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HEAT FLOW STUDIES 

IN THE 

STEAMBOAT MOUNTAIN-LEMEI ROCK AREA, 

SKAMANIA COUNTY, WASHINGTON 

by 

J. Eric SchusterY 

David D. Blackwell, Y' 
Paul E. Hammond,¥ 

and 

Marshal I T. Huntting ~ 

ABSTRACT 

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

basaltic volcanism, the Washington State Deportment of Natural Resources drilled several 152 m deep 

heat-flow holes in the Steamboat Mountain-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 °401 and 121 °53' W. This area was selected for study because geologic mapping had identified a 

north-trending chain of late Quaternary basaltic volcanoes that had extruded a sequence of lava flows 

up to 600 m thick, and because the chain of volcanoes is areally coincident with a well-defined gravity 

low with a minimum value of about -110 mgals. 

The Quatemary lava flows all exhibit normal remanent magnetic polarity, so are probably less 

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

Glaciation (40,000 to 80,000 years ago), and some are younger than Fraser Glaciation (less than about 

12,500 years old). One large lava flow (the Big Lava Bed) and its source cinder cone can be shown to 

be between 450 and 4,000 years old by their relationship to dated ash and cinder deposits erupted from 

nearby Mount St. Helens. The young basalts rest on deformed Tertiary sedimentary and volcanic rocks. 

Thermal springs with low discharge and temperatures of less than 50°C occur about 20 km south of the 

study area. 

!/ J. Eric Schuster, Department of Natural Resources, Division of Geology and Earth Resources, 
Olympia, WA 98504. 

1/ David D. Blackwell, Department of Geological Sciences, Southern Methodist University, 
Dallas, TX 75275. 

~/ Paul E. Hammond, Earth Sciences Department, Portland State University, P. 0. Box 751, 
Portland, OR 97207. 

Y Marshall T. Huntting, 282 Huntting Road, Silver Creek, WA 98585. 
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2 HEAT FLOW STUDIES 

Gradients of 52. 7 and 53.4°C/km and heat flows of 1 .8 and 1 .6 pcal/cm2sec, respectively, 

were measured in two drill holes near the east flank of the chain of volcanoes. Gradients of 44.5 and 

58°C/km and heat flows of 1.3 and 1.6 ,ucal/cm2sec, respectively, were measured in two holes near the 

axis of the chain, and one gradient of 49.8°C/km and heat flow of 1.5 pcal/cm2sec were measured in a 

drill hole near the west flank of the chain. All gradients and heat flows are terrain corrected. 

These heat-flow values are typical regional heat-flow values for the Cascade Mountains. The 

data show that there is no large-sized heat source body within the general area of the heat-flow study. 

However, there is only one location in Washington, also in the Cascade Mountains, where higher gra­

dients have been measured. 

INTRODUCTION 

Abundant recent volcanic features indicate 

that the Cascade Range of northern California, west­

ern Oregon, and western Washington is one of the 

major geothermal provinces of the United States. 

Smith and Shaw (1975) tentatively identified 53 pos­

~ible active igneous systems in the western United 

States. Of these systems, 19 (over one-third of the 

total) are in the Cascade Range. Therefore, investi­

gation of the geothermal characteristics of the Cas­

cade Range is of great importance to the regional 

resource assessment of the geothermal potential of 

the western United States, and to the understanding 

of the geologic controls on, and distribution of, 

geothermal systems in the Cascades. Understanding 

the controls on geothermal features in the Cascade 

Range has an even wider significance because there 

are many analogous areas around the world. The 

tectonic setting of the Cascade Range is analogous 

to the subduction-zone-associated island arc tectonism 

and volcanism (Atwater, 1970; Blackwell, 1971) so 

typical of the Pacific Basin. 

Quaternary volcanic activity in the Cascades 

has occurred in two contrasting settings. The most 

prominent parts of the Pleistocene and Recent vol­

canic section are the large andesitic stratovolcanoes. 

These volcanoes make up most of the "identified 

volcanic systems" listed by Smith and Shaw (1975). 

In addition to the andesitic volcanoes, which actually 

have associated ash deposits and lava flows with com­

positions ranging from basalt to rhyolite or rhyodacite, 

there are volcanic centers composed predominantly 

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

there are 34 basaltic lava fields in the conterminous 

western United States characterized by lava flows 

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

the Cascade Range. Although more is known about 

the andesitic stratovolcanoes, the basalts may be 

much more abundant vo I umetri cally. According to 

McBirney and others (1974) the volume of Pliocene 

and Quaternary basaltic lavas extruded in a portion 

of the Oregon Cascades, located between 44° and 

45° N. and 118° and 124° W., is 3,500 km3 or 

greater. On the other hand, the volume of andesitic 

and more silicic volcanic rocks is less than 500 km 3• 

The initial relative volume of magmas involved and 

the fraction remaining underground as intrusives are, 

of course, unknown factorS; the relative volumes of 

silicic and basaltic intrusive rocks may well be the 

reverse of the volumes of silicic and basaltic rocks 

extruded on the earth's surface. 

The known hydrothermal convection systems 

of the western United States are discussed by Renner, 

White, and Williams (1975). Of a total of 60 hydro­

thermal convection systems with subsurface tempera-



tures in excess of l 50°C in the conterminous western 

United States, only 7 are located in the Cascade 

Range. Of almost 200 systems with temperatures 

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

Cascade Range. 

Thus, compared to the remainder of the west­

ern United States, it appears that the Cascade Range 

has a higher relative occurrence of volcanic centers 

than it does of hydrothermal convection systems. 

This lack of association of hydrothermal convection 

systems with the youngest volcanic rocks in a given 

region is also characteristic of the Japanese island 

arc geothermal systems. Hydrothermal convection 

systems there are not typically associated with the 

youngest stratovolcanoes {Yuhara, 1974). It is only 

after significant erosion has breached the carapace 

of the volcano that hydrothermal systems are observed. 

