan ic and sedimen-

tary rocks may be moderately permeable because of 

in ters t rat i f ied lava f lows, breccias, and sediments. 

The Eagle Creek Formation, wh ich unconform-

ably overl ies older strata and is up to 1,000 m t h i c k , is 

composed of vo lcan ic sediments, conglomerate, debr is-

f low b recc ia , and minor lava f lows. It contains perme-

able beds, wh ich may consti tute a possible ground-

water reservoir beneath the northern end of the Indian 

Heaven fissure zone. 

Basalt of the Columbia River G roup , of M i o -

cene age, occurs in a small area w i t h i n the Cascade 

Range at Steamboat Mounta in and also occurs along 

the eastern margin of the range and extending east-

ward toward the Columbia Basin. South and east of 

Mount Adams, the basalt forms structural r idges, 

basins, and upland plateaus. 

During the up l i f t of the Cascade Range, upper 

Pliocene or lower Quaternary o l i v ine-hypers thene-

hornblende andesite lavas, breccias, and cinder 

deposits were erupted. These rocks are restr icted in 

areal extent and form strata no more than 100 m t h i c k . 

All of these lavas tested so far have reversed rema-

nent magnetic po la r i t y . Principal occurrences are 

at Soda Peak and Timbered Peak ( f ig . 1) . 

Pl iocene or Quaternary o l i v i ne basalt lavas, 

breccias, and cinders, be l ieved to be older than 

690,000 years based on their reversed remanent mag-

net ic po lar i ty and degree of erosional d issect ion, 

occur in several places. These basalts form volcanoes 

west of Wind River and near Mount St. Helens. 

The oldest Quaternary rock unit in the area 

is an andesite vo lcano near Laurel (Sheppard, 1964), 

east of the Whi te Salmon River, that has normal rem-

anent magnetic po la r i t y . A younger group o f o l i v i ne 

basalts, from 690,000 years o ld to possibly as young 

as 450 years based on normal remanent magnetic 

po lar i ty and in terst rat i f ied relationships w i th dated 

tephra deposits erupted from Mount St. Helens, com-

pose the basalt f ields o f the Indian Heaven and King 

Mounta in fissure zones ( f ig . 1) . The Quaternary 



basalts o f the Indian Heaven fissure zone are the 

rocks of pr imary interest i n this report ( f i g . 2 ) . 

V o l c a n i c deposi ts , composed o f lavas, brecc ias , 

t eph ra , mudf lows, and pyroc las t i c f l ow deposits up 

to 250 m t h i c k and younger than 6 9 0 , 0 0 0 years o l d , 

form Moun t St. Helens and Moun t Adams s t ra tovo l -

canoes. 

QUATERNARY BASALTS 

The Quaternary basalts were extruded from 

two para l le l no r th - t rend ing fissure zones l y ing about 

25 km apart ( f i g . 1 ) . The east f issure, c a l l e d the 

K ing Moun ta i n fissure z o n e , extends from Q u i g l e y 

Butte and K ing Moun ta i n nor thward beneath Moun t 

Adams to Wa lup t Lake v o l c a n o , a d is tance o f 48 km. 

A t least 10 lava groups ( f i g . 2 , tab le 2) ar is ing from 

e ight v o l c a n i c centers have been recogn ized and 

mapped in this z o n e . 

The western z o n e , ca l l ed the Indian Heaven 

fissure z o n e , extends from Red M o u n t a i n 30 km no r th -

ward to the cones on the west r idge o f Steamboat 

M o u n t a i n ( f i g . 2 ) . Two small i n t r a g l a c i a l basal t ic 

cones, near the Cispus River about 22 km north o f 

Steamboat M o u n t a i n , const i tu te a possible extension 

o f the fissure z o n e . M a j o r vo lcanoes are East C r a t e r , 

the source o f a group o f lavas t raceab le on both f lanks 

o f the z o n e , and Lemei Rock, the source o f an e x t e n -

sive f l o w (basalt o f Ice C a v e ) , wh i ch descended in to 

the W h i t e Salmon River v a l l e y . A t least 14 groups 

o f lava f lows have been mapped a long the Indian 

Heaven zone ( f i g . 2 , tab le 2 ) . 

A l l v o l c a n i c centers are shown on f igure 1. A 

number o f the v o l c a n i c centers are not a l i gned w i t h the 

fissure zones, i n d i c a t i n g the ex is tence of f l ank ing or 

subsidiary s t ructura l zones a long w h i c h some recent v o l -

can ic erupt ions took p lace (West C ra te r , for examp le ) . 

The fissure zones cannot be t raced in to w e l l -

d e f i n e d , no r th - t rend ing faul ts or graben ex tend ing 

a long the crest o f the range, nor do they a l i g n south-

ward w i t h the Hood River graben across the Columbia 

River in Oregon ( A l l e n , 1966, p . 2 1 - 2 3 ) . Some 

isolated volcanoes appear to l i e a long nor thwest -

t rend ing fau l t s . The a l ignment o f West Crater and 

Trout Creek H i l l volcanoes w i t h the lower Wind River 

and St. M a r t i n Hot Springs may be ev idence of a 

f a u l t . The southwest - t rend ing folds east o f the Wind 

River , wh i ch cannot be t raced across the W ind River 

v a l l e y , g i v e fur ther support to the ex is tence of a 

fau l t in the v a l l e y . 

Each v o l c a n i c center consists o f a shie ld v o l -

cano surmounted by one or more c inder cones. Where 

the vo lcanoes have been deep ly g l a c i a t e d , such as at 

Sawtooth ( f i g . 4) and Bird Mounta ins ( f i g . 2 ) , bedded 

c inders , narrow ridges of lavas d ipp ing outward in a l l 

d i r ec t i ons , and i n t e r l ac i ng narrow dikes of basalt and 

b recc ia forming the ske le ta l f ramework of the v o l -

canoes can be d e l i n e a t e d . 

The lava f lows can be mapped in the f i e l d on 

the basis o f d i f fe rences in phenocryst ic minerals and 

s t ra t ig raph ic and topograph ic pos i t ions. M a n y lavas 

can be t raced from complex broad f l ank sheets in to 

in t racanyon f lows . Most lavas are pahoehoe and , 

at the t ime o f ex t rus ion , were h i gh l y f l u i d . Ind iv idua l 

f lows range from 1 to 50 m t h i c k , the average be ing 

2 m in th ickness. They have ves icu la r to scoriaceous 

bases and ves icu lar to slab pahoehoe tops. Jo in t i ng 

is b l ocky to s labby; on l y i n the th i cke r in t racanyon 

f lows is co lumnar j o i n t i ng w e l l deve loped . Contacts 

are rare ly exposed except i n va l leys that were inc ised 

af ter the last g l a c i a t i o n . F luv ia l sedimentary i n t e r -

beds form l o c a l l y w e l l - s t r a t i f i e d to cross-bedded units 

up to 4 m t h i c k . The lava sequence forms h i g h l y 

permeable s t ra ta . 

A l l fresh f l o w rocks are co lo red shades o f 

g ray ; some are o x i d i z e d l o c a l l y to shades o f b rown. 

Most are dense, comp le te l y c r y s t a l l i n e , and rare ly 

i n f l a t e d . O l i v i n e or o l i v i n e and pyroxene phenocrysts 



FIGURE 3 . — V i e w to the north from Red Moun ta in . 



TABLE 2. — Quaternary basalts and interbedded cinders and ash in a port ion of the southern 

Cascade Range, Washington1 

A g e 
(years before 

present) 
U n i t Symbol 

(on f i g . 2) Source Desc r i p t i on 
Tota l 

th ickness 
( f t ) 

Ind ian Heaven fissure zone 

4 5 0 to 1 , 1 5 0 " W " tephra set 

Basalt o f the Big Lava Bed 

Not shown 

M o u n t S t . Helens 4 5 0 to 1 , 1 5 0 " W " tephra set 

Basalt o f the Big Lava Bed Q b l 

M o u n t S t . Helens 

D a r k - g r a y basa l t , 10 percen t ve ry fresh o l i v i n e phenocrys ts , 
v e s i c u l a r to dense , slab pahoehoe to scor iaceous t o p , 
t umu l i and pressure r i dges , f lows 5 to 30 f t t h i c k (Wise , 
1970 , p . 3 2 - 3 3 ; sample l o c a l i t i e s 19 and 20) 

100 to 300 

C inders o f South Red 
M o u n t a i n 

Qsr C inders o f South Red 
M o u n t a i n 

Qsr 

" Y " tephra set 

" O " ash 

Not shown Mount St. Helens 

6 , 6 0 0 

" Y " tephra set 

" O " ash N o t shown 

Mount Mazama (Crater Lake) 

6 , 6 0 0 

" Y " tephra set 

" O " ash N o t shown 

Basalt o f West C ra te r N o ' shown West Cra te r G r a y b a s a l t , 5 percen t p o r p h y r i t i c o l i v i n e , dense , b l o c k y , 
f lows 10 to ?5 f t t h i c k (Wise , 1970 , p . 33) 

100 to 200 

Basalt o f Tw in Buttes Q t b 1 

Q t b 2 

Squaw But te 
Tw in Buttes 

G r a y o l i v i n e b a s a l t , ves i cu la r to dense, b l o c k y to 
scor iaceous , f lows 10 to 30 f t t h i c k 

100 to 4 0 0 

8 , 0 0 0 to 1 2 , 0 0 0 " J " Tephra set 

" S " Tephra set 

Not shown Mount St. Helens 

1 2 , 0 0 0 to 1 8 , 0 0 0 

" J " Tephra set 

" S " Tephra set N o t shown M o u n t S t . Helens 1 2 , 0 0 0 to 1 8 , 0 0 0 

" J " Tephra set 

" S " Tephra set N o t shown M o u n t S t . Helens 

c a . 1 2 , 5 0 0 End o f Fraser G l a c i a t i o n 
(Evans Creek and Vashon 
Stades of C r a n d e l l and 
M i l l e r , 1974) 

c a . 1 2 , 5 0 0 End o f Fraser G l a c i a t i o n 
(Evans Creek and Vashon 
Stades of C r a n d e l l and 
M i l l e r , 1974) 

Basalt and p i l l o w p a l a g o n i t e 
of Burnt Peak 

Q b p C r a z y Hi l i s , Lone 
Peak, west r idge 
o f Steamboat 
M o u n t a i n 

G r a y o l i v i n e basa l t , ves i cu la r to dense , b l o c k y , forms 
p i l l o w - p a l a g o n i t e b r e c c i a , f lows 30 to 150 f t t h i c k 
(Pedersen, 1973) 

100 to 1 000 

c a . 2 0 , 0 0 0 Beg inn ing of Fraser 
G l a c i a t i o n 

c a . 2 0 , 0 0 0 Beg inn ing of Fraser 
G l a c i a t i o n 

Basalt of Ice Cove Q i c Lemei Rock G r a y b a s a l t , 10 percen t g l o m e r o p o r p h y r l t i c o l i v i n e , 25 p e r -
cen t t abu la r p l a g i o c l a s e , v e s i c u l a r , s lab pahoehoe to 
scor iaceous t o p , scor iaceous base, f l ows 5 to 30 f t t h i c k 
(Sheppard , 1 9 6 4 , o l i v i n e basal t o f W h i t e Salmon River) 

5 to 100 

Basalt of Eunice Lake Qel East C ra te r G r a y o l i v i n e b a s a l t , dense, b l o c k y , f lows 10 to 30 f t t h i c k 10 to 100 

Basalt of Fal ls Creek Q f c West of Berry and 
Red Moun ta ins 

L i g h t - g r a y b a s a l t , dense , p l a t y to s l a b b y , f l ows 30 to 100 f t 
t h i ck (Wise , 1970; sample l o c a l i t y 29) 

30 to 200 

Basalt o f For lo rn Lakes Q f l Southeast of G i f f o r d 
Peak 

L i g h t - g r a y b a s a l t , dense , p l a t y to s l abby , f lows 30 to 100 f t 
t h i c k (Wise, 1970; sample l o c a l i t y 32) 

30 to 4 0 0 

Basalt o f Papoose M o u n t a i n Qpm G r a y b a s a l t , 15 percen t p o r p h y r i t i c o l i v i n e , dense, b l o c k y , 
f lows 10 to 30 f t t h i c k 

10 to 300 

Basalt o f B lack Creek Q b c Red M o u n t a i n G r a y o l i v i n e b a s a l t , dense , b l o c k y , f l ows 10 to 30 f t t h i c k 
(W ise , 1970 , p . 31; sample l o c a l i t y 23) 

10 to 4 0 0 

Basalt of F la t t op M o u n t a i n Q f m G r a y o l i v i n e b a s a l t , ves icu la r to dense , b l o c k y , f l ows 10 to 
30 f t t h i c k 

10 to 1 5 0 

Basalt o f O u t l a w Creek Q o c East C r a t e r , G i f f o r d 
Peak, and (or) 
Lemei Rock 

D a r k - g r a y o l i v i n e b a s a l t , ves i cu la r to s l i g h t l y I n f l a t e d , 
b l o c k y and scor iaceous , f lows 5 to 20 f t t h i c k (W ise , 1970, 
sample l o c a l i t y 18) 

to 200 

Basalt of South Pra i r ie Qsp D a r k - g r a y o l i v i n e b a s a l t , v e s i c u l a r , scor iaceous , 
f lows 5 to 20 f t t h i c k 

to 30 

Basalt o f Rush C r e e k O re G i f f o r d Peak or 
Berry M o u n t a i n 

G r a y b a s a l t , 10 pe rcen t g l o m e r o p o r p h y r l t i c o l i v i n e , 
25 percen t t abu la r p l a g i o c l a s e , ves i cu la r to dense , 
f lows 5 to 30 f t t h i c k 

5 to 600 

Basalt o f Trout C r e e k H i l l Q t c h D a r k - g r a y basa l t , 20 percen t g l o m e r o p o r p h y r i t l c o l i v i n e , 
ves i cu la r to dense, b l o c k y , f lows 5 to 30 f t t h i c k 
(Wise , 1 9 7 0 , p . 32; sample l o c a l i t i e s 25 and 26; 
Wa te r s , 1973) 

5 to 150 

c o . 4 0 , 0 0 0 End o f Salmon Springs 
G l a c i a t i o n 

c o . 4 0 , 0 0 0 End o f Salmon Springs 
G l a c i a t i o n 

Basalt of M o s q u i t o Lake Qml Sawtooth M o u n t a i n G r a y o l i v i n e b a s a l t , dense , p l a t y to b l o c k y , f lows 10 to 20 
f t t h i c k 

10 to 150 

c a . 8 0 , 0 0 0 Beg inn ing o f Salmon Springs 
G l a c i a t i o n 

c a . 8 0 , 0 0 0 Beg inn ing o f Salmon Springs 
G l a c i a t i o n 

Basalt of Deadhorse Creek Q d h B i rd M o u n t a i n ( ? ) G r a y b a s a l t , 5 percen t p o r p h y r i t i c o l i v i n e , 5 percen t 
hypers thene , 20 percen t p l a g i o c l a s e , dense, b l o c k y , 
f lows 10 to 30 f t t h i c k 

30 

Basalt o f L i t t l e Deer Point Q l d Bird M o u n t a i n or 
Lemei Rock 

G r a y o l i v i n e basa l t , dense , b l o c k y , f lows 10 to 100 f t t h i c k 10 to 350 

K i n g M o u n t a i n f issure zone 

c a . 1 2 , 5 0 0 - 2 0 , 0 0 0 

Fraser Glaciation 

c a . 1 2 , 5 0 0 - 2 0 , 0 0 0 

Basalt o f Swampy Meadows Qsm Beneath M o u n t Adam G r a y o l i v i n e b a s a l t , ves i cu la r to dense, b l o c k y , f lows 10 to 
30 f t t h i c k 

10 to 150 

O n l y those uni ts shown on f i gu re 2 are desc r i bed . 



FIGURE 4 .—Sawtoo th Moun ta in , looking toward the northeast. 

are common. O l i v i n e content is va r iab le . Two flows 

are noted for their abundant p laty plagioclase pheno-

crysts. O n e , basalt of Rush Creek , f lowed from 

G i f f o rd Peak or Berry Mounta in into the Lewis and 

L i t t le Whi te Salmon River va l leys; another, the basalt 

of Ice Cave (basalt of Whi te Salmon River, Sheppard, 

1964) f lowed from Lemei Rock vo lcano down the Whi te 

Salmon River v a l l e y . These two f lows are separated 

s t ra t igraphica l ly by a number o f smal ler , less ex ten-

sive f lows, character ized by few to no phenocrysts 

in a dense mat r i x . The two flows may ind ica te ep i -

sodic voluminous outpourings marking the renewal of 

fresh f lu id magma along the zone. 

A l l o f the Quaternary basalts exh ib i t normal 

remanent magnetic po la r i t y , ind ica t ing a probable 

age younger than 690,000 years. Most f lows are 

older than Fraser G lac i a t i on ; that is , more than 

20,000 years o ld (Crandell and M i l l e r , 1974). Lava 

flows of King Mounta in are rad iometr ica l ly dated at 

100,000 to 300,000 years o ld (Kienle and Newcomb, 

1973) and are possibly the oldest of the Quaternary 

basalts. The cones of Smith But te, Bunnell Butte, 

and Snipes Mounta in are younger than Fraser G l a c i a -

t ion (less than 10,000 years) and older than the Trout 

Lake mudf low, which is about 5 , 0 7 0 years o ld (Hop-

k ins, 1976). To the north o f Mount Adams, Potato 

H i l l is younger than Fraser G l a c i a t i o n . Walupt Lake 

volcano is capped by subglacial basalt ic deposits of 

palagoni te tu f f and p i l l ow lavas and, therefore, is 

estimated to be between 10,000 and 20 ,000 years o l d . 



At the Indian Heaven fissure zone, lavas of Sawtooth 

and Bird Mountains at the northern end of the zone 

are the on ly rocks found so far to be o lder than Salmon 

Springs G l a c i a t i o n , 40 ,000 to 80 ,000 years o ld 

(Crandell and M i l l e r , 1974). Many flows of the zone 

post-date Salmon Springs G l a c i a t i o n and are bel ieved 

to be between 20,000 and 40 ,000 years o l d . Pedersen 

(1973) considers the in t rag lac ia l basalts at Crazy Hi l ls 

and Lone Butte to be between 14,500 and 20,000 

years o l d . Subglacial deposits o f s imi lar age form 

cones along the west r idge of Steamboat Mounta in . 

Twin Buttes cinder cones, between Steamboat and 

Sawtooth Mounta ins, are bel ieved to be s l ight ly 

younger than Fraser G l a c i a t i o n , less than about 

12,000 years o l d , because of their minimal g lac ia l 

dissect ion. The cinder cone, at the southern base 

of Red Moun ta in , and Big Lava Bed ( f ig . 5 ) , at the 

southern end of the fissure, are younger than Fraser 

G l a c i a t i o n . Their cinder deposits are layered be-

tween the " Y " and " W " tephra deposits of Mount St. 

Helens and are , therefore, between 450 and 4 , 0 0 0 

years o ld (Mu l l i neaux , Hyde, and Rubin, 1975). 

West o f the Indian Heaven fissure zone, lavas of 

Trout Creek H i l l vo lcano are in terst rat i f ied between 

t i l l sheets of the Salmon Springs and Fraser G l a c i a -

t ions. The volcano is be l i eved , therefore, to be 

between 20,000 and 40 ,000 years o l d . Waters (1973) 

states that the lava is o lder than 35 ,000 years, beyond 

determinat ion by the radiocarbon method. The West 

Crater f lows, northwest of Trout Creek H i l l , are 

interst rat i f ied w i th the " J " tephra deposit o f Mount 

St. Helens and the " O " tephra deposit o f Mount 

Mazama (Crater Lake, Oregon) and, therefore, are 

between 6 ,600 and 8 , 0 0 0 years o ld (Mu l l i neaux , 

1974; M u l l i n e a u x , Hyde, and Rubin, 1975). 

The fissure zones and nor th- t rending faults are 

subparal lel in the area west of Mount Adams. G r a v i t y 

data suggest that the nor th-nor thwest- t rending faul t 

just east of Steamboat Mounta in continues south-

southwestward beneath the Quaternary basalts along 

the eastern side o f the Indian Heaven zone and dies 

out to the south. This faul t may be the condui t for 

the Big Lava Bed f l o w . At the north end of the Indian 

Heaven zone , the younger Tert iary rock uni ts, Eagle 

Creek Formation and basalts of the Columbia River 

Group are preserved in the trough of a sync l ine . The 

southern extent o f pre-Eagle Creek vo lcan ic and sedi -

mentary rocks and the Eagle Creek Formation in this 

syncl ine is not known because of the Quaternary 

basalt cover . 

One anomalous feature is Mann But te, located 

between the two zones, wh ich consists of brecciated 

rhyo l i t e . The butte appears to be the erosional rem-

FIGURE 5 .—Broken and jumbled basalt blocks at the 
edge of the Big Lava Bed in the southern part 
o f the study area. 



riant of a p lug , possibly a protrusion dome. In sur f i -

c ia l deposits at its north base is a wh i te c lay layer , 

der ived from vo lcan ic ash and pumice, sandwiched 

between the Salmon Springs and Fraser G l a c i a t i o n 

t i l l sheets. If the ash were der ived from the dome 

during its erupt ive emplacement, Mann Butte could 

be as young as late Pleistocene. If i t is that young, 

i t constitutes evidence for the presence o f s i l i c i c 

magma in the area at about the t ime of erupt ion o f at 

least some of the Quaternary basalts. 

G E O P H Y S I C S 

Grav i t y surveys of a large part of the area 

were performed by Konicek (1974, 1975) and St r ick l in 

(1975), graduate students under the supervision of 

Z . F. Danes at the Universi ty of Puget Sound. A d d i -

t ional data were obtained from Danes (wr i t ten com-

munica t ion , 1973) and from Bonin i , Hughes, and 

Danes; (1974). These grav i ty data are presented as 

f igure 6 . The main g rav i ty feature is a we l l - de f i ned 

low of minus 100 mgals co inc id ing w i t h the Indian 

Heaven fissure zone. It presents a problem—instead 

of a low i t should be a grav i ty h igh , as expected 

where basalt intrudes less dense sedimentary rocks. 

Especial ly perplexing is the posit ion of part of the 

maximum low , centered in the out l ie r of basalt of the 

Columbia River Group at Steamboat Mounta in at the 

northern end of the fissure zone. The anomaly may 

be due to a th ickening of the Tert iary strat igraphic 

sect ion, especia l ly the Eagle Creek Formation, w i t h i n 

the syncl inal low at the north end of the fissure zone 

(a condi t ion similar to the grav i ty low at Big Butte in 

the southwestern part of the area); f ractur ing and 

brecc ia t ion of p re-Quaternary rocks beneath the f i s -

sure zone; the presence of a large hydrothermal ly 

a l tered zone beneath the fissure zone; the presence 

of a shal low magma chamber 1 or 2 km beneath the 

surface; or possibly the presence of low-densi ty sub-

g lac ia l vo lcan ic rocks in the Quaternary section at 

the north end of the fissure zone. 

A steep grav i ty gradient lies along the eastern 

side o f the Indian Heaven fissure zone. S t r ick l in 

(1975) suggests that the gradient represents a faul t 

w i th the east side downdropped a maximum o f 2 .5 km. 

If so, the faul t might be a cont inuat ion o f the north-

northwest-trending faul t mapped just east of Steamboat 

Mounta in . 

The area between the fissure zones has a 

poorly def ined re la t ive g rav i ty h igh . The strongest 

part of this h igh , about 25 mi I l iga ls higher than 

its surroundings, is pa r t i a l l y co inc ident w i th a 

major northeast-trending an t i c l i ne between the Big 

Lava Bed and the Whi te Salmon River and may 

represent a th ickened section of denser rocks in 

the core of the fo ld . 

In l ight of the condi t ion at the Indian Heaven 

fissure zone, a grav i ty low might be expected to be 

associated w i th the King Mounta in fissure zone. Such 

is not the case. This suggests that the g rav i ty anomaly 

at the Indian Heaven fissure zone may not be a t t r i bu t -

able to the process of extrusion of the Quaternary 

basalts, since this process should have been similar 

for both fissure zones. 

Deta i led airborne magnetic data ( f ig . 7) 

became ava i lab le from the U . S . Geo log ica l Survey 

(1975) during the course of s i t ing the heat - f low d r i l l 

holes. The magnetic data obviously re f lect the pres-

ence of the near-surface lava flows of the fissure 

zones and Mount Adams, but they have not been 

studied or interpreted w i t h regard to deeper-seated 

magnetic anomalies. 

The Indian Heaven area is on the margin of 

several published microearthquake surveys (Crosson, 

1972, 1974; Unger and M i l l s , 1973). The results of 

these surveys suggest that there is more microearth-

quake ac t i v i t y associated w i t h , and northeast o f . 



FIGURE 6.—Bouguer g rav i ty map o f part o f the southern Cascade Range, Washington. 

Contour interval 5 mill igals. Reduction density 
2 . 6 7 g m / c m 3 . Sources of d a t a , Stricklin 1975 
Konicek 1 9 7 4 , 1 9 7 5 , Danes 1973 , Bonini , Hughes, 
and Danes 1974. 



Contour interval 100 gammas. 
Flight elevation 8 , 0 0 0 ft., barometric. 
I.G.R.F 1965 field updated to 1974 has 
been removed and 1000 gammas added. 
Source of data—U.S. Geological Survey 
1975. Open file report 7 5 - 6 4 8 

FIGURE 7 . — A n aeromagnetic map o f part o f the southern Cascade Range, Washington. 



Mount St. Helens than w i th Mount Adams or the in te r -

vening Indian Heaven area. Because the instrumental 

arrays used in the published surveys were at rather 

long range from the Indian Heaven area and micro-

earthquakes are d i f f i c u l t to detect at long range, i t 

would be desirable to have microearthquake surveys 

located nearer to the Indian Heaven area. 

G E O C H E M I S T R Y 

Chemical data for thermal and mineral springs, 

cold springs, and some r iver waters in the Washington 

Cascades are presented in table 3 and sample locat ions 

are shown on f igure 8 . Many of these data were pre-

v iously published by Schuster (1974), and G i z i e n s k i , 

McEuen, and Birkhahn (1975), but addi t ional analyses 

for r iver waters are presented here. 

Predicted source temperatures ca lcu la ted from 

the abundance of cer ta in chemicals in spring waters 

are very useful because they can provide an ind ica t ion 

of the geothermal potent ia l of an area at low cost and 

wi thout any e f fec t on the environment. These geo-

chemical interpretat ions are , however , subject to 

many uncerta int ies. 

Cer ta in chemical reactions between water and 

wa l l rock are assumed to take place in the geothermal 

reservoir deep underground, and the solutes are de -

l ivered to the surface in the rising spring waters. The 

problem is that we cannot be cer ta in of the exact 

reactions tak ing place deep underground, and, l i k e -

wise, we do not know whether other reactions are 

tak ing place as the spring waters rise toward the sur-

face. Because of these uncer ta int ies, the accuracy 

of geochemica l ly estimated underground temperatures 

cannot be assured unless the estimated temperatures 

determined by d i f fe rent geochemical methods are in 

reasonable agreement or unless the temperatures are 

ver i f i ed by other means, such as temperatures meas-

ured in a d r i l l ho le . The N a - K - C a method is prob-

ab ly the most re l iab le of the geochemical methods 

shown on table 3 . 

Nevertheless, i f general patterns are empha-

sized and not too much credence g iven to any single 

analysis, geochemica l ly predicted source temperatures 

may be used in making several va luable conclusions 

w i t h respect to the occurrence o f geothermal resources 

in the Cascade Range. First, a l l analyzed waters 

that gave N a - K - C a temperatures above 100°C , 

except for the Flaming Geyser (an abandoned c o a l -

test w e l l ) , are from springs located w i t h i n 30 km of 

Mount Baker, G lac i e r Peak, or Mount Rainier strato-

volcanoes. Second, no thermal springs or other waters 

w i th N a - K - C a temperatures exceeding 100°C are 

associated w i th Mount St. Helens or Mount Adams 

stratovolcanoes. Th i rd , out of 17 analyses o f water 

from thermal springs, co ld springs, and rivers in 

Skamania County , none gives a N a - K - C a temperature 

over 100°C. 

There is considerable va r ia t ion among ca l cu -

lated N a - K - C a temperatures for rivers and cold 

springs, and most N a - K - C a temperatures are above 

the actual measured water temperatures. Rather than 

an ind ica t ion of a cont r ibut ion of geothermal ly heated 

water to these low-temperature rivers and springs, the 

somewhat higher than expected N a - K - C a temperatures 

probably ind ica te a fa i lu re of the N a - K - C a geother-

mometer to express accurate ly the equi l ibr ium cond i -

tions o f these waters. The ca lcu la ted source tempera-

tures y ie lded by the s i l i ca and N a / K geothermometers 

are also genera l ly higher than should be expected for 

low-temperature rivers and springs; probably for the 

same reasons that the N a - K - C a geothermometer fa i led 

to y ie ld reasonable results. Therefore, the chemical 

data l isted for low-temperature waters should probably 

be used on ly to ind icate that the thermal and some 

nonthermal waters are chemica l ly anomalous. 



TABLE 3 . — C h e m i c a l data for springs and rivers in the Cascade Range, Washington 

M a p 
no. 

Name County Location1 

T
em

pe
ra

tu
re

 
(°

C
) 

Flow (gpm) 
pH 

Parts per m i l l i o n Sampling date 

Predicted 
source 

temperature 

( ° C ) 2 
Source of data 3 

Analysis by4 

M a p 
no. 

Name County Location1 

T
em

pe
ra

tu
re

 
(°

C
) 

Flow (gpm) 
pH 

Parts per m i l l i o n Sampling date Na-L-Ca5 

SiO2 Na/K 

Source of data 3 

Analysis by4 

M a p 
no. 

Name County Location1 

T
em

pe
ra

tu
re

 
(°

C
) 

Flow (gpm) 
pH Cl 

Na 
K 

Ca 
SiO2 

Li 

Na-L-Ca5 

SiO2 Na/K 

Source of data 3 

Analysis by4 

1 C i t y of Blaine spring Whatcom SW¼ 3 , (40-1E) 7 . 3 3 . 3 5 . 8 2 . 0 12 24 4 / 7 / 4 9 22 65 300 1 

2 
Larabee Spring 

do NW¼ 36, (39-2E) 7 . 3 22 18 3 . 0 23 19 4 / 7 / 4 9 42 55 250 1 

3 Mount Baker hot spring do NW¼SW¼ 20, (38-9E) 42 7 8 108 165 10 .0 7 . 9 140 0 . 4 

4 / 7 / 4 9 

162* 157 139 3 
UW 

do . . . d o . . . do ~ 3 8 6 - 8 8.3 128 150 13 0 . 8 1 0 / 3 / 7 3 173 DOE 

do d o . . . do do . d o . 7 . 7 146 158 10 2 ~ 1 0 . 3 8 . . . d o . . . 175* 142 6 USBM 

do do do do . d o . 8 . 4 109 154 7 . 7 16 .6 94 0 . 8 0 . . . d o . . . 146* 134 124 6 U N 

4 U . S . Forest Service spring do NW¼ 25, (37-8E) 12 7 . 3 4 . 0 6 . 4 2 . 4 8 . 4 23 1 0 / 2 7 / 5 4 45 64 >300 1 

5 Sulphur hot springs Snohomish NW¼ 19, (32-13E) ~ 3 0 1 - 2 7 . 8 54 103 1 . 7 1 . 0 75 0 . 2 7 / 7 / 6 2 135* 122 < 80 2 USGS 

do . . . d o . . . do 37 4 8 52 108 2 . 4 N . D . 6 120 0 .1 148 < 80 3 
UW 

do . . . d o . . . do 39 2 8 . 6 100 96 2 < 0 . 2 0 7 / 2 6 / 7 1 

148 

< 80 4 USBM 

do . . . d o . . . do 

39 

1 - 2 8 . 5 55 103 1 .4 12 66 0 .31 1 0 / 3 / 7 3 49 114 < 80 6 U N 

6 

Edwards springs 

. . . d o . . . SW¼ 24, (31-4E) 10 7 . 5 3 . 6 5 . 6 1.4 9 . 0 31 

0 .31 

9 / 2 / 4 4 29 76 >300 1 

7 Kennedy Hot springs7 do NE¼ 1, (30-12E) ~ 3 0 3 - 5 7 . 7 643 655 64 37 136 3 . 3 7 / 3 0 / 6 1 199* 155 187 2 USGS 

do . . . d o . . . do 34 7 612 808 67 .8 228 380 3 . 7 177* 227 168 3 
UW 

do . . . d o . . . do 37 4 6 . 5 676 660 75 73 0 7 / 2 6 / 7 1 201* 

227 
202 

4 USBM 

do . . . d o . . . do 

37 

6 - 8 7 .1 28 600 85 125 1 0 / 3 / 7 3 207* 228 5 DOE 

do . . . d o . . . do 6 - 8 7 . 4 730 688 75 192 ~ 0 . 5 3 1 0 / 3 / 7 3 190* 197 6 USBM 

do do do 6 - 8 8 . 4 612 660 7 1 . 2 193 167 5 . 8 1 0 / 3 / 7 3 189* 167 196 6 U N 

8 

Upper Kennedy hot springs7 

. . . d o . . . do 38 4 6 . 6 681 626 79 69 21 7 / 2 6 / 7 1 207* 60 213 4 USBM 

9 Kennedy N o . 3 spring do do ~ 21 2 - 3 8 . 7 500 562 5 8 . 6 157 123 4 . 7 1 0 / 3 / 7 3 186* 149 192 6 U N 

10 Gamma hot spring do ~ SE. co r . 24 , (31-13E) ~ 6 0 3 - 4 7 . 9 728 491 77 47 150 2 . 6 8 / 2 8 / 6 2 220* 160 243 2 USGS 