There may be hydrothermal systems present before 

erosion, but if so, they do not usually have surface 

manifestations. 

Other factors may contribute toward the 

apparent lack of hydrothermal systems in the Cascade 

Range as well. The heavy rainfall characteristic of 

the western parts of the Cascade Range may lead to 

shallow hydrologic conditions that mask deep geo­

thermal systems, or the systems may not have devel­

oped yet. Thus, in order to understand the geothermal 

systems associated with the suite of rocks of the Cas­

cades, and in order to assess the geothermal potential 

of the Cascade Range, detailed studies of the volcanic 

centers and of the regional geothermal characteristics 

are necessary. 

It is generally assumed that silicic volcanic 

centers are more favorable for development of geo­

thermal systems than basaltic centers (Combs and 

Muffler, 1973; Smith and Shaw, 1975). However, 

Smith and Shaw point out that the frequent associ­

ation of si Ii ci c domes with basalt lavo fieldi. suggests 

that such an assumption should be viewed very care-

ACKNOWLEDGMENTS 3 

fully. Most of the silicic centers in the Cascades 

consist of the young stratovolcanoes and their satel• 

litic vents. In general, these centers are in national 

parks or wilderness areas, surrounded by rugged ter­

rain with poor access where geophysical exploration 

is very difficult, expensive, and time consuming. 

In Washington the Quaternary volcanic centers are 

the andesitic stratovolcanoes-Mount Baker, Glacier 

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

Adams-and the basaltic centers are Indian Heaven 

fissure zone area, King Mountain fissure zone area, 

and the Simcoe Mountains area. The basaltic centers 

are al I in the southern part of Washington's Cascade 

Range. 

The Indian Heaven basalt field lies between 

the stratovol canoes of Mount St. He I ens and Mount 

Adams in southwestern Washington. The basalts cover 
2 an area of 2,200 km and the youngest flows are no 

older than 4,000 years. The geology has been studied 

in detail by Hammond and others (1976) and a gravity 

survey of the area was done by Strick Ii n (1975). 

Because of the greater extent of knowledge about 

this particular volcanic field, its good accessibility 

by road, and geothermal leasing interest, the Indian 

Heaven area was selected as a test area for investigat­

ing the geothermal systems of the State of Washington, 

and of the Cascade Range in general. The geothermal 

potential of the area was evaluated by drilling a 

number of heat-flow holes, sited with careful con­

sideration of the avai I able geologic and gravity data. 

The primary object of this report is to describe the 

results of those heat-flow studies. 
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Resources, for permission to use portions of the report 

by Hammond and others (1976) in our sections on 

geology and geophysics. The United States Forest 

Service was very cooperative during the drilling of 

heat-flow holes in the Gifford Pinchot National 

Forest, and we particularly wish to thank Barry 

Wheeler of the Mount Adams Ranger District for his 

interest in and assistance with the drilling project. 

Z. F. Danes and Claude Stricklin of the University 

of Puget Sound provided data and helpful suggestions 

on the gravity of Washington 1s southern Cascades. 

The heat-flow research was supported by National 

Science Foundation Grant AER75-02747, 

The division of effort during the execution 

of this study was as fol lows: J. Eric Schuster was 

principal investigator, and measured thermal gradients 

in the completed drill holes. David D. Blackwell 

assisted with the siting of the drill holes, measured 

thermal conductivities of rock samples, calculated 

heat flows, and provided al I of the heat-ffow inter• 

pretations in this report. Paul E. Hammond mapped 

the geology of the area, assisted with the siting of 

the dril I holes, and provided the geologic and strati­

_graphi c data for this report. Marshall T. Huntting 

was field manager, described the lithology of core 

samples from the drill holes, made bottom-hole 

temperature measurements, and wrote a drilling his­

tory for each hol e. 

GEOLOGY 

GENERAL FEATURES 

The Cascade Range extends for about 1,000 

km, from the Canadian border to Lassen Peak in 

northern California. The range has been arched and 

uplifted some 1 , 000 to 3,000 m , the greater amount 

occurring at the nortnern end, during the late Plio­

cene and Pleistocene. 

The southern Cascades of Washington (fig. 1, 

table l) are composed of calc-alkaline volcanic rocks 

of Tertiary and Quaternary age. The Cenozoic rocks 

are predominantly pyroxene andesite, followed by 

basalt, rhyodacite, dacite, and rhyolite, in decreas­

ing order. Strata are formed by lava flows and brec­

cias, lahars (mostly breccias), river-deposited rocks 

of volcanic origin, and tephra deposits. Several 

sequences of widespread ash-flow tuff deposits or 

ignimbrites (for example, the Stevens Ridge Formation) 

form marker stratigraphic units and structural datum 

horizons. 

The Tertiary rocks are extensively altered and 

locally zeolitized to the lowest grades of regional 

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

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

Many irregular zones of hydrothermal alteration, con­

sisting predominantly of silicification and argillization 

with disseminated base-metal sulfides (Grant, 1969), 

are associated with Tertiary plutons. These zones 

occur mostly outside of the area shown in figure 1, 

but since the alteration affects all except the most 

recent strata, presumably geothermal activity has been 

a common phenomenon in the southern Cascades of 

Washington for much of the Cenozoic Era. 

Quaternary basalts have been erupted onto 

the Tertiary rock units, which were previously folded 

and faulted. Most faults in the southem Cascades of 

Washington trend northwest or north and are normal 

faults. Movement on some was as late as Quaternary. 

Folds are usually rather broad and open; in the north­

ern part of the area, they trend west or northwest, 

and in the southern part southwest. The Quaternary 

basalts are not folded. 