11 Gar land M inera l Springs8 do NW¼ 25 , (28-11E) 21 6 2671 1592 130 336 120 7 . 5 184* 148 167 3 UW 

do . . . d o . . . do 7 25 6 461 358 27 .9 90 N . D . 1.4 167* 162 3 UW 

12 Scenic Hot Spring King Sec. 28 (26-13E) 10 30 5 N . D . N . D . 1.2 14 N . D . N . D . 

167* 162 

3 UW 

13 Diamond Minera l Spring do Sec. 21 , (21-6E) 11 8 1574 1280 5 . 5 118 N . D . N . D . 92* < 80 3 UW 

14 Flaming Geyser we l l do SE¼ 27, (21-6E) 12 .5 8 . 5 5600 4640 34 .9 54 90 0 . 4 121* 132 < 80 3 UW 

15 
Nisqually River 

Pierce SW¼ 34 (15-7E) 8 7 . 2 2 6 . 4 4 . 9 2 3 73 9 / 6 / 7 2 93 120 >300 A DOE 

16 

Longmire Springs 

. . d o . . . Near SE. co r . 29 , (15-8E) 21 6 615 402 37 .2 298 170 1.8 

9 / 6 / 7 2 

99 168 180 3 UW 16 

do . . . d o . . . do 22 0 7 . 4 1657 487 41 492 0 9 1 0 / 1 8 / 7 3 93 

168 

170 6 USBM 

17 Ohanapecosh hot springs7 Lewis NW¼ 4 , (14-10E) 40 60 7 869 981 5 0 . 9 85 80 3 . 3 

1 0 / 1 8 / 7 3 

164* 125 127 3 UW 

do . . . d o . . . do 49 3 7 . 7 915 935 50 64 ~ 1 .5 3 1 0 / 1 8 / 7 3 179 6 USBM 

do do do do do 7 . 9 867 914 5 5 . 3 77 89 4 . 7 1 0 / 1 8 / 7 3 172* 131 138 6 U N 

18 Summit Creek Soda Spring7 do Near center 18, (14-11E) 13 6 1552 1790 8 6 . 7 278 170 5 . 9 161* 168 122 3 
UW 

do do do 12 3 7 . 7 2840 1690 86 257 0 5 1 0 / 1 8 / 7 3 163* 126 6 USBM 

do do do do do 7 . 9 1404 1770 9 7 . 6 247 100 7 . 5 1 0 / 1 8 / 7 3 168* 138 132 6 U N 

19 Ma lo t te spring Yak ima SE¼ 32, (16-17E) 17 7 . 7 1 . 8 17 4 . 3 12 53 1 1 / 1 9 / 4 8 64 103 >300 1 



20 
Mulford spring 

. . . d o . . . SW¼ 3 , (14-18E) 

NE¼ 23, (11-8E) 

SE¼ 33, (10-3E) 

15 7 . 6 9 .1 13 5 . 8 32 66 

28 

32 

1 1 / 1 9 / 4 8 

9 / 6 / 7 2 

9 / 8 / 7 2 

51 114 >300 

>300 

163 

) 
21 

Cispus River SW¼ 3 , (14-18E) 

NE¼ 23, (11-8E) 

SE¼ 33, (10-3E) 

9 7 . 4 3 4 . 4 

15 

13 1.2 

66 

28 

32 

1 1 / 1 9 / 4 8 

9 / 6 / 7 2 

9 / 8 / 7 2 

60 

66 

72 

77 

>300 

>300 

163 

4 DOE 

DOE 22 Nor th Fork Toutle River C o w l i t z 

SW¼ 3 , (14-18E) 

NE¼ 23, (11-8E) 

SE¼ 33, (10-3E) 11 7 . 5 7 

4 . 4 

15 1 . 2 1 .5 

66 

28 

32 

1 1 / 1 9 / 4 8 

9 / 6 / 7 2 

9 / 8 / 7 2 

60 

66 

72 

77 

>300 

>300 

163 4 

DOE 

DOE 

23 
Clear Creek 

Sec. 20 , (8-7E) 

Sec. 25 , (8-7E) 

SW¼ 34, (8-7E) 

12 7 .1 4 3 . 6 0 . 4 

10 

1.7 21 9 / 8 / 7 2 

9 / 8 / 7 2 

8 / 3 0 / 7 2 

22 60 

60 

< 40 

198 

>300 

137 

DOE 

DOE 

DOE 

24 

Lewis River 

. . . d o . . . 

Sec. 20 , (8-7E) 

Sec. 25 , (8-7E) 

SW¼ 34, (8-7E) 

10 

5 . 5 

7 . 2 

6 . 9 

2 4 . 2 

0 . 4 

10 1.0 
219 

9 / 8 / 7 2 

9 / 8 / 7 2 

8 / 3 0 / 7 2 

56 

10 

60 

60 

< 40 

198 

>300 

137 

DOE 

DOE 

DOE 25 Landslide spring do 

Sec. 20 , (8-7E) 

Sec. 25 , (8-7E) 

SW¼ 34, (8-7E) 

10 

5 . 5 

7 . 2 

6 . 9 < 1 3 . 4 0 . 2 1 . 3 
219 

9 / 8 / 7 2 

9 / 8 / 7 2 

8 / 3 0 / 7 2 

56 

10 

60 

60 

< 40 

198 

>300 

137 4 

DOE 

DOE 

DOE 

26 
Muddy river 

do NW¼ 1 , (7-6E) 9 7 . 4 
6 

10 .3 0 . 7 
1.7 

30 9 / 8 / 7 2 45 75 145 DOE 26 do NW¼ 1 , (7-6E) 7 . 4 10 .3 0 . 7 30 9 / 8 / 7 2 45 75 145 DOE 

27 
Pine Creek 

do SW¼ 24, (7-6E) 8 7 . 5 7 11 .8 1 .8 1.1 56 9 / 8 / 7 2 82 106 238 DOE 27 do SW¼ 24, (7-6E) 7 . 5 11 .8 56 9 / 8 / 7 2 82 106 238 DOE 

28 
Spring 72 

do SE¼ 13, (7-7E) 4 6 . 9 1 3 . 4 1 . 0 19 8 / 1 7 / 7 2 40 55 260 DOE 28 do SE¼ 13, (7-7E) 3 . 4 1 . 0 19 8 / 1 7 / 7 2 40 55 260 DOE 

29 Lonesome Sale Road spring do NW¼ 30, (7-8E) 4 . 5 7 . 2 6 6 . 0 0 . 6 2 . 0 24 8 / 1 7 / 7 2 33 65 188 4 DOE 

30 
Spring 710 

do NE¼ 36, (7-7E) 15 8 / 1 7 / 7 2 15 50 204 DOE 30 do NE¼ 36, (7-7E) 15 8 / 1 7 / 7 2 15 50 204 DOE 

31 
Bacon Creek spring 

Yak ima SE¼ 1, (7-12E) 6 . 9 59 17 9 / 1 6 / 7 2 97 52 < 80 DOE 31 Yak ima SE¼ 1, (7-12E) 6 . 9 59 17 9 / 1 6 / 7 2 97 52 < 80 DOE 

32 Gotchen Creek spring do SW¼ 18, (7-11E) 3 6 . 9 1 3 . 4 1 . 5 0 . 4 17 9 / 1 5 / 7 2 85 52 >300 4 DOE 

33 
Trout Lake Creek 

K l i c k i t a t NE¼ 8 , (6-10E) 12 7 . 4 4 . 4 0 . 7 17 9 / 7 / 7 2 55 52 244 DOE 33 K l i c k i t a t NE¼ 8 , (6-10E) 12 7 . 4 4 . 4 0 . 7 17 9 / 7 / 7 2 55 52 244 DOE 

34 
White Salmon River 

do SW¼ 11, (6-10E) 7 . 2 32 9 / 7 / 7 2 66 77 >300 DOE 34 do SW¼ 11, (6-10E) 7 . 2 32 9 / 7 / 7 2 66 77 >300 DOE 

35 
White Creek 

do SW¼ 11, (6-13E) 14 15 10 .8 1 . 5 3 . 3 21 9 / 7 / 7 2 54 60 225 DOE 35 do SW¼ 11, (6-13E) 14 15 10 .8 3 . 3 21 9 / 7 / 7 2 54 60 225 DOE 

36 
Bear Creek Spring 

do SE¼ 20, (6-10E) 13 7.1 5 . 4 0 . 6 24 8 / 2 5 / 7 2 35 65 198 DOE 36 do SE¼ 20, (6-10E) 13 5 . 4 0 . 6 24 8 / 2 5 / 7 2 35 65 198 DOE 
37 East Fork Lewis River Iron Mike Spring8 Clark NW¼ 13, (4-3E) 13 7 . 2 5 6 . 2 0 . 2 3 . 3 17 9 / 8 / 7 2 2 52 93 4 DOE 
38 

East Fork Lewis River Iron Mike Spring8 

Sec. 31 , (5-7E) 

do 

10 7 318 211 6 . 2 192 40 

50 

0 . 4 

0 . 3 

45 

43 

90 

100 

89 

88 

UW 

UW 39 Bubbl ing M i k e Spring8 do 

Sec. 31 , (5-7E) 

do 8 . 5 6 . 5 276 176 5 . 1 154 

40 

50 

0 . 4 

0 . 3 

45 

43 

90 

100 

89 

88 

UW 

UW 
40 L i t t l e Iron M i k e Spring8 do do 10 6 . 5 561 404 9 . 6 309 N . D . 0 . 8 55 

90 

100 

< 80 3 UW 
41 

Little Soda Spring 

do SE¼ 5 , (4-7E) 8 6 36 28 1 3 . 6 46 N . D . N . D . 77 >300 3 UW 
42 

Wind River 
do NW¼ 15, (4-7E) 

SW¼ 33, (2-2E) 

13 7 . 2 4 4 . 0 0 . 5 

5 . 6 

1 . 8 24 

50 

9 / 7 / 7 2 

5 / 1 7 / 4 9 

27 

53 

65 

100 

212 

>300 

DOE 
43 C i t y o f Vancouver spring C lark 

NW¼ 15, (4-7E) 

SW¼ 33, (2-2E) 10 

7 . 2 

2 . 9 4 . 2 

0 . 5 

5 . 6 15 

24 

50 

9 / 7 / 7 2 

5 / 1 7 / 4 9 

27 

53 

65 

100 

212 

>300 1 

DOE 

44 Bonnevi l le hot spring Skamania Sec. 16, (2-7E) 32 9 . 5 151 126 1.5 42 N . D . N . D . 31 < 80 3 UW 
45 St. Ma r t i n Hot Springs Wind River do SE. cor . 21 , (3-8E) 49 7 636 291 6 . 2 104 N . D . 0 . 2 60 < 80 3 UW 
46 

St. Ma r t i n Hot Springs Wind River 

. . . d o . . . SW¼ 22 , (3-8E) 

NW¼ 1, (3-9E) 

14 

8 

7 . 5 

7 . 2 

4 7 . 4 

6 . 0 

0 . 8 

1 . 2 

1.7 30 

58 

9 / 7 / 7 2 

9 / 7 / 7 2 

45 

59 

75 

108 

196 

228 

DOE 

DOE 47 L i t t l e Wh i te Salmon R ive r . . do 

SW¼ 22 , (3-8E) 

NW¼ 1, (3-9E) 

14 

8 

7 . 5 

7 . 2 2 

7 . 4 

6 . 0 

0 . 8 

1 . 2 1.3 

30 

58 

9 / 7 / 7 2 

9 / 7 / 7 2 

45 

59 

75 

108 

196 

228 4 

DOE 

DOE 

48 Leonardo springs K l i c k i t a t NW¼ 21 , (2-13E) 14 5 . 0 7 . 8 2 .1 22 48 7 / 2 9 / 3 0 27 98 >300 1 K l i c k i t a t NW¼ 21 , (2-13E) 14 5 . 0 22 48 7 / 2 9 / 3 0 27 98 >300 

1 Locations by legal land descr ip t ion are abbrev iated; for example , SW¼; 3 , (40-1E) wr i t ten i n fu l l wou ld be southwest quarter of sect ion 3 , township 40 nor th , range 1 east. 

2 N a - K - C a source temperatures were ca lcu la ted using the formula log (Na/K) + Blog( vCa/Na) + 1647/273tt°C - 2 . 2 4 . where N a , K . and Ca concentrat ions are expressed in m o l a l i t y . 

B is e i ther 4 / 3 or 1 / 3 , and t°C is the predic ted source temperature in degrees Cels ius. A source temperature is ca lcu la ted using B = 4 / 3 . If this temperature is greater than 100°C, source 

temperature is reca lcu la ted using B = 1 / 3 (Fournier and Truesdel l , 1973, 1974). 

S i O 2 source temperatures are estimated from curve A of Fournier and Truesdell (1970), wh ich assumes coo l ing en t i re l y by heat conduct ion and equi l ib r ium w i t h quar tz . 

N a / K source temperatures are estimated from curve G of A . J . Ell is (Wh i te , 1970). 

3 1 = Van Denburgh and Santos, 1965; 2 = Tabor and Crowder , 1969; 3 = Campbel l and others, 1970; 4 = D iv is ion of Geo logy and Earth Resources Fi les, 1972; 5 = D iv is ion 

of Geo logy and Earth Resources Fi les, 1973; 6 = Div is ion of Geo logy and Earth Resources Fi les, 1974. 

4 UW = Univers i ty o f Washington; DOE = Washington State Department o f Ecology; USBM = Uni ted States Bureau of M ines , Bar t lesv i l le , O K ; U N = Univers i ty of Nevada , 

Desert Research Inst i tu te , Boulder C i t y , N V ; USGS = Uni ted States Geo log i ca l Survey. 

5 Predicted temperatures marked by an asterisk (*) were ca lcu la ted using B = 1 / 3 . Unmarked N a - K - C a temperatures were ca lcu la ted using B = 4 / 3 , see footnote 2 . 

6 No t de tec ted . 

7 Springs w i t h extensive calcareous tufa deposits. 8 Springs known to have precip i tates associated w i t h them, but precip i tates have not been i den t i f i ed . 



1 . C i t y of Bla ine spring 25 . Landsl ide spring 
2 . Larabee Spring 26 . M u d d y River 
3 . M o u n t Baker hot spring 27. Pine Creek 
4 . U . S . Forest Service spring 28. Spring 72 
5 . Sulphur hot springs 29 . Lonesome Sale Road spring 
6 . Edwards springs 30 . Spring 710 
7 . Kennedy Hot springs 31 . Bacon Creek spring 
8 . Upper Kennedy hot spring 32 . G o t c h e n Creek spring 
9 . Kennedy N o . 3 spring 33 . Trout Lake Creek 

10. Gamma hot spring 34 . Wh i te Salmon River 
11. G a r l a n d M i n e r a l Springs 35 . Wh i te Creek 
12. Scenic Hot Spring 36 . Bear Creek spring 
13. D iamond M i n e r a l Spring 37 . East Fork Lewis River 
14. Flaming Geyser w e l l 38 . Iron M i k e Spring 
15. N i s q u a l l y River 39 . Bubbl ing M i k e Spring 
16. Longmire Springs 4 0 . L i t t l e Iron M i k e Spring 
17. Ohanapecosh hot springs 4 1 . L i t t l e Soda Spring 
18. Summit Creek Soda Spring 42 . W ind River 
19. M a l o t t e spring 4 3 . C i t y of Vancouver spring 
20 . M u l f o r d spring 4 4 . Bonnev i l l e hot spr ing 
21 . Cispus River 4 5 . St . M a r t i n Hot Springs 
22 . No r th Fork Tout le River 4 6 . W ind River 
23 . C lea r Creek 4 7 . L i t t l e W h i t e Salmon River 
24. Lewis River 4 8 . Leonardo springs 

See table 3 for chemical data on these waters 

Thermal springs, mineral springs, or co ld springs 
w i t h N a - K - C a temperatures below 100°C. 

Thermal or mineral springs w i t h N a - K - C a tem-
peratures above 100°C. 

River water , a l l w i th N a - K - C a temperatures 
below 100°C. 

FIGURE 8 . — Locations o f chemica l ly analyzed springs and rivers in the Cascade Range, Washington 



D R I L L H O L E S 

SITE SELECTION 

Geochemica l , geo log i ca l , and some geo-

physical da ta , as described ear l ier in this repor t , 

have been gathered in the southern Cascades of 

Washington during the last several years; but hea t -

f low determinations have been few because few holes 

have been d r i l l ed in the area. Under sponsorship of 

the Na t iona l Science Foundat ion, the Washington 

Div is ion of Geology and Earth Resources was able to 

par t ia l l y f i l l this gap during the summer and fa l l o f 

1975. Seven hea t - f low holes were started in the 

Indian Heaven area and four of them were d r i l l ed to 

the planned depth of 150 meters. The Indian Heaven 

area was selected because i t is fa i r l y accessible by 

road wh i le the major stratovolcanoes are not; geologic 

work by Hammond (1973, 1975) had shown that basal-

t i c volcanism in the area is, at least in pa r t , very 

young; and grav i ty studies (S t r i ck l i n , 1975) suggested 

that at least part of the Indian Heaven area was under-

la in by porous sediments, a zone of f rac tur ing , hydro-

thermal a l te ra t ion , or a magma chamber, any combi -

nat ion of which could be taken as favorable for the 

occurrence of a geothermal reservoir. 

The seven holes were sited dur ing a f i e ld t r ip 

in Ju ly 1975. Several factors in f luenced the se lec-

t ion of sites. We wanted to site a l l o f the holes in 

the general v i c i n i t y of the Indian Heaven fissure zone 

because we expected that any geothermal heat source 

in the area would be closely associated w i th the chain 

of young volcanoes of the fissure zone. Second, we 

wanted a uniform d is t r ibut ion of hea t - f l ow holes in 

order to detect any areal hea t - f l ow gradients that 

might exist in the area. Th i rd , the prospecting per-

mit issued by the U . S . Forest Service and our d r i l l i ng 

budget d ic ta ted that d r i l l i ng be done on or near ex is t -

ing roads. Fourth, we wanted to place at least some 

of the holes in Tert iary rocks because we suspected 

that water c i r cu la t ion in holes d r i l l ed in to the Qua-

ternary basalts might make i t impossible to measure 

equi l ib r ium temperature gradients. F i f t h , the re la -

t i ve l y small d r i l l i n g rigs used were incapable of i n -

sta l l ing casing through more than about 30 meters of 

overburden, so we had to site holes in areas of re la -

t i ve l y shal low overburden. The selected sites (f igs. 

1 and 2) are compromises among these factors. 

T E M P E R A T U R E S 

Dr i l l hole DGER 1 was d r i l l ed to a depth of on ly 

17 .7 m when caving problems forced abandonment of 

the ho le . No temperature-depth measurements were 

made in this ho le . Holes DGER 2 , 3 , 4 , and 5 were 

completed to a planned depth of 150 m; DGER 6 was 

d r i l l ed to a depth of 80 m (but caved back to 50 m be-

fore casing could be ins ta l led) , and hole DGER 7 was 

d r i l l ed to a depth of 39 m, where cave- in problems 

caused the d r i l l hole to be abandoned. The tempera-

ture results from these various holes w i l l be discussed 

separately, but the temperature-depth curves for d r i l l 

holes DGER 2 , 3, 4 , 5 , 6 , and 7 are shown together in 

f igure 9 and the average gradients w i t h the i r standard 

errors from selected sections of the holes are shown in 

table 4 . The temperature data are tabulated in the 

append ix . The l i tho logy of the holes is described in 

table 5 and is b r ie f l y discussed in the fo l l ow ing sec-

t i o n . The relat ionship of gradient to l i tho logy is 

discussed in the section on heat f l o w . 

Two sets of temperature data are presented on 

each of figures 10 through 13: the f irst type of data 

is bot tom-hole temperature measurements made dur ing 

d r i l l i ng ; the second type is temperature-gradient 

measurements made in ear ly October 1975 and Sep-

tember 1976. Soon af ter the October 1975 logg ing, 

snow closed o f f much of the area for the w in te r . Since 



FIGURE 9.—Temperature-depth curves for d r i l l holes DGER 2 through 7 . 



TABLE 4 . — A v e r a g e temperature g rad ien t , thermal conduc t i v i t y , and hea t - f low measurements 

for d r i l l holes DGER 2 through 7 

- / Va lues in parentheses are s tandard errors o f the mean . 

2 / 
Est imated v a l u e s . 

d r i l l i n g cont inued into late September 1975, d r i l l i n g 

disturbances were s t i l l present in some o f the holes 

during the October 1975 logging. However, these 

residual disturbances d id not preclude accurate gra-

d ient determinations as shown by equ i l ib r ium tempera-

ture data obtained in September 1976. 

Terrain correct ions were made to the gradients 

by a technique described by D . D. Blackwel l 

and J . L. Steele. A combined two d imensional -

three dimensional technique was used. For the 

Indian Heaven area , the estimated accuracy o f 

the correct ion is ±10 percent o f the cor rec t ion. 

BOTTOM-HOLE TEMPERATURE MEASUREMENTS 

Because we expected the holes to penetrate 

re la t i ve ly permeable and porous vo lcan ic and v o l c a n i -

c last ic rocks, we ant ic ipated that problems might be 

encountered invo lv ing intrabore c i r cu la t ion between 

aquifers or between aquifers and the surface because 

o f d i f fe rent p iezometr ic levels in the various fracture 

zones and aqui fers. To some extent this intrabore 

c i rcu la t ion can be cont ro l led by grout ing the hole 

fo l l ow ing complet ion of d r i l l i n g ; however , i f the 

grout fai ls to ho ld , the temperature-depth informat ion 

from the hole may be permanently lost. Therefore, 

temperature measurements were rout ine ly made at the 

bottoms of the holes dur ing d r i l l i n g . In genera l , the 

bot tom-hole temperature measurements were made as 

close as possible to the bottom of the hole before 

d r i l l i ng began on the morning sh i f t . Usually a period 

o f 8 to 16 hours had elapsed between the last c i r c u l a -

t ion of d r i l l i ng f lu ids and the time of the temperature 

measurements. Where equ i l ib r ium temperatures are 

known, about ha l f o f the bot tom-hole measurements 

are w i th in 0 . 1 ° C of the f ina l equi l ib r ium tempera-

tures. The cause o f the deviat ions for the other 

Ho le N o r t h West E leva t i on Dep th I n t e r v a l 
Thermal 

c o n d u c t i v i t y 
N u m b e r 

o f 
Geothermal g r a d i e n t 

(°C/km) 

H e a t f l o w 

( u c a l / c m 2 s e c ) 

n o . l a t i t u d e l o n g i t u d e (meters) (meters) ( m c a l / c m s e c ° C ) Samples U n c o r r e c t e d Ter ra in co r rec ted Unco r rec ted Ter ra in c o r r e c t e d 

D G E R - 2 4 5 ° 5 8 . 6 ' 1 2 1 ° 3 7 . 4 ' 884 1 0 0 - 1 5 0 3 . 4 0 
(0 .07 ) 1 

8 5 3 . 8 
( 0 . 8 ) 

5 2 . 7 1 . 8 3 
( 0 . 0 7 ) 

1 . 7 9 

D G E R - 3 4 6 ° 0 5 . 9 ' 1 2 1 ° 4 2 . 0 ' 9 6 0 4 0 - 1 5 0 2 . 9 6 2 5 1 . 5 
( 3 . 0 ) 

4 6 . 9 1 . 5 2 1 . 3 8 

1 1 5 - 1 5 0 2 . 9 6 
( 0 . 2 7 ) 

4 5 8 . 5 
( 2 . 5 ) 

5 3 . 4 1 . 7 3 
( 0 . 1 8 ) 

1 . 5 8 

D G E R - 4 4 6 ° 0 7 . 5 ' 1 2 1 " 4 6 . 2 1 1207 1 5 - 8 5 < 4 . 2 1 3 0 . 5 
( 1 . 0 ) 

< 1 . 2 8 

8 5 - 1 5 0 2 . 9 9 
( 0 . 0 6 ) 

5 4 8 . 5 
( 0 . 5 ) 

4 4 . 5 1 . 4 5 
( 0 . 0 5 ) 

1 . 3 3 

D G E R - 5 4 5 ° 5 9 . 9 ' 1 2 1 ° 5 3 . 6 ' 914 1 0 0 - 1 5 0 2 . 9 4 
( 0 . 1 4 ) 

6 5 1 . 0 
( 0 . 4 ) 

4 9 . 8 1 . 5 0 
( 0 . 0 8 ) 

1 . 4 6 

D G E R - 6 4 5 ° 5 4 . 8 ' 1 2 1 ° 4 6 . 8 ' 1067 1 5 - 5 5 3 . 0 2 

( 0 . 5 ) 
2 . 0 - 0 . 1 ? 

D G E R - 7 4 6 ° 0 2 . 9 ' 1 2 1 ° 4 5 . 0 ' 1213 1 5 - 2 5 2 . 8 2 70 58 2 . 0 ? 1 . 6 ? 



TABLE 5 . —Thermal conduc t i v i t y , densi ty , and porosity measurements 

for d r i l l holes DGER 2 through 5 

Depth 
(meters) 

Density 

(gm/cm 3 ) 
Porosity 

( f ract ion) 

Kb
1 

Kis
2 

Depth 
(meters) 

Density 

(gm/cm 3 ) 
Porosity 

( f ract ion) 
mcal /cmsec°C 

DGER-2 

102.1 
102.1 
107.9 
122.2 
126.2 
137.8 
146.0 
152.4 

1 .87 

2 .03 
2.01 
1 .98 
1.91 
1 .98 
1 .76 

.30 

.24 

.25 

.26 

.29 

.26 

.34 

4 . 4 4 3 . 1 4 
3 .82 

4 . 3 3 3 . 3 0 
5 . 2 0 3 .75 
4 . 2 7 3 . 2 0 
4 . 8 2 3 . 3 7 
4 . 9 5 3 .56 
4 . 9 8 3 .23 

DGER-3 

103.6 
110.3 
126.8 
129.8 

1 .93 
2 . 1 7 
2.41 
2 . 0 0 

.28 

.19 

.10 

.25 

3 . 3 0 2 . 6 0 
3 .18 

4 . 2 7 3 .82 
3 . 1 2 2 .55 

DGER-4 

5 0 . 9 
84.1 

104.5 
112.2 
132.3 
141 .7 
150.9 

1 .74 
1 . 8 7 
2 . 2 0 
1 .88 
2 .18 
1 .85 

.42 

.30 

.18 

.30 

.18 

.31 

4 . 1 5 
3 . 0 2 . 2 
4 . 0 0 2 .92 
3 . 6 0 3 .04 
3 . 9 7 2 . 9 0 
3 .86 3 .22 
3 . 9 7 2 .88 

DGER-5 

5 6 . 7 
88.1 

105.9 
115.5 
125.9 
141 .7 
153.0 
153.0 

1 .99 
2 .24 
2 . 2 3 
2 . 2 0 
1 .85 
1 .85 

.26 

.16 

.17 

.18 

.31 

.31 

4 . 9 7 
4 . 7 9 
3 .10 2 .52 
3 .04 2 . 6 9 

3 .08 
3 .74 3 .13 
4 . 1 2 2 .95 

3 .45 

1 Bulk thermal conduc t i v i t y (for the samples measured by the chip technique) . 

2 In situ conduc t i v i t y . The in situ conduct iv i t ies are ei ther ca lcu la ted from 

the porosity and Kb measurements o r , i f no Kb is shown, determined d i rec t l y on satu-

rated core samples by the d iv ided bar technique. 



temperatures can in most, but not a l l , instances be 

explained by d r i l l i ng and hole condit ions at the t ime 

of the measurement. If severe hole problems had been 

encountered so that later temperature measurements 

could not have been made, the bot tom-hole measure-

ments would have provided estimates of the tempera-

ture gradients. 

The bot tom-hole temperature measurement 

program was a successful aspect of these studies and 

such measurements are recommended in other simi lar 

geologic si tuat ions. 

TEMPERATURE GRADIENTS 

D r i l l H o l e D G E R 2 

The temperature-depth measurements and 

bot tom-hole temperature data for DGER 2 are shown 

in f igure 10. DGER 2 was d r i l l ed to a depth of 153 m 

and completed September 23, 1975. During the 

d r i l l i n g , complete loss of d r i l l i ng f l u i d c i r cu la t ion 

occurred at 6 8 . 3 m (this depth is ind icated by the 

arrow on f igure 10). The hole was d r i l l ed from 68 .3 

m to 153 m wi thout return of d r i l l i ng f l u id to the sur-

face . Below about 90 m, the temperature depth 

curve is l inear w i th an average slope of 5 3 . 8 ± 0 . 8 

° C / k m (a l l errors shown in this report are standard 

errors o f the mean). Above 90 m, the temperatures 

depart s ign i f i cant ly from a straight l ine; however, 

the temperatures measured at 45 m and 50 m are close 

to the s t ra ight - l ine gradient extrapolated from the 

90 m to 150 m in te rva l . Judging from the relat ionship 

between the extrapolated gradient and the measured 

temperatures, i t appears that water is moving down-

ward in the we l l bore between the 50 m and 75 m 

depths and upward between the 10 m and 45 m depths. 

The bot tom-hole temperatures measured at 

39 m, 50 m, and 67 m are s ign i f i can t ly warmer than 

the extrapolated equi l ib r ium gradient (the bot tom-

hole temperature measured at 8 m may be warmer 

because of seasonal surface-temperature va r ia t i on ) . 

D r i l l i ng between 15 m to 68 m was done using re-

c i rcu la ted water which had heated up in the surface 

hold ing tanks. Flow of the heated d r i l l i ng f l u id into 

the los t -c i rcu la t ion zone at or near 68 m probably 

accounts for the anomalously high bot tom-hole tem-

perature measured at 67 m, and s ign i f icant but un-

detected d r i l l i n g f l u i d loss above 68 m might also 

account for the anomalous bot tom-hole temperatures 

at 39 m and 50 m. 

D r i l l H o l e D G E R 3 

Dr i l l hole DGER 3 was started on September 10, 

1975, and d r i l l i ng was completed on September 20 , 

1975, at a depth of 152 .4 m. Final grout ing of the 

hole w i th cement was f inished on September 23, 1975. 

The bot tom-hole temperature measurements ( f ig . 11) 

at 29 m and 92 m are s ign i f i can t l y below the equ i l i b -

rium temperatures, wh ich is unusual. The geothermal 

gradients from 115 m to 150 m ( 5 8 . 5 ± 2 . 5 ° C / k m ) , the 

least disturbed appearing port ion of the ho le , and 

from 40 m to 150 m (51 .5±3 .0 °C /km) are not very 

d i f fe ren t . The d r i l l hole is located on the side of a 

nor th- t rending va l ley w i th a to ta l re l ie f of about 

300 m. The terrain correct ion reduces the gradients 

for the two intervals to 5 3 . 4 and 4 6 . 9 ° C / k m , respec-

t i v e l y , because of the va l l ey e f f ec t . 

D r i l l H o l e D G E R 4 

A temperature-depth curve and the bot tom-

hole- temperature measurements for DGER 4 are shown 

in f igure 12. This hole was completed September 9 , 

1975, at 152.4 m. Upon comple t ion , i t was grouted 



FIGURE 10.—Temperature-depth curves for d r i l l holes DGER 2 through 7. 



FIGURE 11.—Temperature-depth curves for d r i l l holes DGER 2 through 7. 



wi th cement from 108 m to the surface. Extensive 

d r i l l i n g - f l u i d loss occurred in the in terva l between 

55 m and 105 m and a residual d r i l l i ng disturbance in 

this f lu id- loss zone was s t i l l present between 55 m 

and 75 m during the logging of October 8 , 1975. This 

disturbance had disappeared by September, 1976, as 

shown by the temperature-depth curve from the f ina l 

logging ( f i g . 12). (The magnitude of this d r i l l i ng 

disturbance may be ascertained by comparing the 

temperature-depth logs o f October 8 , 1975, and 

September 14, 1976, in the append ix . ) The f l u i d 

loss may exp la in the s l ight ly high bot tom-hole tem-

peratures measured at 63 m, 91 m, and 103 m. An 

artesian aqui fer was encountered at 108 m and this 

aqui fer was successfully grouted fo l l ow ing complet ion 

o f the d r i l l i n g . The bot tom-hole temperatures at 

116 m, 129 m, and 140 m are very close to the 

temperatures observed af ter the complet ion o f d r i l l i n g . 

There is a change in the slope o f the tempera-

ture-depth curve near 85 m which is probably caused 

by a nearby l i tho log ic change at 80 m. Below the 

contact the average gradient is 4 8 . 5 ± 0 . 5 ° C / k m be-

tween 85 m and 150 m. Above 85 m the gradient is 

s ign i f i cant ly lower. The average gradient between 

15 m and 85 m is 3 0 . 5 ± 1 . 0 ° C / k m . 

The hole is located on the north side of West 

Twin Butte, a c inder cone that s t i l l preserves most of 

its or ig ina l physiographic features and probably is no 

older than 10,000 years. The terrain correct ion re-

duces the gradient by 8 percent . 

D r i l l H o l e D G E R 5 

The temperature-depth curve for hole DGER 5 

is shown in f igure 13. This curve is smooth w i th 

a gradual ly increasing gradient w i t h increasing depth. 

The hole is located at the edge of a large c lear ing 

(McC le l l an Meadows) and the decrease in gradient 

near the surface is caused by an average surface 

temperature d i f ference between the c lea r ing , w i t h a 

re la t i ve ly higher surface temperature, and the sur-

rounding forest w i t h a lower surface temperature (see 

Roy, B lackwe l l , and Decker , 1972). The hole was 

completed on August 8 , 1975, and the temperatures 

below 50 m were essential ly at equi l ib r ium by O c t o -

ber 9 , 1975. 

The low bot tom-hole temperatures observed 

at 93 m, 100 m, and 111 m were caused by artesian 

f low which was encountered beginning at 58 m. These 

bottom-hole temperature measurements were made in 

the ear ly morning from 6 to 17 hours after last c i r cu -

la t ion of d r i l l i ng f lu ids . However , the d r i l l rods were 

lef t in the d r i l l hole a short distance from the bottom 

and the artesian wa te r , in add i t ion to coming straight 

up the ho le , went down to the bottom of the hole and 

came up through the d r i l l rods, thus lower ing the 

temperatures at the bottom of the hole by this a r t i f i c i a l 

c i r cu la t i on . Af ter this e f fec t was recognized, the 

rods were removed at least 10 m from the bottom of 

the hole during the night preceeding the bot tom-hole 

measurement at 134 m. The temperatures not af fected 

by the artesian f low (at 35 m, 70 m, and 134 m) 

agree very closely w i th the observed equi l ibr ium 

temperatures. 