The crestal part of the range, including the 

Indian Heaven fissure zone area (fig. 1) is deeply 
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TABLE 1.-Cenozoic geologic units of the southern Cascade Range, Washington 

Thickneu 
Age Map symbol Unit References Lithology (m) 

Qhv Volconlc rocks of Mount St. Helens ~n(l971), Chiefly ,f:yroxene ard'esite, docite, ar,d olivif'l,e basalt !Oto 250 
ndell and lavo °"' and breccio, muclflow and pyroclastic 

MullineO\lx (1973) flows, and tephrc:a deposits 

Volcanic toel<s ol' Mount Adam, Sliei-C.:rd (1967), Mainly olivine, hype1>thene-auglte, and hornblende !Oto 200 
;!,kins (1969, andotiht porphyfl love flows and breccla, mudflow 

I 6) end pyraclostic low•, end tephra deposiH 

uncor.formify 

Qb Ba$() Its of fissure zones (lncfudes Hammond O 97.3), Pohoehoe to blocky olivine ond (or) pyroxene bomlt I to60 
basalts of Trout C-" Hill and Pa!e""n (1973) ,ava flows, breccia, scoria, and cinder deposits 
Big Lava Bed of Wise, 1970, end 
Yiaten:, 1973, Camas Prairie and 
White Solman River of Sheppard, 
19M) 

i un co nfa rm i ty 

~ 
< 
8 °" And•ile neor Laurel (includes 

breccioted rhyolite of Monn 
&.lie) 

Shappard n964) Augife-homblende andosite lava flows and bN1ccia 10 to 250 

unconformity 

Pliocene- QTb Miscellaneous basalt, of Walef1 0973) Olivine basalt lave flows, breccia, scorio, cil'!ders, 1 to TOO 
Pleistocene SkepPard, 1964, Newcomb, and pillow•palagonite breceia 

1969, and Wl,e, 1970 

uneonfo,mity 

OTa Andesites of Soda Peal.. end Wise 09701 Olivine-hypersthene-ltornblende andesit. lava rlows, 20 lo 100 
Timbered l'eak (includes breccio, and eirtder depc,1.its 
m;scel laneous <mdesites. of 
Shepperd, 1964) 

un conformity 

i Miocer,,& Ty Yak Imo Basalt (include, Sheppard ( 1964), Do,k-colo,ed bosolt flow, and pi I low-palagonite 100 to 600 
EllensbJrg Fotmation of Newcoo,b (1969i, brecc:ia; light-i:olored tuffoceovs, diatomoceou1 
Sheppard, 1964, end Holmgren (1969), siltstone, k!ndstone, and conglomerate interbeds 
New .... b, 1969) \Vi• {1970}, 

Woters (1973) 

re9ionol uneol"l:formity 

Tee Eagle Creole Formation Wioe (19701, Light-colorir,d, well--bedded volcanic. conglomerate, 80 to 1000 

i:; Wotero (1973) mudflow brecc:ia, scl"ldstcn•, tuFF: f'e-« pyroxene 

<( 
anc:lesrte and basalt lava ffows-

iii 
un conform Tty .. 

Tv Pre-Eaglo Creek volcanl c and 
sedimentary rodes Harle (1974) Da,k-colored pyroxene andesile and basalt lave flows 400 

end brnccia, mL>dflow, and volcanic wdimentary 
rod<, 

Tsr Stevens Ridge Formation Fiske, Hopson., and 

;;'!.~~~ 9~f1,, 
Light-colored tuff, P"Rice, end' lithic br,eecio;: 

volcanic sedimentary rodes; few bmaft, andesite, 
gnd $ilic;;1c lavo flows and bre«ia 

90to 600 

regional unconformlty 

Eocene- To Ohanapecosh Formcition Fiske, Hop-3 and lnterStratified dark.-ecl0rcd basalt and pyroxene 4500 
Oligocene Wcter1 (196 ), ardesite lavci flews ond breccia, and varTcolored Bose not 

Wl,e (1970), ondesite to rhyodcacite pyroclostic and vol.c;onic e,posed 
Waters 11973) sedimentary roclcs 
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FIGURE 1 .-Generalized geologic map and cross sections of part of the southern Cascade Range, 
Washington (for explanation of geologic units, see table 1). 
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FIG URE 2. -Geo lo9i c map of the lndi an Heaven area, southern Cascade Range, Washington • 
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dissected by glaciation. Consequently, large areas 

are mantled by till and glacial outwash deposits. In 

other areas, a thick soil cover has been developed. 

CENOZOIC ROCKS 

Tertiary stratigraphic units are summarized 

in table 1. The oldest rocks exposed are part of the 

Ohanapecosh Formation, of Eocene-Oligocene age. 

The strata are over 4,500 m thick and consist of inter­

stratified volcanic sediments, andesite and basalt 

lava-flow complexes, and debris-flow breccias. 

Individual units are well-stratified but discontinuous 

laterally, and marker or traceable strata are lacking. 

The Ohanapecosh is overlain unconformably 

by the major Tertiary marker unit, the Stevens Ridge 

Formation, which is largely ash-flow tuffs and inter­

bedded volcanic sedimentary rocks, and from 90 to 

600 m thick. The Stevens Ridge Formation is Mio­

cene in age; it was radiometrical ly dated at 20 to 25 

million years old by Hartman (1973). The Stevens 

Ridge Formation is overlain conformably by pre-Eagle 

Creek volcanic and sedimentary rocks, composed of 

pyroxene andesite lava flow complexes and volcanic 

sediments, with a maximum thickness of 400 m. 

The Ohanapecosh and Stevens Ridge Formations 

and the pre-Eagle Creek volcanic and sedimentary 

rocks can be traced almost continuously through the 

area (fig. 1). Of the three formations, Ohana-

pecosh and Stevens Ridge rocks are considered the 

least permeable, the former because of widespread 

zeolitization, and the latter because of its compact­

ness, zeolitization, and high clay content, The three 

units may be highly permeable in fault or fracture 

zones, and the pre-Eagle Creek volcanic and sedimen­

tary rocks may be moderately permeable because of 

interstratified lava flows, breccias, and sediments. 