The best gradient in the hole is 5 1 . 0 ± 0 . 4 ° C / k m 

in the interval from 100 m to 150 m. The topographic 

correct ion decreases the gradient to 4 9 . 8 ° C / k m . No 

correct ion has been made for the c lear ing e f fec t pres-

ent above 100 m. 

D r i l l H o l e D G E R 6 

Temperature-depth measurements from DGER 6 

are shown in f igure 9 . This hole was o r i g i na l l y d r i l l ed 

I 



FIGURE 12.—Temperature-depth curves for d r i l l holes DGER 2 through 7. 



FIGURE 13.—Temperature-depth curves for d r i l l holes DGER 2 through 7. 



to a tota l depth of 83 .5 m, however, the d r i l l b i t was 

stuck in the hole and the hole had to be abandoned. 

During casing o f the hole a cave zone prevented i n -

sertion of the pipe below 56 m. The temperature-

depth curve is h igh ly i r regular and suggests that there 

is no temperature increase w i t h dep th , in fact there 

may even be a sl ight decrease. The bottom-hole tem-

peratures also suggest no temperature increase w i th 

depth. This hole was d r i l l ed en t i re ly in Quaternary 

basalts at the edge of the Big Lava Bed. The hole is 

above the water t ab le , wh ich elsewhere is at shal low 

depths, and the temperature appears to be decreasing 

s l igh t ly w i t h depth . It appears that water is en te r -

ing the permeable lava f lows and f low ing through 

the lava toward lower e levat ions. In this area the 

lava flows fo l lowed val leys extending a l l the way 

to the Columbia River. Perhaps these bur ied r iver 

val leys are serving as channels for f low of ground 

water down toward the Columbia. 

The near-zero gradient in this hole is probably 

character is t ic of the rock around i t and another hole 

nearby would l i ke l y observe the same temperatures. 

In this case the water disturbance is of a regional 

nature rather than conf ined to the bore hole as is the 

case in d r i l l hole DGER 2 ( f ig . 10). Al though this 

conclusion is c lear g iven the whole set of da ta , i f 

on ly the upper 70 m of DGER 2 had been logged the 

two types of disturbance might have been confused 

and incor rec t ly in terpreted. The or ig ina l bot tom-

hole temperature measurements in DGER 2 i l lust rate 

the d i f ference in the undisturbed, equi l ib r ium gradient 

between i t and DGER 6 . 

D r i l l H o l e D G E R 7 

DGER 7 was d r i l l ed in a va l l ey (Cultus Creek) 

heading near the axis of the Indian Heaven fissure 

zone. The d r i l l hole started out in unconsol idated 

g lac ia l outwash or t i l l mater ia l and penetrated a lava 

f low in the lower part of the ho le . The unconsolidated 

sediments d id not permit complet ion of the hole to the 

projected depth , the hole was abandoned at 39 m, 

and 29 m of 2 . 5 cm iron pipe was instal led in the 

ho le . There is a gradient in the hole of 70°C /km 

between 15 m and 25 m ( f ig . 9 ) . The terrain cor rec-

t ion is re la t i ve ly large because the hole is in a rather 

deep v a l l e y . The terrain corrected value is 5 8 ° C / k m , 

a lower l im i t for the gradient at this s i te . 

T H E R M A L C O N D U C T I V I T Y 

D E T E R M I N A T I O N S 

Thermal conduc t i v i t y measurements were made 

on samples from the four deep d r i l l holes in order to 

obta in data for ca l cu la t i on of heat f low values. The 

detai ls of the thermal conduc t i v i t y measurements as 

we l l as some density and porosity ca lcu lat ions on the 

samples are shown in table 5 , and l i thologies are pre-

sented in table 6 . Thermal conduc t i v i t y measurements 

were made using two d i f fe ren t techniques. The f irst 

is a convent ional d i v ided-bar technique simi lar to 

that described by Birch (1950) and Roy, B lackwe l l , 

and Birch (1968). Measurements were made on wa te r -

saturated samples in order to match the in si tu cond i -

t ions. This technique is the most precise and accurate 

of a l l conduc t i v i t y measurement techniques and has 

an estimated precision of ±1 percent and an accuracy 

of ±5 percent . Because of the general h igh porosity 

and f r iab le nature of the samples, i t was very d i f f i c u l t 

to make adequate cy l i nd r i ca l samples for the d iv ided 

bar techn ique, and many of the samples disintegrated 

when attempts were made to saw, po l ish , and resatu-

rate them af ter they had dr ied out dur ing shipping. 



The needle-probe technique could not be used because 

of the coarse-grained nature of many of the rocks 

(vo lcanic last ics) . Most of the thermal conduc t i v i t y 

measurements, therefore, were made on crushed core 

samples by the d i v ided-bar chip technique described 

by Sass and others (1971). This technique is not qu i te 

as accurate as the sol id-sample d iv ided-bar technique 

because corrections must be made for the porosity of 

the sample. The estimated precision of the technique 

is about ±5 percent and the accuracy is ±10 percent . 

The thermal conduc t iv i t y values for samples that were 

run w i t h the d iv ided-bar technique and w i th the ch ip -

sample technique agree closely for this set of da ta . 

The technique used for each sample is ind icated in 

table 5 . The numbers of samples, and average thermal 

conduct iv i t ies for samples from the six d r i l l holes are 

l isted in table 4 and are described br ie f l y be low. 

Dr i l l hole DGER 2 was d r i l l ed to a to ta l depth 

of 153 m in the Eocene-Ol igocene Ohanapecosh 

Formation. This format ion as cut by the d r i l l hole is 

composed of l i gh t - to dark-green vo lcan ic las t i c rocks 

w i th considerable green c l a y . The thermal conduc-

t i v i t y values measured for samples from this format ion 

are somewhat higher than for the remainder of the 

formations in the area and i t appears that the rocks, 

cut by this par t icu lar hole at least, might have a 

s l ight ly higher s i l i ca content than the rocks cut in 

the remainder of the d r i l l holes. 

Dr i l l hole DGER 3 was d r i l l ed to a to ta l depth 

of 153 m in in ter layered vo lcan ic las t ic rocks. The 

formation cut by the d r i l l hole is the Ohanapecosh. 

D r i l l hole DGER 4 was d r i l l ed at the foot of 

a c inder cone (West Twin Butte) and penetrated 

s l igh t ly over 75 m of vesicular basalt flows (basalts o f 

Mosquito Lake). Then 30 m of s i l ts tone, one meter 

of basal t , and interbedded basalt ic siltstones and 

sandstones of the Eagle Creek Formation? were d r i l l ed 

to the tota l depth of the hole at 152.4 m. A basalt 

s i l l at 107 m may be an intrusive equivalent of the 

Quaternary basalts. There is an apparent change in 

slope of the temperature-depth curve ( f ig . 12) for 

DGER 4 near 85 m. This depth corresponds approx i -

mately to the l i t ho log ic contact between the vesicular 

basalt and the Eagle Creek Format ion?. Heat f low 

should be the same above and below the con tac t , but 

measurements of thermal conduct iv i ty do not document 

a change in thermal conduc t i v i t y as great as the 

change in gradients (table 4 ) , in fact the thermal 

conduc t iv i t y values are almost the same (table 5 ) . 

The average f ract ional porosity for the sedimentary 

rock in DGER 4 is about . 2 5 , and thus the average 

in situ thermal conduc t iv i t y value is 2 .99 m c a l / 

cmsec°C for a l l o f the samples below 85 m. The max-

imum thermal conduc t i v i t y contrast that can be ex -

pected would occur i f the basalt has zero porosi ty . 

This contrast in porosity would lead to a thermal 

conduc t iv i t y contrast of about 30 percent , almost 

enough to expla in the change in g rad ien t . Since the 

average porosity of the basalt section is not known, 

the exact thermal conduc t iv i t y for the basalt cannot 

be obta ined, but there is probably not a suf f ic ient 

thermal conduc t iv i t y contrast to y i e l d the same heat-

f low value for the two sections of the d r i l l hole and 

exp la in the observed contrast in geothermal gradients. 

Dr i l l hole DGER 5 was d r i l l ed to 152 m in 

vesicular to dense basalt of the Miocene pre-Eagle 

Creek vo lcan ic and sedimentary rocks. A t 102 m the 

d r i l l hole passed into vo lcan ic sandstone and conglom-

erate , s t i l l part of the pre-Eagle Creek vo lcan ic and 

sedimentary rocks. The thermal conduc t i v i t y values 

for the basalt again depend in deta i l on the average 

porosi ty, wh ich is not we l l known because o f the 

d i f f i c u l t y o f cor ing interbeds and tops and bottoms of 

f lows. There is a systematic increase in gradient w i th 



depth in DGER 5 , but this gradient change is due to 

prox imi ty to a c lear ing (McC le l l an Meadows) and 

not due to thermal conduc t iv i t y changes. 

N o measurements were made of thermal con-

duc t i v i t y values on samples from DGER 6 . The hole 

was d r i l l ed to a depth of 83 .5 m in Quaternary 

basalts. The section cut by the hole inc luded numer-

ous very th in f lows of vesicular to scoriaceous basalt . 

Al though no measurements were made of thermal con-

duc t i v i t y in this ho le , based on the thermal conduc-

t i v i t y values in the basalts from the other holes, i t is 

estimated that the thermal conduc t i v i t y in the hole is 

3 . 0 ± 0 . 5 mca l /cmsec°C. The exact determinat ion of 

the conduc t i v i t y is not important in v iew of the nega-

t ive temperature gradient observed in this ho le . 

Dr i l l hole DGER 7 had to be terminated at a 

depth of on ly 39 m. L i t t le core was recovered from 

the upper port ion of the hole and thus the l i tho log ic 

section is not w e l l known. It appears to be pr imar i ly 

g lac ia l d r i f t or t i l l . In v iew of a l l the uncertaint ies 

the exact thermal conduc t i v i t y for this hole is not 

c r i t i c a l . The thermal conduc t iv i t y va lue was est i -

mated by averaging a l l of the Quaternary basalt bulk 

thermal conduc t iv i t y values (4 .5 mca l /cmsec°C) , 

assuming a porosity for these unconsolidated g lac ia l 

sediments of 0 . 4 , and ca lcu la t ing an in situ thermal 

conduct iv i ty of 2 . 8 mca l /cmsec°C. The estimated 

uncertainty of this value is 10-20 percent . 

The average thermal conduc t iv i t y values in 

the d i f ferent holes and in the d i f fe ren t units in the 

area are very s imi lar , w i th the range of thermal con-

duc t i v i t y values in the holes penetrat ing to bedrock 

being about 2 . 9 to 3 . 4 mca l /cmsec°C. Typical 

porosity values for the units are 0 . 2 - 0 . 3 and typ ica l 

densities for the pre-Quaternary units are 1 . 9 - 2 . 3 

gm/cm . 

H E A T F L O W 

Heat - f l ow values have been ca lcu la ted for 

a l l six d r i l l holes, but d i f fe rent re l iab i l i t i es are as-

signed to the hea t - f low values from the various holes. 

The hea t - f l ow values are the mathematical product o f 

the mean harmonic thermal conduc t i v i t y (table 4 , 

column 6) and the slope of a least-squares s t ra ight -

l ine f i t to the measured temperature gradient in the 

depth in terva l ind ica ted . The ca lcu la ted error of 

the heat f low is stat ist ical and relates on ly to the 

internal consistency of the data . The actual error 

estimates of the hea t - f l ow values w i l l be discussed 

br ie f l y at the end of this sect ion. The hea t - f l ow 

values are listed in table 4 and the ter ra in-cor rec ted 

values are shown in f igure 14. A te r ra in -cor rec t ion 

technique developed by D . D . Blackwel l and J. L. 

Steele was used. 

Heat f low was ca lcu la ted for the depth i n te r -

val 100 m to 150 m for DGER 2 . Above 100 m there 

is an intrabore wa te r - f l ow disturbance wh ich destroys 

the in situ grad ient . The uncorrected heat f low is 

1 .83 u c a l / c m 2 s e c and the terra in corrected heat f low 

is 1 .79 uca l / cm 2 sec . 

Heat - f low values ca lcu la ted for two intervals 

in DGER 3 (40 m to 150 m and 115 m to 150 m) d i f fer 

by 0 . 2 0 uca l / cm 2 sec . The terrain correct ion de -

creases the heat f low by about 10 percent . The tem-

perature-depth curve ( f ig . 11) shows several d is t inct 

segments w i th d i f fe rent gradients (for example 25 m 

to 70 m, 70 m to 115 m, and 115 m to 150 m) that 

might be related to l i tho log ic changes. However, 

no thermal conduc t i v i t y measurements were made 

above 104 m, and no l i tho log ic di f ferences were 

noted when cores and cutt ings were examined. Thus 

the best va lue is the ter ra in-cor rected heat f low be-



TABLE 6 . — L i tho logy o f h e a t - f l o w d r i l l - h o l e s , Steamboat Moun ta in -Leme i Rock a rea , 

Skamania C o u n t y , Washington 

D r i l l ho le 
number 

Depth 
in te rva l 
(meters) 

L i tho logy Name 

DGER 1 0 to 1 2 . 5 Basal t , b l a c k , c lose ly jo in ted Basalt o f the Co lumb ia River 
Group 

Ohanapecosh Formation 
(weathered) or in terbed 
in Co lumb ia River Basalt 

1 2 . 5 to 1 7 . 7 Sand, med ium-g ra ined , unconsol idated 

Basalt o f the Co lumb ia River 
Group 

Ohanapecosh Formation 
(weathered) or in terbed 
in Co lumb ia River Basalt 

DGER 2 0 to 4 7 . 5 T u f f , ash- f low Ohanapecosh Format ion, 

4 7 . 5 to 4 8 . 5 Sandstone, v o l c a n i c , w i t h carbonaceous 
fragments 

0 to 1 5 2 . 7 m 

4 8 . 5 to 74 .1 Lahars (mudflow breccias and conglomerates) 

74 .1 to 7 5 . 9 Sandstone, vo l can i c 

7 5 . 9 to 7 6 . 5 Lahar 

7 6 . 5 to 106 .5 Tu f f , ash- f low 

106 .5 to 129 .5 Lahars 

129 .5 to 1 5 2 . 7 Sandstone, v o l c a n i c , f i n e - to coarse-gra ined 

DGER 3 0 to 1 2 . 2 D r i f t , g l ac i a l 

1 2 . 2 to 2 8 . 8 Mudstone, s i l ts tone, and f i n e - to medium-
gra ined sandstone. A l l o f vo l can i c o r i g i n 
and a l l con ta in ing carbonaceous mater ia l 

Ohanapecosh Format ion, 
12 .2 to 129 .8 m 

2 8 . 8 to 2 9 . 0 Sandstone, a rkos ic , coa ly 

2 9 . 0 to 5 4 . 9 Mudstone and f i ne -g ra ined sandstone, a l l o f 
vo l can i c o r i g i n 

5 4 . 9 to 6 0 . 0 Lahars, angular clasts 

6 0 . 0 to 7 5 . 6 N o core recovery 

7 5 . 6 to 7 8 . 0 Lahars, angular clasts 

7 8 . 0 to 8 8 . 7 N o core recovery 

8 8 . 7 to 9 0 . 2 Si l tstone and medium-gra ined basal t ic 
sandstone 

9 0 . 2 to 1 0 3 . 0 N o core recovery 

1 0 3 . 0 to 104 .5 S i l t s tone, carbonaceous, w i t h th in coal beds 

104 .5 to 1 1 1 . 6 Lahars, rounded clasts up to 10 cm in 
d iameter and smaller angular clasts 

1 1 1 . 6 to 126 .8 N o core recovery 

126 .8 to 129 .8 Lahars, angular clasts up to 1 cm in d iameter 

1 2 9 . 8 to 1 5 2 . 4 N o core recovery 



TABLE 6 . — L i tho logy o f h e a t - f l o w d r i l l - h o l e s . Steamboat Moun ta in -Leme i Rock a rea , 

Skamania C o u n t y , Wash ing ton—Cont inued 

D r i l l hole 
number 

Depth 
in te rva l 
(meters) 

L i tho logy Name 

DGER 4 0 to 3 . 7 

3 . 7 to 7 9 . 2 

Cinders 

Basalt , dense to scor iaceous, up to 20 
percent o l i v i n e ; probably several f lows. 
Rock i n lower part of i n te rva l is o f ten 
glassy, b roken , and pa lagon i t i c 

Cinders o f West Twin But te , 
0 to 3 . 7 m 

Mosqui to Lake basa l t , 
3 . 7 to 7 9 . 2 m 

7 9 . 2 to 8 9 . 9 Sil tstone and in terbedded f i ne -g ra i ned 
basal t ic sandstone. There may be two 
th in basalt f lows in this in te rva l 

Eagle Creek Format ion?, 
7 9 . 2 to 107.3 m 

8 9 . 9 to 107 .3 Mudstone, s i l ts tone, and f i n e - to coarse-
gra ined sandstone 