The Eagle Creek Formation, which unconform­

ably ov:erlies older strata and is up to 1,000 m thick, is 

composed of volcanic sediments, conglomerate, debris­

flow breccia, and minor lava flows. It contains perme­

able beds, which may constitute a possible ground­

water reservoir beneath the northern end of the Indian 

Heaven fissure zone. 

Basalt of the Columbia River Group, of Mio­

cene age, occurs in a small area within the Cascade 

Range at Steamboat Mountain 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 ridges, 

basins, and upland plateaus. 

During the uplift of the Cascade Range, upper 

Pliocene or lower Quaternary olivine-hypersthene­

hornblende andesite lavas, breccias, and cinder 

deposits were erupted. These rocks are restricted in 

areal extent and form strata no more than 1 00 m thick. 

All of these lavas tested so far have reversed rema­

nent magnetic polarity. Principal occurrences are 

at Soda Peak and Timbered Peak (fig, 1 ) • 

Pliocene or Ouatemary olivine basalt lavas, 

breccias, and cinders, believed to be older than 

690,000 years based on their reversed remanent mag­

netic polarity and degree of erosional dissection, 

occur in several places. These basalts fonn volcanoes 

west of Wind River and near Mount St. Helens. 

The oldest Quaternary rock unit in the area 

is an andesite volcano near Laurel (Sheppard, 1964), 

east of the White Salmon River, that has normal rem­

anent magnetic polarity. A younger group of olivine 

basalts, from 690,000 years old to possibly as young 

as 450 years based on normal remanent magnetic 

polarity and interstratified relationships with dated 

tephra deposits erupted from Mount St. Helens, com­

pose the basalt fields of the Indian Heaven and King 

Mountain fissure zones (fig. 1). The Quaternary 



basalts of the Indian Heaven fissure zone are the 

rocks of primary interest in this report (fig. 2). 

Volcanic deposits, composed of lavas, breccias, 

tephra, mudflows, and pyroclastic flow deposits up 

to 250 m thick and younger than 690,000 years old, 

form Mount St. Helens and Mount Adams stratovol­

canoes. 

QUATERNARY BASALTS 

The Quaternary basalts were extruded from 

two parallel north-trending fissure zones lying about 

25 km apart (fig. 1). The east fissure, called the 

King Mountain fissure zone, extends from Quigley 

Butte and King Mountain northward beneath Mount 

Adams to Walupt Lake volcano, a distance of 48 km. 

At least 10 lava groups (fig. 2, table 2) arising from 

eight volcanic centers have been recognized and 

mapped in this zone. 

The western zone, called the Indian Heaven 

fissure zone, extends from Red Mountain 30 km north­

ward to the cones on the west ridge of Steamboat 

Mountain (fig. 2). Two small intraglacial basaltic 

cones, near the Cispus River about 22 km north of 

Steamboat Mountain, constitute a possible extension 

of the fissure zone. Major volcanoes are East Crater, 

the source of a group of lavas traceable on both flanks 

of the zone, and Lemei Rock, the source of an exten­

sive flow (basalt of Ice Cave), which descended into 

the White Salmon River valley. At least 14 groups 

of lava flows have been mapped along the Indian 

Heaven zone (fig. 2, table 2). 

All volcanic centers are shown on figure 1. A 

number of the volcanic centers are not aligned with the 

fissure zones, indicating the existence of flanking or 

subsidiary structural zones along which some recent vol­

canic eruptions took place (West Crater, for example). 

The fissure zones cannot be traced into well­

defined, north-trending faults or graben extending 
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along the crest of the range, nor do they align south­

ward with the Hood River groben across the Columbia 

River in Oregon (Allen, 1966, p. 21-23). Some 

isolated volcanoes appear to lie along northwest­

trending faults. The alignment of West Crater and 

Trout Creek Hi 11 volcanoes with the lower Wind River 

and St. Martin Hot Springs may be evidence of a 

fault. The southwest-trending folds east of the Wind 

River, which cannot be traced across the Wind River 

valley, give further support to the existence of a 

fault in the valley. 

Each volcanic center consists of a shield vol­

cano surmounted by one or more cinder cones. Where 

the volcanoes have been deeply glaciated, such as at 

Sawtooth (fig. 4) and Bird Mountains (fig. 2), bedded 

cinders, narrow ridges of lavas dipping outward in all 

directions, and interlacing narrow dikes of basalt and 

breccia forming the skeletal framework of the vol­

canoes can be delineated. 

The lava flows can be mapped in the field on 

the basis of differences in phenocrystic minerals and 

stratigraphic and topographic positions. Many lavas 

can be traced from complex broad flank sheets into 

i ntracanyon flows. Most I avas are pahoehoe and, 

at the time of extrusion, were highly fluid. Individual 

flows range from 1 to 50 m thick, the average being 

2 m in thickness. They have vesicular to scoriaceous 

bases and vesicular to slab pahoehoe tops. Jointing 

is blocky to slabby; only in the thicker intracanyon 

flows is columnar jointing well developed. Contacts 

are rarely exposed except in valleys that were incised 

after the last glaciation. Fluvial sedimentary inter­

beds form locally well-stratified to cross-bedded units 

up to 4 m thick. The lava sequence forms highly 

permeable strata. 

All fresh flow rocks are colored shades of 

gray; some are oxidized locally to shades of brown. 

Most are dense, completely crystal line, and rarely 

inflated. Olivine or olivine and pyroxene phenocrysts 
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FIGURE 3.-View to the north from Red Mountain. 
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TABLE 2.-Quaternary basalts and interbedded cinders and ash in a portion of the southern 

Cascade Range, Washington!/ 
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FIGURE 4.-Sawtooth Mountain, looking toward the northeast. 

are common. Olivine content is variable. Two flows 

are noted for their abundant platy plagioclase pheno­

crysts. One, basalt of Rush Creek, flowed from 

Gifford Peak or Berry Mountain into the Lewis and 

Little White Salmon River valleys; another, the basalt 

of Ice Cave {basalt of White Salmon River, Sheppard, 

1964) flowed from Lemei Rock volcano down the White 

Salmon River valley. These two flows are separated 

stratigraphical ly by a number of smaller, less exten­

sive flows, characterized by few to no phenocrysts 

in a dense matrix. The two flows may indicate epi­

sodic voluminous outpourings marking the renewal of 

fresh fluid magma along the zone. 

Al I of the Quaternary basalts exhibit normal 

remanent magnetic polarity, indicating a probable 

age younger than 690,000 years, Most flows are 

older than Fraser Glaciation; that is, more than 

20,000 years old (Crandell and Miller, 1974). Lava 

flows of King Mountain are radiometrically dated at 

100,000 to 300,000 years old (Kienle and Newcomb, 

1973) and are possibly the oldest of the Quaternary 

basalts. The cones of Smith Butte, Bunnell Butte, 

and Snipes Mountain are younger than Fraser Glacia­

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

Lake mud flow, which is about 5,070 years old (Hop­

kins, 1976). To the north of Mount Adams, Potato 

Hill is younger than Fraser Glaciation. Walupt Lake 

volcano is capped by subglacial basaltic deposits of 

palagonite tuff and pillow lavas and, therefore , is 

estimated to be between 10,000 and 20,000 years old. 



At the Indian Heaven fissure zone, lavas of Sawtooth 

and Bird Mountains at the northern end of the zone 

are the only rocks found so far to be older than Salmon 

Springs Glaciation, 40,000 to 80,000 years old 

(Crandell and Mi lier, 1974). Many flows of the zone 

post-date Salmon Springs Glaciation and are believed 

to be between 20,000 and 40,000 years old. Pedersen 

(1973) considers the intraglacial basalts at Crazy Hills 

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

years old. Subglacial deposits of similar age form 

cones along the west ridge of Steamboat Mountain. 

Twin Buttes cinder cones, between Steamboat and 

Sawtooth Mountains, are believed to be slightly 

younger than Fraser Glaciation, less than about 

12,000 years old, because of their minimal glacial 

dissection. The cinder cone, at the southern base 

of Red Mountain, and Big Lava Bed (fig. 5), at the 

southern end of the fissure, are younger than Fraser 

Glaciation. Their cinder deposits are layered be­

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

Helens and are, therefore, between 450 and 4,000 

years old (Mullineaux, Hyde, and Rubin, 1975). 

West of the Indian Heaven fissure zone, lavas of 

Trout Creek Hill volcano are interstratified between 

till sheets of the Salmon Springs and Fraser Glacia­

tions. The volcano is believed, therefore, to be 

between 20,000 and 40,000 years old. Waters (1973) 

states that the lava is older than 35,000 years, beyond 

determination by the radiocarbon method. The West 

Crater flows, northwest of Trout Creek Hi II, are 

interstratified with the "J" tephra deposit of Mount 

St. He lens and the "O" tephra deposit of Mount 

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

between 6,600 and 8,000 years old (Mullineaux, 

1974; Mullineaux, Hyde, and Rubin, 1975). 

The fissure zones and north-trending foul ts are 

subparallel in the area west of Mount Adams. Gravity 

data suggest that the north-northwest-trending foul t 

just east of Steamboat Mountain continues south-
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southwestward beneath the Quaternary basalts along 

the eastern side of the Indian Heaven zone and di es 

out to the south. This fault may be the conduit for 

the Big Lava Bed flow. At the north end of the Indian 

Heaven zone, the younger Tertiary rock units, Eagle 

Creek Formation and basalts of the Columbia River 

Group are preserved in the trough of a syncline. The 

southern extent of pre-Eagle Creek volcanic and sedi­

mentary rocks and the Eagle Creek Formation in this 

syncline is not known because of the Quaternary 

basalt cover. 

One anomalous feature is Mann Butte, located 

between the two zones, which consists of brecciated 

rhyolite. 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 
of the study area. 
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nant of a plug, possibly a protrusion dome. In surfi­

ciol deposits at its north base is a white clay layer, 

derived from volcanic ash and pumice, sandwiched 

between the Salmon Springs and Fraser Glaciation 

till sheets. If the ash were derived from the dome 

during its eruptive emplacement, Mann Butte could 

be as young as late Pleistocene. If it is that young, 

it constitutes evidence for the presence of silicic 

magma in the area at about the time of eruption of at 

least some of the Quaternary basalts. 

GEOPHYSICS 

Gravity surveys of a large part of the area 

were performed by Konicek (1974, 1975) and Stricklin 

(1975), graduate students under the supervision of 

Z. F. Danes at the University of Puget Sound. Addi­

tional data were obtained from Dane! (written com­

munication, 1973) and from Bonini, Hughes, and 

Dand (1974). These gravity data are presented as 

figure 6. The main gravity feature is a well-defined 

low of minus 100 mgals coinciding with the Indian 

Heaven fissure zone. It presents a problem-instead 

of a low it should be a gravity high, as expected 

where basalt intrudes less dense sedimentary rocks. 

Especially perplexing is the position of part of the 

maximum low, centered in the outlier of basalt of the 

Columbia River Group at Steamboat Mountain at the 

northern end of the fissure zone. The anomaly may 

be due to a thickening of the Tertiary stratigraphic 

section, especially the Eagle Creek Formation, within 

the synclinal low at the north end of the fissure zone 

(a condition similar to the gravity low at Big Butte in 

the southwestern part of the area); fracturing and 

brecciation of pre-Quaternary rocks beneath the fis­

sure zone; the presence of a large hydrothermally 

altered zone beneath the fissure zone; the presence 

of a shallow magma chamber l or 2 km beneath the 

surface; or possibly the presence of low-density sub­

glacial volcanic rocks in the Quaternary section at 

the north end of the fissure zone. 