107 .3 to 108 .4 Basalt , s i l l Cor re la t ion unknown 

108 .4 to 119 .2 Mudstone, s i l ts tone, and f i n e - to coarse-
gra ined sandstone 

Eagle Creek Format ion?, 
108, .4 to 152.4 m 

119 .2 to 1 2 1 . 0 G r i t , basa l t i c , w i t h clasts up to 1.5 cm in 
d iameter at bottom of in te rva l 

1 2 1 . 0 to 123 .2 Mudstone and si l tstone w i t h f i ne -g ra i ned 
carbonaceous mater ia l and i r regu lar 
masses o f carbonized wood 

1 2 3 . 2 to 127 .6 Sandstone, basa l t i c , very coarse, grades 
downward to basalt pebble and boulder 
conglomerate 

1 2 7 . 6 to 133 .2 Mudstone, carbonaceous, grades downward 
to in terbedded mudstone and coarse-
gra ined sandstone w i t h mudstone clasts up 
to 2 cm in d iameter 

1 3 3 . 2 to 1 4 3 . 6 Mudstone, s i l t s tone, and coarse- to very 
coarse-grained sandstone, in te rbedded, 
scattered pebbles o f basalt toward bottom 
of in terva l 

1 4 3 . 6 to 146 .3 Cong lomera te , w i t h pebbles up to 4 cm in 
d iameter o f a porphyr i t i c igneous r o c k , 
grades downward to coarse- and f i n e -
gra ined sandstone to si l tstone and mud-
stone at bottom of in terva l 

146 .3 to 152 .4 Mudstone, s i l ts tone, f i n e - to coarse-
gra ined sandstone, and conglomerate 
w i t h w e l l - r o u n d e d pebbles o f in t rus ive 
igneous rock . Interbedded 



TABLE d . — L i tho logy o f h e a t - f l o w d r i l l - h o l e s , Steamboat Moun ta in -Leme i Rock a rea , 

Skamania C o u n t y , Wash ing ton—Cont inued 

D r i l l hole 
number 

Depth 
in te rva l 
(meters) 

L i tho logy Name 

DGER 5 0 . 3 to 7 5 . 0 

7 5 . 0 to 7 5 . 6 

7 5 . 6 to 101 .5 

101 .5 to 101 .8 

101 .8 to 108 .2 

108 .2 to 108 .8 

108 .8 to 110 .9 

1 1 0 . 9 to 116 .4 

116 .4 to 1 1 8 . 0 

1 1 8 . 0 to 1 2 4 . 4 

124 .4 to 126 .5 

126 .5 to 152 .4 

Basal t , f i n e - to coarse g ra ined , b lack to 
b r i c k - r e d , nonvesicular to very ves icu la r . 
Ten percent o l i v i n e 

Sand, s i l t , and basalt f ragments. Inter f low 
zone 

Basalt , red , g r a y , and b l a c k , dense to 
scor iaceous, 10 percent o l i v i n e 

N o core recovery 

Cong lomera te , tan to da rk -g reen clasts are 
rounded to angu la r , up to 3 cm in d iamete r , 
and composed of vo l can i c rocks 

S i l t s tone, l i gh t greenish-gray 

Sandstone and si l tstone w i t h scattered clasts 
up to 2 cm in d iamete r . Clasts are v o l -
canic rock 

Cong lomera te , clasts are vo l can i c rock 

Si l tstone w i t h scattered clasts of a l tered 
vo l can i c rock 

Brecc ia , vo l can i c rock clasts 

Conglomerate w i t h clasts up to 6 cm in 
d iameter of porphyr i t i c vo l can i c rocks 

Lahar. Contains both angular and rounded 
clasts of vo l can i c rock . Angular clasts 
are mostly 1 cm or less in d iamete r . 
Rounded clasts are up to 4 cm in d iameter 
and are po rphy r i t i c vo l can i c rock 

Pre-Eagle Creek vo l can i c 
and sedimentary rocks 
0 . 3 to 152.4 m 

DGER 6 0 to 1 . 2 

1 . 2 to 4 . 0 

4 . 0 to 6 0 . 0 

6 0 . 0 

Soil 

Cinders 

Basalt , gray to b lack to b r i c k - r e d , s l i gh t l y 
ves icu lar to scor iaceous, 20 percent 
o l i v i n e , probably many f lows 

Basal t , b lack to red , dense to scor iaceous, 
10 to 15 percent o l i v i n e . Probably several 
f lows 

Cinders of South Red 
M o u n t a i n , 1.2 to 
4 . 0 m 

Papoose Mounta in basa l t , 
4 . 0 to 6 0 . 0 m 

Black Creek basa l t , 
6 0 . 0 to 8 3 . 5 m 

DGER 7 0 to 3 2 . 9 

3 2 . 9 to 3 8 . 7 

D r i f t , g l a c i a l 

Basal t , gray to redd ish -g ray , s l i gh t l y 
ves icu lar to scor iaceous, 10 percent 
o l i v i n e . Probably two f lows 

L i t t l e Deer Point basa l t , 
3 2 . 9 to 3 8 . 7 m 



FIGURE 1 4 . — H e a t - f l o w map for the Indian Heaven area, Skamania County , Washington. 



tween 115 m and 150 m, where thermal conduct iv i t ies 

were measured. 

The heat f low was ca lcu la ted for two intervals 

in d r i l l hole DGER 4 (15 m to 85 m and 85 m to 150 m). 

The maximum heat f low in the 15 m to 85 m interval 

is about 1.3 uca l / cm 2 sec . There is a large swamp 

and a c lear ing w i t h i n 50 m from the co l la r of the 

d r i l l hole and these surface condit ions might exp la in 

the low heat f low observed in the upper part of the 

d r i l l ho le . However , the gradient and heat f low 

seem to change abrupt ly at a depth which corresponds 

approximately to the l i tho log ic boundary between the 

Quaternary lavas and the under ly ing Eagle Creek 

Format ion?. The ter ra in-corrected hea t - f low value 

for the 85 m to 150 m in terva l (1 .33 uca l /cm 2 sec) 

is considered the most re l i ab le . This va lue might be 

5 - 1 0 percent low due to the nearby c lear ing and lake , 

but surface temperatures are not known we l l enough 

to make a cor rec t ion. 

D r i l l hole DGER 5 intersected two l i tho log ies. 

It is d i f f i c u l t to estimate the average in situ porosity 

of the lava flows o f pre-Eagle Creek vo lcan ic and 

sedimentary rocks in order to ca lcu la te a heat - f low 

va lue . There is no s ign i f icant change in the tem-

perature gradient that corresponds to the l i tho log ic 

boundary. The s l ight ly increasing gradient w i th i n -

creasing depth is correlated w i th the prox imi ty to a 

large c lear ing (McC le l l an Meadows). The best value 

of heat f low is taken to be the interval between 100 

m and 150 m. The ter ra in-cor rec ted heat f low in this 

in terva l is 1.46 uca l /cm 2 sec (the terra in correct ion 

is very smal l ) . 

As i l lustrated in f igure 9 the average gradient 

in DGER 6 is negat ive . Combined w i th the estimated 

thermal conduc t iv i t y value (table 4) the result ing 

heat f low is - 0 . 1 uca l / cm 2 sec . Obv ious ly this heat 

f low does not re f lect the heat f low from the in ter ior 

of the earth and the impl icat ions of this value w i l l be 

presented in the discussion sect ion. The value is c a l -

culated here merely for reference purposes and is not 

intended to be taken as a reg iona l ly s ign i f icant heat -

f low va lue . 

Dr i l l hole DGER 7 is very shallow and no 

core samples were ava i l ab le , however , the estimated 

thermal conduc t i v i t y is probably w i t h i n ±20 percent 

of the in situ conduc t i v i t y . The terra in correct ion is 

rather large because the d r i l l hole is in a sizeable 

v a l l e y . The best hea t - f l ow value is 1.6 uca l / cm 2 

sec. In v iew o f the shal low depth o f the hole the 

hea t - f l ow value has a high possible error. 

In a l l the holes, the hea t - f low values from 

the deepest intervals are considered the most re l i ab le . 

The upper parts of some of the holes show the effects 

of lateral surface temperature var iat ions for wh ich 

corrections have not been made. For the bottom i n -

tervals of the holes, the ter ra in-corrected hea t - f low 

values are 1 . 8 , 1 . 6 , 1 . 3 , and 1 .5 uca l /cm 2 sec 

for DGER 2 , 3, 4 , and 5 , respect ive ly . Estimated 

heat f low values for DGER 6 and 7 are - 0 . 1 and 1 . 6 

uca l / cm 2 sec , respect ive ly . The estimated precision 

of the four values in holes that were d r i l l ed to 150 m 

is ±5-10 percent . Values from DGER 6 and 7 are 

estimates on ly and subject to very large error. In 

pa r t i cu la r , the value from DGER 6 cer ta in ly does not 

represent the regional heat f low in the Indian Heaven 

area. 

D I S C U S S I O N 

The three values of heat f l ow around the mar-
gins of the Indian Heaven basalt f i e ld range from 1.5 

to 1 .8 uca l /cm 2 sec (DGER 2 , 3 , and 5) and thus span 

a d i f ference of less than 20 percent . The average 



heat f low is 1.6 ± 0 . 2 uca l / cm 2 sec . One deep hole 

in the Indian Heaven fissure zone (DGER 4) has a 

s l ight ly lower hea t - f low value o f 1 . 3 uca l / cm 2 sec . 

O n the basis of these hea t - f low da ta , we can infer 

that there is no major geothermal anomaly associated 

w i th Indian Heaven fissure zone, and the hea t - f low 

values in the Indian Heaven area do not appear to be 

s ign i f i cant ly af fected by water c i rcu la t ion except at 

DGER 6 at the southern end of the fissure zone. 

The regional heat f low of the Cascade Range 

is not we l l known. The ava i lab le determinations 

range from a high to 1 . 7 uca l / cm 2 sec near the Cana-

dian border at Mazama, along the eastern margin of 

the p rov ince , to 1 . 2 uca l /cm 2 sec near Snoqualmie 

Pass (B lackwe l l , 1974). The hea t - f low value nearest 

to the Indian Heaven area is south of Randle, approx i -

mately 50 km to the northwest (B lackwe l l , 1974). This 

value is 1 .5 uca l / cm 2 sec . The re l iab le heat - f low 

values in the Indian Heaven area (ranging from 1.3 

to 1 .8 uca l / cm 2 sec) are compat ib le w i th the heat -

f low values observed near Randle and Mazama. The 

Snoqualmie Pass determinat ion is closer to the west 

margin of the Cascade Range than any of the other 

data and this geographic d i f ference may exp la in the 

d i f ference in heat f l o w . 

Because of the uncerta inty of the type of 

basement rock in the area i t is impossible to estimate 

the average rad ioac t i v i t y of the crust. No measure-

ments of the rad ioac t iv i t y of the Ohanapecosh Forma-

t ion have been made; however, based on its l i tho logy 

the heat product ion should be between 1 and 3 X 10-13 

ca l / cm 3 sec . If the mant le heat f low in the Cascades 

is 1 . 4 u c a l / c m 2 s e c , wh ich is typ ica l of many of the 

thermal ly anomalous regions in the western Uni ted 

States (Roy and others, 1968; B lackwe l l , 1971, 1973; 

Roy and others, 1972), then predicted values of sur-

face heat f low would range from 1 . 5 to 1 . 7 u c a l / 

cm2sec. Therefore, i t appears that the values meas-

ured in the Indian Heaven area are what would be 

expected to be typ ica l regional hea t - f l ow values for 

the Cascade Range. 

The fact that the values are about 10 percent 

higher along the east edge of the Indian Heaven basalt 

f i e ld (toward the Quaternary andesite volcano of 

Mount Adams) may not be s ign i f i can t . Because the 

lateral resolution of buried heat sources w i th heat -

f low measurements is not great (see Blackwel l and 

Baag, 1973; Lachenbruch and others, 1976). The 

data of this report have l i t t l e or nothing to say about 

possible magma chambers beneath Mount Adams or 

Mount St. Helens, and no hea t - f low measurements 

have been made in the v i c i n i t y of ei ther mountain. 

The 1 . 8 uca l /cm 2 sec hea t - f l ow value is the closest 

va lue to Mann Butte, a possible Quaternary s i l i c i c 

plug located about 6 km away , but this relat ionship 

is of doubtful s ign i f i cance. It is c lear that there is 

no large-sized heat source body w i t h i n the general 

area of the heat f low study; however , small heat 

sources could exist in the area and remain undetected 

because of the re la t i ve ly w ide spacing of our heat -

f low measurements. 

The general structure o f the Indian Heaven 

fissure zone is a carapace of lava flows extending 

downward in e levat ion toward the east and west from 

an axis along the fissure zone. Because of the high 

ra in fa l l o f the area (over 150 cm per year) and the 

porous nature of the basalts, i t was ant ic ipa ted that 

problems w i th ground-water f low might a f fec t i n te r -

pretat ion of the hea t - f l ow da ta . In v iew of the agree-

ment of values observed i t seems that this c i rcu la t ion 

is on ly a local problem. The low hea t - f low value 

which is observed in the shallow part of DGER 4 

might be related to ground-water f l o w , however, i t 

also might be related to the presence of a surface 



temperature anomaly associated w i th Mosquito Lake. 

It is impossible to resolve this uncerta inty w i thout a 

more complete analysis o f the possible e f fec t of the 

c lear ing about Mosquito Lake than was done here. 

There is de f in i te water f low in the v i c i n i t y o f 

DGER 6 . The Quaternary lava f i e ld extends east 

along Trout Lake va l ley and to the south along Lava 

Creek f i l l i n g these preexist ing val leys (see f i g . 1) . 

The lava flows fo l low the val leys for up to 20 km 

toward the Columbia River. It may be that these 

val leys were deeply incised when the lavas were ex-

truded and, consequent ly, there is a th ick f i l l of 

lava in the va l leys , and the lavas act as conduits for 

subsurface water c i rcu la t ion toward the Columbia 

River. If so, the c i r cu la t ion appears to be conf ined 

to these preexist ing stream val leys and does not i n -

c lude the main port ion of the Indian Heaven area. 

The lava flows extend in the wrong d i rec t ion to have 

the water c i r cu la t ion in lava f lows d i rec t l y recharg-

ing a ground water system connected to the hot springs, 

wh ich occur to the southwest along the Columbia River 

(see f i g . 8 ) . It may be that water in f i l t ra tes along 

the Indian Heaven fissure zone and makes its way 

into a ground water system that feeds the hot springs, 

but the geologic structure between the Indian Heaven 

area and the hot springs is qu i te complex , and this 

appears to be u n l i k e l y . 

The average gradient observed in the Indian 

Heaven area is about 5 0 ° C / k m , and, assuming that 

this gradient is present in the v i c i n i t y of St. Mar t in 's 

Hot Spr ing, subsurface c i rcu la t ion of water to a depth 

of on ly 1 km would heat the water to the 50°C tem-

perature observed at St. Mar t i n ' s , wh ich is the warm-

est spring in the area. The geochemical informat ion 

from other thermal and mineral springs in the area 

fai ls to suggest subsurface heating above 100°C, and, 

in f a c t , those predicted temperatures that d i f fe r s ig-

n i f i can t l y from measured water temperatures may do 

so not because of actual geothermal hea t ing , but 

because the N a - K - C a , N a / K , and s i l i ca geother-

mometers fa i l to properly describe equi l ibr ium con-

dit ions in low-temperature wafers. Thus, i f seems 

un l i ke ly that the hot springs or any other analyzed 

waters in the southern Cascades of Washington are 

related to a high temperature geothermal heat source. 

The results of the heat f low study leave l i t t l e 

doubt that the grav i ty anomaly associated w i th the 

Indian Heaven fissure zone is not caused by a large, 

s t i l l -mo l ten magma chamber. The most l i ke l y causes 

of the g rav i ty anomaly are two: a greater thickness 

of low density rocks under the fissure zone than was 

ant ic ipated and the use of an incorrect Bouguer re -

duct ion density such that part of the anomaly is 

caused by the topography i tsel f (compare the grav i ty 

contours in f i g . 3 w i t h the topographic contours). The 

average density for a l l the sedimentary rocks sampled 

(see table 5) is 2.01 g m / c m 3 . The d i f fe ren t ia l re l ie f 

of the fissure zone w i th respect to its surroundings is 

300 m to 600 m or more. A hor izontal i n f i n i t e l y 

extended slab 300 m th ick w i th a density contrast of 

0 . 7 gm/cm would cause an anomaly of about 10 mgal . 

Therefore, much o f the residual anomaly could be 

caused by topography a lone. Furthermore, i f there 

is a th ickening of the sedimentary units in the fissure 

zone area (Hammond and others, 1976), then the 

density contrast between the sediments and a dense 

vo lcan ic basement could cause the remainder of the 

residual g rav i ty anomaly. 

It was ant ic ipated that great d i f f i c u l t y would 

be encountered in obta in ing good hea t - f low values in 

the Cascade Range, par t i cu la r l y in holes as shallow 

as 150 m; however, i t is c lear that every hole that 

went to a depth of 150 m gives a re l iab le hea t - f low 

value and at least 3 of the 4 deep holes would also 



y ie ld reasonably accurate (±15 percent) hea t - f l ow 

values at depths of 50 m to 100 m and above i f cor -

rections were made for various surface condi t ions. 

Therefore, these data prove that heat f low studies 

can be va luable in an area of h igh ra i n fa l l . These 

holes also furnish the most re l iab le regional heat -

f low data ava i lab le for the Cascades. These data 

can be used as background informat ion for cont inued 

geothermal studies at other sites in the Cascades. 

C O N C L U S I O N S 

1. Heat f low can be successfully measured in re la -

t i ve l y shallow holes in areas of high p rec ip i -

ta t ion l i ke Washington's southern Cascade 

Range. 

2. Heat - f low values measured in the Indian Heaven 

area appear to be of the magnitude expected 

of typ ica l regional hea t - f low values for the 

Cascade Range. 

3 . There is no major , shallow heat - f low anomaly 

(geothermal heat source) in the Indian Heaven 

area. 

4 . Temperature gradients in the Indian Heaven area 

are somewhat higher than normal , leaving 

open the possib i l i ty that waters from depths 

of 2 km, at about 100°C, or 4 km, at about 

200°C , might be usable for industr ial or 

agr icu l tu ra l uses, or even e lec t r i ca l genera-

t i on . However, the cost of d r i l l i ng wel ls to 

those depths, the lack of knowledge about 

the ava i l ab i l i t y of ground water at those 

depths, and the lack of energy-consuming 

populat ion centers or industry in the immedi-

ate area probably rule out any attempts to 

develop geothermal resources in the Indian 

Heaven area, at least for the near fu ture . 

5 . The hea t - f l ow values measured in the Indian 

Heaven area cannot be used to determine the 

geothermal potent ia l of e i ther Mount Adams 

or Mount St. Helens. 

6. Water f low through some of the Quaternary basalts 

(DGER 6) and d i f f i c u l t d r i l l i ng condit ions in 

those basalts ind ica te the need for caut ion 

in d r i l l i n g hea t - f l ow holes in the Quaternary 

basalts. 

7 . Geochemlca l l y estimated source temperatures 

( N a - K - C a method) for thermal spring waters 

in Skamania County are below 100°C. It 

appears that these waters could have been 

heated to their estimated temperatures of last 

equ i l ib ra t ion simply by c i rcu la t ing to a depth 

of one k i l omete r , more or less, under the i n -

f luence of a geothermal gradient of 5 0 ° C / k m . 

8 . Almost the on ly geochemica l ly estimated source 

temperatures ( N a - K - C a method) above 100°C 

anywhere in Washington's Cascade Range are 

for thermal or mineral springs w i t h i n 30 km 

of Mount Baker, G l a c i e r Peak, or Mount 

Rainier. This cannot be taken to mean that 

no other area in the Cascades has geothermal 

po ten t i a l , but i t is a posit ive ind ica t ion that 

at least three o f Washington's f ive large 

stratovolcanoes do have some geothermal 

po ten t ia l . The absence of thermal or mineral 

springs around Mount St . Helens or Mount 

Adams is puzz l i ng , but can perhaps be ex -

p la ined. Yuhara (1974) has found that hot 

springs are much more l i ke l y to be found 

associated w i th a stratovolcano whose v o l -

canic ed i f i ce has been breached by erosion 

than w i th a stratovolcano whose cone is 

s t i l l we l l -p reserved. Mount St. Helens 

and Mount Adams are cer ta in ly better pre-

served than Mount Baker, G l a c i e r Peak, or 



Mount Rainier , so perhaps thei r geothermal 

systems are s t i l l we l l h idden w i t h i n a ground-

water system that is buried under an extensive 

cover of porous vo lcan ic rock . 

9 . The grav i ty anomaly associated w i th the Indian 

Heaven area is probably caused by a th icker 

than ant ic ipa ted Tert iary sedimentary rock 

sect ion beneath the northern end of the fissure 

zone and by the use of a Bouguer reduct ion 

density that is too h igh . 

10. The measurement of bot tom-hole temperatures 

dur ing d r i l l i ng of the hea t - f l ow holes was 

successful in prov id ing temperatures that 

cou ld have been used to estimate equi l ibr ium 

gradients i f the d r i l l holes had been lost be -

cause of cav ing , mechanical problems, or 

intrabore water c i r cu la t i on . 

11. Add i t iona l geophysical studies should be done 

in the Cascades of Washington in order to 

more accurate ly def ine the hea t - f l ow pat tern, 

and to determine whether heated bodies of 

ground water and(or) rock exist at depth in 

the crust, par t i cu la r ly around the major strato-

voIcanoes. 

12. It appears that the basalts of the Indian Heaven 

area were erupted from narrow dikes that 

cooled f a i r l y rap id ly at the close o f each 

erupt ive phase. If magma chambers formed, 

they are small and c o o l , or i f s t i l l hot they 

are located away from our hea t - f low holes 

and were not detec ted. 

{ 



A P P E N D I X 

E Q U I L I B R I U M T E M P E R A T U R E - D E P T H M E A S U R E M E N T S 

Dr i l l ho le: DGER-2 
Date measured: 9 / 1 3 / 7 6 

Depth Depth Temperature Geothermal gradient 
(m) (ft) °C °F °C / km °F /100 f t 

10 .0 32 .8 6 .110 4 3 . 0 0 .0 . 0 
15 .0 4 9 . 2 6 .180 4 3 . 1 2 14 .0 .8 
2 0 . 0 6 5 . 6 6 .240 4 3 . 2 3 12 .0 . 7 
2 5 . 0 8 2 . 0 6 .290 4 3 . 3 2 10 .0 .5 
3 0 . 0 9 8 . 4 6 .310 4 3 . 3 6 4 . 0 . 2 
3 5 . 0 114.8 6 .350 4 3 . 4 3 8 . 0 .4 
4 0 . 0 131 .2 6 .380 43 .48 6 . 0 .3 
4 5 . 0 147.6 6 .390 4 3 . 5 0 2 . 0 .1 
5 0 . 0 164 .0 6 . 8 4 0 44.31 9 0 . 0 4 . 9 
5 5 . 0 180.4 6 .820 44 .28 - 4 . 0 - . 2 
6 0 . 0 196.8 6 .740 44 .13 - 1 6 . 0 - . 9 
6 5 . 0 213 .2 6 . 7 8 0 4 4 . 2 0 8 . 0 .4 
70 .0 229 .6 6 .860 44 .35 16 .0 .9 
7 5 . 0 246 .0 6 .820 44 .28 - 8 . 0 - . 4 
8 0 . 0 262 .4 7 .270 4 5 . 0 9 9 0 . 0 4 . 9 
8 5 . 0 278.8 8 .210 46 .78 188.0 10 .3 
9 0 . 0 295 .2 8 . 8 8 0 4 7 . 9 8 134.0 7 . 4 
9 5 . 0 311.6 9 .190 4 8 . 5 4 6 2 . 0 3 . 4 

100 .0 328 .0 9 .500 4 9 . 1 0 6 2 . 0 3 . 4 
105 .0 344.4 9 .720 4 9 . 5 0 4 4 . 0 2 . 4 
110 .0 360 .8 10.060 50.11 6 8 . 0 3 . 7 
115.0 377 .2 10.360 50 .65 6 0 . 0 3 . 3 
120 .0 393.6 10.620 51 .12 5 2 . 0 2 . 9 
125.0 4 1 0 . 0 10.880 51 .58 5 2 . 0 2 . 9 
130 .0 4 2 6 . 4 11.180 52 .12 6 0 . 0 3 . 3 
135 .0 442 .8 11.410 5 2 . 5 4 4 6 . 0 2 . 5 
140.0 4 5 9 . 2 11.650 5 2 . 9 7 4 8 . 0 2 . 6 
145.0 475 .6 11.910 53 .44 5 2 . 0 2 . 9 
150.0 4 9 2 . 0 12.190 53 .94 5 6 . 0 3 .1 

D r i l l hole: DGER-2 
Date measured: 10 /8 /75 

Depth Depth Temperature Geothermal gradient 
(m) ( f t ) °C °F °C /km °F /100 f t 

5 . 0 16.4 7 .050 44 .69 .0 . 0 
10 .0 3 2 . 8 6 .490 43 .68 - 1 1 2 . 0 - 6 . 1 
15.0 4 9 . 2 6 .720 4 4 . 1 0 4 6 . 0 2 . 5 
2 0 . 0 6 5 . 6 6 .500 4 3 . 7 0 - 4 4 . 0 - 2 . 4 
2 5 . 0 8 2 . 0 6 . 4 1 0 4 3 . 5 4 - 1 8 . 0 - 1 . 0 



Dr i l l ho le : DGER-2—Cont inued 
Date measured: 10 -8 -75 

Depth 
(m) 

Depth 
(f t) 

Temperature 
°C °F 

Geothermal gradient 
° C / k m °F /100 f t 

3 0 . 0 9 8 . 4 6 .420 43 .56 2 . 0 .1 
3 5 . 0 114.8 6 .420 43 .56 . 0 . 0 
4 0 . 0 131.2 6 .440 43 .59 4 . 0 .2 
4 5 . 0 147.6 6 .440 43 .59 .0 . 0 
5 0 . 0 164.0 6 .610 4 3 . 9 0 3 4 . 0 1.9 
5 5 . 0 180.4 6 .650 4 3 . 9 7 8 . 0 .4 
60 .0 . 196.8 6 .585 43 .85 - 1 8 . 0 - . 7 
6 5 . 0 213 .2 6 . 6 2 0 4 3 . 9 2 7 . 0 .4 
7 0 . 0 229 .6 6 .710 44 .08 18.0 1 .0 
7 5 . 0 246 .0 6 .740 44 .13 6 . 0 .3 
8 0 . 0 262 .4 7 .100 44 .78 7 2 . 0 4 . 0 
8 5 . 0 278 .8 7 .990 46 .38 178.0 9 . 8 
9 0 . 0 295 .2 8 .100 4 6 . 3 8 2 2 . 0 1 .2 
9 5 . 0 311 .6 8 .650 4 7 . 5 7 110.0 6 . 0 

100.0 3 2 8 . 0 9 . 0 9 0 48 .36 8 8 . 0 4 . 8 
105.0 3 4 4 . 4 9 .500 4 9 . 1 0 8 2 . 0 4 . 5 
110.0 360 .8 10.110 5 0 . 2 0 122.0 6 . 7 
115.0 377 .2 10.400 50 .72 8 8 . 0 3 . 2 
120.0 393 .6 10.680 51 .22 8 6 . 0 3 . 1 
125.0 4 1 0 . 0 10.840 51 .51 3 2 . 0 1.8 
130.0 4 2 6 . 4 11.170 52 .11 6 6 . 0 3 . 6 
135.0 442 .8 11.420 52 .56 3 0 . 0 2 . 7 
140.0 4 5 9 . 2 11.675 53 .01 3 1 . 0 2 . 8 
145.0 475 .6 11.910 5 3 . 4 4 4 7 . 0 2 . 6 
150.0 4 9 2 . 0 12.180 53 .92 5 4 . 0 3 . 0 
153.1 502 .2 12.340 54 .21 5 1 . 6 2 . 8 

Dr i l l ho le : DGER-3 
Date measured: 9 / 1 3 / 7 6 

Depth Depth Temperature Geothermal gradient 
(m) (ft) °C °F ° C / k m °F /100 f t 

1 0 . 0 32 .8 5 . 2 1 0 41 .38 .0 . 0 
15 .0 4 9 . 2 5 . 9 0 0 4 2 . 6 2 138 .0 7 . 6 
2 0 . 0 6 5 . 6 6 . 0 6 0 42.91 3 2 . 0 1 . 8 
2 5 . 0 8 2 . 0 6 . 3 3 0 4 3 . 3 9 5 4 . 0 3 . 0 
3 0 . 0 9 8 . 4 6 .630 43 .93 6 0 . 0 3 . 3 
3 5 . 0 114 .8 6 . 8 6 0 44 .35 4 6 . 0 2 . 5 
4 0 . 0 131 .2 7 .160 44 .89 6 0 . 0 3 . 3 
4 5 . 0 147.6 7 .490 45 .48 6 6 . 0 3 . 6 
5 0 . 0 164.0 7 .810 4 6 . 0 6 6 4 . 0 3 . 5 
5 5 . 0 180.4 8 .110 4 6 . 6 0 6 0 . 0 3 . 3 
6 0 . 0 196.8 8 . 4 9 0 47 .28 7 6 . 0 4 . 2 
6 5 . 0 213 .2 8 . 7 3 0 47.71 4 8 . 0 2 . 6 
7 0 . 0 229 .6 9 . 0 5 0 4 8 . 2 9 6 4 . 0 3 . 5 



Dr i l l ho le : DGER-3—Cont inued 
Date measured: 9 / 1 3 / 7 6 

Depth 
(m) 

Depth 
( f t ) 

Temperature 
°C °F 

Geothermal gradient 
° C / k m °F /100 f t 

7 5 . 0 246 .0 9 . 2 9 0 48 .72 4 8 . 0 2 . 6 
8 0 . 0 262 .4 9 .480 49 .06 3 8 . 0 2 .1 
8 5 . 0 278 .8 9 .600 49 .28 2 4 . 0 1 . 3 
9 0 . 0 295 .2 9 . 9 2 0 4 9 . 8 6 6 4 . 0 3 . 5 
9 5 . 0 311 .6 10.210 50 .38 5 8 . 0 3 . 2 

100.0 3 2 8 . 0 10.280 5 0 . 5 0 14 .0 .8 
105.0 344 .4 10.580 5 1 . 0 4 6 0 . 0 3 . 3 
110 .0 360 .8 10.730 51.31 3 0 . 0 1 . 6 
115 .0 377 .2 10.880 51 .58 3 0 . 0 1 . 6 
120 .0 393 .6 11.350 52 .43 9 4 . 0 5 . 2 
125 .0 4 1 0 . 0 11 .460 52 .63 2 2 . 0 1 . 2 
130 .0 4 2 6 . 4 11.760 5 3 . 1 7 6 0 . 0 3 . 3 
135 .0 442 .8 12.110 5 3 . 8 0 7 0 . 0 3 . 8 
140 .0 459 .2 12.400 5 4 . 3 2 5 8 . 0 3 . 2 
145 .0 475 .6 12.690 5 4 . 8 4 5 8 . 0 3 . 2 
150 .0 4 9 2 . 0 12.980 55 .36 5 8 . 0 3 . 2 

D r i l l ho le: DGER-3 
Date measured: 10 /8 /75 

Depth 
(m) 

Depth 
( f t ) 

Temperature 
°C °F 

Geothermal gradient 
° C / k m °F /100 f t 

5 . 0 16 .4 6 .390 4 3 . 5 0 .0 . 0 
10 .0 3 2 . 8 5 . 7 4 0 42 .33 - 1 3 0 . 0 - 7 . 1 
15.0 4 9 . 2 6 .350 43 .43 122.0 6 . 7 
2 0 . 0 6 5 . 6 6 .490 4 3 . 6 8 2 8 . 0 1.5 
2 5 . 0 8 2 . 0 6 .640 43 .95 3 0 . 0 1 .6 
3 0 . 0 9 8 . 4 6 .780 4 4 . 2 0 2 8 . 0 1 .5 
3 5 . 0 114.8 6 .970 44 .55 3 8 . 0 2 . 1 
4 0 . 0 131.2 7 .250 45 .05 5 6 . 0 3 . 1 
4 5 . 0 147.6 7 .560 45 .61 6 2 . 0 3 . 4 
5 0 . 0 164.0 7 .880 46 .18 6 4 . 0 3 . 5 
5 5 : 0 180.4 8 .180 4 6 . 7 2 6 0 . 0 3 . 3 
6 0 . 0 196.8 8 .510 4 7 . 3 2 6 6 . 0 3 . 6 
6 5 . 0 213 .2 8 .700 4 7 . 6 6 3 8 . 0 2 . 1 
7 0 . 0 229 .6 8 .940 48 .09 4 8 . 0 2 . 6 
7 5 . 0 2 4 6 . 0 9 . 2 8 0 4 8 . 7 0 6 8 . 0 3 . 7 
8 0 . 0 262 .4 9 . 5 2 0 4 9 . 1 4 4 8 . 0 2 . 6 
8 5 . 0 278 .8 9 . 6 2 0 49 .32 2 0 . 0 1 .1 
9 0 . 0 295 .2 9 . 9 5 0 49 .91 6 6 . 0 3 . 6 
9 5 . 0 311 .6 10.200 50 .36 5 0 . 0 2 . 7 

100.0 328 .0 10.350 50 .63 3 0 . 0 1 .6 
105.0 344 .4 10.610 5 1 . 1 0 5 2 . 0 2 . 9 
110.0 360 .8 10.680 51 .22 14 .0 .8 
115.0 377 .2 10.900 51 .62 4 4 . 0 2 . 4 



Dr i l l ho le : DGER-3—Cont inued 
Date measured: 1 0 / 8 / 7 5 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
° C / k m °F /100 f t 