A steep gravity gradient lies along the eastern 

side of the Indian Heaven fissure zone. Stricklin 

(1975) suggests that the gradient represents a fault 

with the east side downdropped a maximum of 2.5 km. 

If so, the fault might be a continuation of the north­

northwest-trending fault mapped just east of Steamboat 

Mountain, 

The area between the fissure zones has a 

poorly defined relative gravity high. The strongest 

part of this high, about 25 milligals higher than 

its surroundings, is partially coincident with a 

major northeast-trending anticline between the Big 

Lava Bed and the White Salmon River and may 

represent a thickened section of denser rocks in 

the core of the fold, 

In light of the condition at the Indian Heaven 

fissure zone, a gravity low might be expected to be 

associated with the King Mountain fissure zone. Such 

is not the case. This suggests that the gravity anom:ily 

at the Indian Heaven fissure zone may not be attribut­

able to the process of extrusion of the Quaternary 

basalts, since this process should have been similar 

for both fissure zones. 

Detailed airborne magnetic data (fig. 7) 

became available from the U.S. Geological Survey 

(1975) during the course of siting the heat-flow drill 

holes. The magnetic data obviously reflect the pres­

ence of the near-surface lava flows of the fissure 

zones and Mount Adams, but they have not been 

studied or interpreted with regard to deeper-seated 

magnetic anomalies. 

The Indian Heaven area is on the margin of 

severol published microearthquake surveys (Crosson, 

1972, 1974; Unger and Mills, 1973). The results of 

these surveys suggest that there is more microearth­

quake activity associated with, and northeast of, 
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FIGURE 6.-Bouguer gravity map of par-t of the southern Cascade Range, Washington. 
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Mount St. He lens than with Mount Adams or the inter­

vening Indian Heaven area. Because the instrumental 

arrays used in the published suiveys were at rather 

long range from the Indian Heaven area and micro­

earthquakes are difficult to detect at long range, it 

would be desirable to have microearthquake suiveys 

located nearer to the Indian Heaven area. 

GEOCHEMISTRY 

Chemical data for thermal and mineral springs, 

cold springs, and some river waters in the Washington 

Cascades are presented in table 3 and sample locations 

are shown on figure 8. Many of these data were pre­

viously published by Schuster (1974), and Gizi enski, 

McEuen, and Birkhahn (1975), but additional analyses 

for river waters are presented here. 

Predicted source temperatures calculated from 

the abundance of certain chemicals in spring waters 

are very useful because they can provide an indication 

of the geothermal potential of an area at low cost and 

without any effect on the environment. These geo­

chemical interpretations are, however, subject to 

many uncertainties. 

Certain chemical reactions between water and 

wall rock are assumed to take place in the geothermal 

reseivoir deep underground, and the solutes are de­

livered to the surface in the rising spring waters. The 

problem is that we cannot be certain of the exact 

reactions taking place deep underground, and, like­

wise, we do not know whether other reactions are 

taking place as the spring waters rise toward the sur­

face. Because of these uncertainties, the accuracy 

of geochemical I y estimated underground temperatures 

cannot be assured unless the estimated temperatures 

determined by different geochemical methods are in 

reasonable agreement or unless the temperatures are 
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verified by other means, such as temperatures meas­

ured in a drill hole. The Na-K-Ca method is prob­

ably the most reliable of the geochemical methods 

shown on table 3. 

Nevertheless, if general pattems are empha­

sized and not too much credence given to any single 

analysis, geochemically predicted source temperatures 

may be used in making several valuable conclusions 

with respect to the occurrence of geothermal resources 

in the Cascade Range. First, all analyzed waters 

that gave Na-K-Ca temperatures above 1 00°C, 

except for the Flaming Geyser (an abandoned coal­

test well), are from springs located within 30 km of 

Mount Baker, Glacier Peak, or Mount Rainier stroto­

volcanoes. Second, no thermal springs or other waters 

with Na-K-Ca temperatures exceeding 100°C ore 

associated with Mount St. Helens or Mount Adams 

stratovolcanoes. Third, out of 17 analyses of water 

from thermal springs, cold springs, and rivers in 

Skamania County, none gives a Na-K-Ca temperature 

over 100°C. 

There is considerable variation among calcu­

lated Na-K-Ca temperatures for rivers and cold 

springs, and most Na-K-Ca temperatures are above 

the actual measured water temperatures. Rather than 

an indication of a contribution of geothermally heated 

water to these low-temperature rivers and springs, the 

somewhat higher than expected Na-K-Ca temperatures 

probably indicate a failure of the Na-K-Ca geother­

mometer to express accurately the equilibrium condi­

tions of these waters. The calculated source tempera­

tures yielded by the silica and Na/K geothermometers 

are also generally higher than should be expected for 

low-temperature rivers and springs; probably for the 

same reasons that the Na-K-Ca geothermometer failed 

to yield reasonable results. Therefore, the chemical 

data listed for low-temperature waters should probably 

be used only to indicate that the thermal and some 

nonthermal waters are chemically anomalous. 



Map 
no, 

City of Blaine spring ..••• 

2 Lorah@A Spring ..... , t •••••• 

3 Mount Baker hot spring.,,. 

.•.•....... do •••....•... 

........... do .......... . 

........... do ......... .. 

4 U.S. Forest Service spdng. 

5 Sulphur hot springs • , • , .. 

.. do .......... . 

........... do ......... .. 

........... do .......... . 

6 Edwards 5prings ...••.. , .. 

7 Kennedy Hot springsV., ..• 

• , , •....... do ........ . 

••••....... do ........ . 

........... do ........ . 

........... do .......... . 

...... , .... do .......... . 

8 Upper Kennedy hot spring:%' 

9 Kennedy No. 3 spring .... 

l O Gamma "ot ,prins •••••... 

II Garl-on<i M'ncrol Springs§( 

........... do .. , ....... . 