120.0 393.6 11.270 52 .29 7 4 . 0 4 . 1 
125.0 4 1 0 . 0 11.540 52 .77 6 4 . 0 3 . 0 
130.0 4 2 6 . 4 11.820 53 .28 5 6 . 0 3 . 1 
135.0 442 .8 12.100 53 .78 5 6 . 0 3 .1 
140.0 459 .2 12.390 5 4 . 3 0 5 8 . 0 3 . 2 
145.0 475 .6 12.680 54 .82 5 8 . 0 3 . 2 
150.0 4 9 2 . 0 12.970 55 .35 5 8 . 0 3 . 2 
152.5 500 .2 13.120 55 .62 6 0 . 0 3 . 3 

Dr i l l ho le : DGER-4 
Date measured: 9 / 1 4 / 7 6 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
°C / km °F /100 f t 

5 . 0 16 .4 3 .270 37 .89 . 0 . 0 
10 .0 32 .8 3 .270 37 .89 . 0 . 0 
15 .0 4 9 . 2 3 .560 38.41 5 8 . 0 3 . 2 
2 0 . 0 65 .6 3 .720 3 8 . 7 0 3 2 . 0 1 .8 
2 5 . 0 8 2 . 0 3 .870 38 .97 3 0 . 0 1 . 6 
3 0 . 0 9 8 . 4 4 . 0 0 0 39 .20 2 6 . 0 1 . 4 
3 5 . 0 114.8 4 . 1 3 0 39 .43 2 6 . 0 1 . 4 
4 0 . 0 131 .2 4 . 2 6 0 39 .67 2 6 . 0 1.4 
4 5 . 0 147.6 4 . 3 9 0 39 .90 2 6 . 0 1 .4 
5 0 . 0 164 .0 4 . 5 2 0 4 0 . 1 4 2 6 . 0 1.4 
5 5 . 0 180.4 4 . 6 8 0 40 .42 3 2 . 0 1 . 8 
6 0 . 0 196.8 4 . 8 2 0 40 .68 2 8 . 0 1 . 5 
6 5 . 0 213 .2 4 . 9 9 0 40 .98 3 4 . 0 1 . 9 
7 0 . 0 229 .6 5 .160 4 1 . 2 9 3 4 . 0 1.9 
7 5 . 0 246 .0 5 . 3 2 0 41 .58 3 2 . 0 1 .8 
8 0 . 0 262 .4 5 . 6 0 0 42 .08 5 6 . 0 3.1 
8 5 . 0 278 .8 5 . 7 8 0 4 2 . 4 0 3 6 . 0 2 . 0 
9 0 . 0 295 .2 6 .060 42.91 5 6 . 0 3 .1 
9 5 . 0 311 .6 6 .300 4 3 . 3 4 4 8 . 0 2 . 6 

100.0 328 .0 6 .550 43 .79 5 0 . 0 2 . 7 
105.0 344.4 6 .780 4 4 . 2 0 4 6 . 0 2 . 5 
110 .0 360.8 6 .980 4 4 . 5 6 4 0 . 0 2 . 2 
115.0 377 .2 7 .200 44 .96 4 4 . 0 2 . 4 
120.0 393.6 7 .460 45 .43 5 2 . 0 2 . 9 
125 .0 4 1 0 . 0 7 .710 45 .88 5 0 . 0 2 . 7 
130 .0 4 2 6 . 4 7 .970 46 .35 5 2 . 0 2 . 9 
135 .0 442 .8 8 .200 46 .76 4 6 . 0 2 . 5 
140 .0 4 5 9 . 2 8 .460 47 .23 5 2 . 0 2 . 9 
145 .0 475 .6 8 .720 4 7 . 7 0 5 2 . 0 2 . 9 
150 .0 4 9 2 . 0 8 . 9 5 0 48.11 4 6 . 0 2 . 5 
152.5 500 .2 9 . 1 0 0 48 .38 6 0 . 0 3 . 3 



Dr i l l ho le : DGER-4 
Date measured: 10 /8 /75 

Depth 
(m) 

Depth 
( f t ) 

Temperature 
°C °F 

Geothermal gradient 
°C / km °F /100 f t 

5 . 0 16.4 4 . 6 2 0 4 0 . 3 2 .0 . 0 
10 .0 3 2 . 8 3 .720 3 8 . 7 0 - 1 8 0 . 0 - 9 . 9 
15.0 4 9 . 2 3 .900 39 .02 3 6 . 0 2 . 0 
2 0 . 0 6 5 . 6 4 . 0 3 0 39 .25 2 6 . 0 1 .4 
2 5 . 0 8 2 . 0 4 . 1 6 0 39 .49 2 6 . 0 1 .4 
3 0 . 0 9 8 . 4 4 . 2 5 0 39 .65 18.0 1 .0 
3 5 . 0 114.8 4 . 3 7 0 39 .87 2 4 . 0 1.3 
4 0 . 0 131.2 4 . 4 9 0 4 0 . 0 8 2 4 . 0 1.3 
4 5 . 0 147.6 4 . 6 2 0 40 .32 2 6 . 0 1 .4 
5 0 . 0 164.0 4 .750 40 .55 2 6 . 0 1 .4 
5 5 . 0 180.4 5 .000 4 1 . 0 0 5 0 . 0 2 . 7 
6 0 . 0 196.8 5 . 7 5 0 42 .35 150.0 8 . 2 
6 5 . 0 213 .2 5 . 8 7 0 4 2 . 5 7 2 4 . 0 1.3 
7 0 . 0 229.6 5 .950 42 .71 16.0 .9 
7 5 . 0 246 .0 5 . 6 3 0 42 .13 - 6 4 . 0 - 3 . 5 
8 0 . 0 262 .4 5 . 7 4 0 42 .33 2 2 . 0 1 .2 
8 5 . 0 278.8 5 . 8 5 0 42 .53 2 2 . 0 1 .2 
9 0 . 0 295 .2 6 .085 42 .95 4 7 . 0 2 . 6 
9 5 . 0 311 .6 6 . 3 3 0 43 .39 4 9 . 0 2 . 7 

100.0 328 .0 6 . 5 5 0 43 .79 4 4 . 0 2 . 4 
105.0 344 .4 6 .780 4 4 . 2 0 4 6 . 0 2 . 5 
110.0 360 .8 6 .970 44 .55 3 8 . 0 2 . 1 
115.0 377 .2 7 .220 4 5 . 0 0 5 0 . 0 2 . 7 
120.0 393 .6 7 .470 45 .45 5 0 . 0 2 . 7 
125.0 4 1 0 . 0 7 .720 4 5 . 9 0 6 0 . 0 2 . 7 
130.0 4 2 6 . 4 7 .960 46 .33 4 8 . 0 2 . 6 
135.0 442 .8 8 .210 46 .78 5 0 . 0 2 . 7 
140.0 459 .2 8 .460 47 .23 5 0 . 0 2 . 7 
145.0 475 .6 8 .710 47 .68 5 0 . 0 2 . 7 
150.0 4 9 2 . 0 8 .960 48 .13 5 0 . 0 2 . 7 
152.7 500 .9 9 . 1 1 0 4 8 . 4 0 5 5 . 6 3 . 0 

Dr i l l ho le : DGER-5 
Date measured: 9 / 1 4 / 7 6 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
°C / km °F /100 f t 

10 .0 3 2 . 8 5 .930 4 2 . 6 7 . 0 . 0 
1 5 . 0 4 9 . 2 6 . 1 1 0 4 3 . 0 0 3 6 . 0 2 . 0 
2 0 . 0 6 5 . 6 6 .180 4 3 . 1 2 14 .0 .8 
2 5 . 0 8 2 . 0 6 .240 43 .23 12 .0 . 7 
3 0 . 0 9 8 . 4 6 .330 43 .39 18 .0 1 . 0 
3 5 . 0 114.8 6 . 4 4 0 4 3 . 5 9 22 .0 1 .2 
4 0 . 0 131.2 6 .550 4 3 . 7 9 2 2 . 0 1 .2 
4 5 . 0 147.6 6 . 7 1 0 4 4 . 0 8 3 2 . 0 1 .8 
5 0 . 0 164 .0 6 .900 4 4 . 4 2 3 8 . 0 2 .1 



Dr i l l ho le : DGER-5—Cont inued 
Date measured: 9 / 1 4 / 7 6 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
° C / k m °F /100 f t 

5 5 . 0 180.4 7 .070 44 .73 3 4 . 0 1 . 9 
6 0 . 0 196.8 7 .300 4 5 . 1 4 4 6 . 0 2 . 5 
6 5 . 0 213 .2 7 . 4 4 0 45 .39 2 8 . 0 1 . 5 
7 0 . 0 229 .6 7 .670 45.81 4 6 . 0 2 . 5 
7 5 . 0 246 .0 7 .900 46 .22 4 6 . 0 2 . 5 
8 0 . 0 262 .4 8 .160 46 .69 5 2 . 0 2 . 9 
8 5 . 0 278 .8 8 .350 47 .03 38 .0 2 .1 
9 0 . 0 295 .2 8 .530 47 .35 3 6 . 0 2 . 0 
9 5 . 0 311 .6 8 .710 47 .68 36 .0 2 . 0 

100.0 328 .0 8 .910 4 8 . 0 4 4 0 . 0 2 . 2 
105.0 344 .4 9 .170 48.51 5 2 . 0 2 . 9 
110.0 360.8 9 .450 49.01 5 6 . 0 3 .1 

Total depth of 150 m not reached because of b lockage. 
See temperature-depth log of 1 0 / 9 / 7 5 . 

D r i l l ho le : DGER-5 
Date measured: 1 0 / 9 / 7 5 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
°C /km °F /100 f t 

5 . 0 16 .4 6 .970 44 .55 .0 . 0 
10 .0 32 .8 6 .230 43.21 - 1 4 8 . 0 - 8 . 1 
15 .0 4 9 . 2 6 .230 43.21 . 0 . 0 
2 0 . 0 6 5 . 6 6 .290 43 .32 12 .0 . 7 
2 5 . 0 8 2 . 0 6 .340 43.41 10 .0 .5 
30 .0 9 8 . 4 6 .420 43 .56 1 6 . 0 .9 
3 5 . 0 114.8 6 .520 4 3 . 7 4 2 0 . 0 1.1 
4 0 . 0 131 .2 6 .620 43 .92 2 0 . 0 1.1 
4 5 . 0 147.6 6 .750 44 .15 2 6 . 0 1 .4 
5 0 . 0 164.0 6 .930 4 4 . 4 7 3 6 . 0 2 . 0 
5 5 . 0 180.4 7 .110 4 4 . 8 0 36 .0 2 . 0 
6 0 . 0 196.8 7 .290 45 .12 3 6 . 0 2 . 0 
6 5 . 0 213 .2 7 .480 45 .46 3 8 . 0 2 .1 
7 0 . 0 229 .6 7 .690 4 5 . 8 4 4 2 . 0 2 . 3 
7 5 . 0 246 .0 7 .940 46 .29 5 0 . 0 2 . 7 
8 0 . 0 262.4 8 .250 46 .85 62 .0 3 . 4 
8 5 . 0 278 .8 8 . 3 7 0 4 7 . 0 7 2 4 . 0 1 . 3 
9 0 . 0 295 .2 8 .550 47 .39 3 6 . 0 2 . 0 
9 5 . 0 311 .6 8 .740 4 7 . 7 3 3 8 . 0 2 .1 

100.0 328 .0 8 .960 48 .13 4 4 . 0 2 . 4 
105.0 344 .4 9 .200 48 .56 4 8 . 0 2 . 6 
110 .0 360.8 9 . 4 6 0 49 .03 5 2 . 0 2 . 9 
115 .0 377 .2 9 .780 4 9 . 6 0 6 4 . 0 3 . 5 
120.0 393 .6 9 .960 49 .93 3 6 . 0 .0 



D r i l l ho le : DGER-5—Con t i nued 
Date measured: 1 0 / 9 / 7 5 

Depth 
(m) 

Depth 
( f t ) 

Temperature 
°C °F 

Geo therma l g rad ien t 
° C / k m ° F / 1 0 0 f t 

1 2 5 . 0 4 1 0 . 0 1 0 . 2 3 0 50 .41 5 4 . 0 . 0 
1 3 0 . 0 4 2 6 . 4 10 .500 5 0 . 9 0 5 4 . 0 3 . 0 
1 3 5 . 0 4 4 2 . 8 10 .750 5 1 . 3 5 5 0 . 0 2 . 7 
1 4 0 . 0 4 5 9 . 2 1 1 . 0 1 0 5 1 . 8 2 6 2 . 0 2 . 9 
1 4 5 . 0 4 7 5 . 6 11 .250 5 2 . 2 5 4 8 . 0 2 . 6 
1 5 0 . 0 4 9 2 . 0 11 .500 5 2 . 7 0 5 0 . 0 2 . 7 

D r i l l ho le : DGER-6 
Date measured: 9 / 1 4 / 7 6 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal g rad ien t 
°C/km ° F / 1 0 0 f t 

5 . 0 1 6 . 4 2 . 6 0 0 3 6 . 6 8 . 0 . 0 
1 0 . 0 3 2 . 8 2 . 6 1 0 3 6 . 7 0 2 . 0 .1 
1 5 . 0 4 9 . 2 2 . 6 3 0 3 6 . 7 3 4 . 0 . 2 
2 0 . 0 6 5 . 6 2 . 6 2 0 3 6 . 7 2 - 2 . 0 - . 1 
2 5 . 0 8 2 . 0 2 . 6 4 0 3 6 . 7 5 4 . 0 . 2 
3 0 . 0 9 8 . 4 2 . 6 9 0 3 6 . 8 4 1 0 . 0 . 5 
3 5 . 0 114 .8 2 . 7 2 0 3 6 . 9 0 6 . 0 . 3 
4 0 . 0 1 3 1 . 2 2 . 7 4 0 3 6 . 9 3 4 . 0 . 2 
4 5 . 0 1 4 7 . 6 2 . 7 5 0 3 6 . 9 5 2 . 0 .1 
5 0 . 0 1 6 4 . 0 2 . 7 3 0 36 .91 - 4 . 0 - . 2 
5 5 . 0 180 .4 2 . 7 1 0 3 6 . 8 8 - 4 . 0 - . 2 

D r i l l ho le : DGER-6 
Date measured: 1 0 / 8 / 7 5 

Depth 
(m) 

Depth 
( f t ) 

Temperature 
°C °F 

Geotherma l g rad ien t 
° C / k m ° F / 1 0 0 f t 

5 . 0 1 6 . 4 3 . 3 2 0 3 7 . 9 8 . 0 . 0 
10 .0 3 2 . 8 2 . 6 8 0 3 6 . 8 2 - 1 2 8 . 0 - 7 . 0 
1 5 . 0 4 9 . 2 3 . 0 5 0 3 7 . 4 9 7 4 . 0 4 . 1 
2 0 . 0 6 5 . 6 3 . 0 3 0 3 7 . 4 5 - 4 . 0 - . 2 
2 5 . 0 8 2 . 0 2 . 9 8 0 3 7 . 3 6 - 1 0 . 0 - . 5 
3 0 . 0 9 8 . 4 3 . 0 2 0 3 7 . 4 4 8 . 0 . 4 
3 5 . 0 114 .8 2 . 9 4 0 37 .29 - 1 6 . 0 - . 9 
4 0 . 0 131.2 3 . 2 0 0 3 7 . 7 6 6 2 . 0 2 . 9 
4 5 . 0 147 .6 3 . 2 1 0 3 7 . 7 8 2 . 0 .1 
5 0 . 0 164 .0 3 . 0 5 0 3 7 . 4 9 - 3 2 . 0 - 1 . 8 
5 5 . 0 180 .4 2 . 9 4 0 3 7 . 2 9 - 2 2 . 0 - 1 . 2 
5 5 . 7 182 .7 2 . 9 3 0 3 7 . 2 7 - 1 4 . 3 - . 8 



Dr i l l ho le : DGER-7 
Date measured: 9 / 1 4 / 7 6 

Depth 
(m) 

Depth 
(ft) 

Temperature 
°C °F 

Geothermal gradient 
°C /km °F /100 f t 

10 .0 32 .8 2 .840 37.11 . 0 . 0 
15 .0 4 9 . 2 2 .850 37 .13 2 . 0 .1 
2 0 . 0 6 5 . 6 3 .240 37 .83 7 8 . 0 4 . 3 
2 5 . 0 8 2 . 0 3 .550 38 .39 6 2 . 0 3 .4 

Dr i l l ho le: DGER-7 
Date measured: 10 /8 /75 

Depth Depth Temperature Geothermal gradient 
(m) ( f t ) °C °F ° C / k m °F /100 f t 

5 . 0 16.4 6 . 5 8 0 4 3 . 8 4 .0 . 0 
10 .0 3 2 . 8 5 . 1 6 0 41 .29 - 2 3 4 . 0 - 1 5 . 6 
15.0 4 9 . 2 3 .080 37 .54 - 4 1 6 . 0 - 2 2 . 8 
2 0 . 0 6 5 . 6 3 .360 38 .05 5 6 . 0 3 .1 
2 5 . 0 8 2 . 0 3 .630 38 .53 5 4 . 0 3 . 0 
28 .6 9 3 . 8 3 .810 38 .86 6 0 . 0 2 . 7 
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