12 Scen,c Hot Spring ....... . 

13 Diomond Mineral Spring .. . 

14 Flaming Geyser well , , .. . 

15 Nlsqual ly f<iver ......... . 

16 Longmire Springs .•••••••• 

.....•.•.•• do ........•.• 

17 Ohonapecosh hot spring,Z(, 

.. do ........ . 

........... do ••••••••... 

18 Summ't C·ee, Sod<1 Sprir<;1?i 

........... do .......... . 

, .......... do., ........ . 

l 9 Malotte spring .... , .• , . , , 

TABLE 3.-Chemicol data for springs and rivers in the Cascade Range, \Vashington 

County 

Whatcom 

.. . do .. . 

. . . do .. . 

. . . do .. . 

• .. do ... 

. .. do ... 

... do ... 

Snohomish 

.. . do •.• 

. . . do .• ; 

... do,., 

... do .. . 

... do .. . 

.. . do ... 

.. . do .. . 

.. .do .. . 

• •• do ..• 

.•. do ... 

... do ... 

. . . do ... 

.. . do .•• 

.. . do ... 

, , ,do .. , 

King 

. . . do ... 

.. . dO' •.• 
p· erce 

... do ... 

...do ... 

Lewis. 

... do ... 

. . . do .. . 

. .. do .. . 

.. .do .. . 

•.. do.,, 

Yakima 

LocotionY 

SW;\ J, (40-l E) 

NWl Jt, (39-2E) 

NW\SV,'{ 20, (38-9E) 47 

.... do ............ : ...., 38 

......... do .......... ' .. do .. 

......... do ............ do .. 

NW! 25, (37-8E) 12 

NWa 19, (32•13E) - 30 

......... do.......... 3l 

......... do.......... 39 

......... do ......... . 

SW* 24, (31-4E) l 0 

NE;\ 1, (30-12E) -30 

......... do.......... 34 

•.•...... do ••••• , •... 

..... do ••• , •••... 

. •...•... do .......•.• 

. •••.•.•. do ........•• 

. ••••••,.do ....••••.• 

37 

38 

......... do.,, ....... : - 71 

"'SE. car, 24, (31-1 Jc)· -60 

NW~ 25, (28-11 E) 21 

. ........ do.......... 7 

Sec. 28 (26-l 3E) 10 

Sec. 21 , (21-6E) 11 

SE.\77, i71-6E) 17.5 

SWa 34, (I 5-7E) B 

Nem Sf.cor.29,(15-Sti 21 

......... do.......... 22 

NWi 4, (14-lOE) 40 

...... do .......... i 49 

......... do....... ..do., 

Ne•or center 18, (14-11 ('t 13 

.. ....... do.......... 12 

......... do ............ do .. 

SE:\-32, (l6-l7E) 17 

u 

7.3 3.3 

/. J 22 

7 & I 08 

6-8 B. 3 J ">t:. 

.do. 7.7 146 

.do. 8.4 109 

7.3 4.0 

1-2 7.8 54 

4 8 :,2 

2 8.6 100 

1-2 8.5 55 

7.5 3.6 

3-5 7.7 643 

7 er 2 

4 6.5 676 

6-8 7. I 28 

6-8 7.4 730 

5.8 

18 

165 
150 

158 

154 

6.4 

103 

108 

96 
l 03 

5.6 

655 

808 
660 

600 

688 

6-8 8.4 612 660 

4 6.6 681 626 

2-3 8. 7 500 562 

3-4 1. 'i /28 491 

t 2671 1592 

461 358 25 6 

30 5 

8 

N.O. N.D. 

1574 1280 

561X.1 4640 

7. £· i 2 

6 t 1 :) 

0 7.4 1657 

60 7 869 

3 7 .7 915 

.do. i. 9 t:c:7 
6 155} 

3 7.7 2840 

,do. 7.9 1404 

7.7 1.8 

6.4 

402 
487 
981 

935 

914 

1790 
1690 

1770 

17 

PLlrh per million 

2.0 

3.0 

10.0 

'J 

10 

" u 

12 

23 

7.9 

0.8 

2 

16.6 

8.4 

1.0 

24 

19 

140 

-1 

94 

23 

75 

Predicted 
sour<;.e 

temperature 

.;;,, " u 
I 
~ 
I 

" z 

4/7/49 22 

4;7/4'.i 42 

0.4 16210 

1013/73 

0.38 ..• do ... 175· 

0.80 ... do ... 146* 

10/27/54 45 

7/7/62 135* 

1°c)J/ 

65 300 

55 250 

157 J:l9 

142 

134 12-4 7.7 

2,4 

1.7 

2 .4 N.D.t/120 

0.2 
0.1 

64 >300 

?22 < 80 

148 1 < 80 

< 80 

1.4 

1.4 

64 

< 0.2 
12 

9.0 

37 

228 
75 73 

ES 125 

75 192 

71 .2 193 

79 69 

52.6 157 

/'/ 47 

130 336 
27. 9 90 

1.2 14 

5.5 11$ 

34.9 54 

4,9 2.3 

.F.2 298 
41 492 

50.9 85 

50 64 

~"-] 77 

St. 7 278 
86 257 

97.6 247 

I 4.3 12 

7/26/71 

66 

31 

136 

380 

0.31 10/3/73 49 

9/2/44 29 

3.3 7/30/61 199· 

3.7 177" 

0 

-o.s 3 

167 5.8 

21 

i2J 

I 50 

l 20 

4.7 

2.6 
7,5 

N.D. 1.4 

N.D. N.O. 

N.D. N.D . 

90 0.4 
?3 

170 

0 

80 

M 1.5 

39 

! 170 

11; 
I 53 

1.8 

3.3 

3 

4.7 

S.9 
5 

7.5 

7/76,71 201 • 

l 0/3/73 . 207* 

1 0/3/73 l 90* 

l 0/3/73 l 89· 

7 /26/71 207· 

lo. '3/73 186" 

8/ 28, -o2 220* 
184• 
167* 

99 

l 0/18/73 93 

164* 

10/18/73 

l (Ji] b/7'} 172· 

161* 

l 0/18/73 1 63" 

l 0/18/73 1 68* 

11/19/48 64 

114 < 80 

76 >300 

155 187 

227 i68 

702 

228 

197 

167 196 

60 213 

149 197 

160 243 

148 167 

132 

120 

168 

162 

< 80 

I< E(' 

I> 3C{) 
; 180 

170 

125 127 

129 

131 l lb 

168 122 

126 

138 132 

103 )300 

l 

l 
3 uw 
5 DOE 
6 USBM 

6 UN 

2 USGS 
3 UW 
4 USBM 
6 UN 
l 

2 USGS 

3 UW 
4 USBM 
S DOE 

6 USBM 

6 UN 
4 USBM 

6 UN 

2 USGS 
3 uw 
3 uw 
3 uw 

uw 
3 uw 
4 DOE 

3 uw 
6 USBM 

3 uw 
6 USBM 

6 UN 

3 uw 
6 USBM 

6 UN 

"" 0 

::c 
m 
)> 
-I 
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Vl 
-I 
C 
CJ 
rn 
(/) 



20 Mui fotd spring ............ ... do •.• SW:t 3, (14-1 BE) 15 7.6 9.1 13 5,8 32 66 . ... 11/19/48 51 114 > 300 1 . .... 
21 Cispus River ......•...... Lewis NE.I 23, (1 l-8E) 9 7.4 3 4.4 1.3 l. 2 28 .... 9/6/72 60 72 >300 4 DOE 

72 North Fork Toutle River ••• Cow lit~ SEl 33, (10-3E: 11 7.5 7 15 l.} l.5 32 ...... 9/8/72 6£ 77 !63 4 DOf 

)' .. _,. Clear C "'"k ....... , ....• Sko!"s'!anfa Sec. 20 1 (8-7E) 12 .I 4 3.6 0.4 l.7 21 •t·. 9/8/72 22 60 198 4 DOE 

24 Lewis Rivet .... , ••••••... ••• do ... Sec. 25, (8-7E) 10 7.2 2 4.2 1.0 l. 0 21 . ... 9/8/72 56 60 >300 4 DOE 

25 Landslide spring .••••..... ••• do ... SW! 34, (8-7E) 5.5 6.9 < 1 3.4 0.2 1.3 9 . ... 8/30/72 10 < 40 137 4 DOE 

26 Muddy ~iver ••••.. ... de> .•• NW.\ I, (7-6E) 9 / .4 6 lG.3 0.7 1,7 JO .... 9/8/72 45 75 145 4 ~OE 

27 Pine C ,eek ........ ,, ......... ... do .•• SW~ 21., (7-6E) 8 7.'i 7 11 .8 1 ,8 1.1 51, . ... 9/8/72 87 106 ?38 4 DO[ 

2tl Sprin9 72 ··············· ... do •.. SE~ 13, (7-7E) 4 6.9 3.4 0.6 l .0 19 .... 8/17/72 40 55 260 4 DOE 

29 lonesome Sale Road <pring . ... do .•• NW} 30, (7-8E) 4.5 7.2 6 6.0 0.6 2.0 24 .... B/17/72 33 65 188 4 DOE 

30 Spring 710 ...... ... do .... NC1 36, (7-7£) 4 7 l l 

:n Bacon C rc,ek spring ..••... Yakir(}.'1 SL\ l, (7-12E) 6 6.9 l 

32 Gotchen Creek spring ••... ..• do ... swl 18, (7-11 E) 3 6,9 l 

33 Trout L,k ,, Creek Klickitot NEH, (6-lOf, 12 7.4 I 

34 White Salmon Rlv•or .. ... do .• , SW} 11, (6-1 OF\ 8 7.2 2 

2.6 o. 3 1.5 h 8/17/72 'C 50 ?04 4 D()F . .. ;_) 

S9 l. 2 

I 
0.7 17 .... 9/16/72 97 52 < 80 4 DO[ 

3. 4 l .5 o. 4 17 . ... 9/15/72 85 52 >300 4 DOE 

4.4 0.7 

I 
1.4 17 .... 9/7/72 5'> 52 ?44 4 DOE 

4.2 l. 7 l.3 3': .... 9/7/72 66 n : > 3C)0 4 DO[ 

35 White Creek ........••... •.• do •.. SW.I ll, (6-l 3E) 14 8.1 15 10.8 l ,5 3. 3 21 . ... 9/7/72 54 60 225 4 DOE 

36 Bear Creek spring .......... ••• do ... SE! 20, (6-1 OE) 13 7.1 l 5.4 0.6 l. 7 24 . ... 8/25/72 35 65 198 4 DOE 

37 East Fork lewis River Clark NWl l 3, (4-3E} I J 7 ,7 5 

38 Iron Mi k., Spring~ .. : : : : : Skam,:irio Sec. 31, (5-7E) 10 7 318 

6.2 0. 2 3.3 17 ····· 9/8/72 
., S2 93 4 DOE 

711 6.? 192 40 0.4 ......... 45 90 89 3 UV/ 

39 Bubbling Mike SpringV ..• ••• do •.. ......... do .......... 8.5 6.5 276 

40 Little Iron Mike $pring~ .. .•. do ••. .••••••.• do .......... 10 6,5 561 

176 5.1 154 50 0,3 ........ 43 l 00 88 3 uw 
404 9.6 309 N.D . 0.8 ········ 55 ... < 80 3 uw 

41 Little Soda Spring .... , . , , ... do .•• SU 5, (4-7E) B 6 36 75 13.6 46 N.O. N.D. ......... 77 . .. > 300 3 UVi 

42 Wind River,,.,, ........ , ... do.,. NW,, 15, (4-7E) 13 
' 

7.2 4 4 .0 0.5 1.8 24 .;o,,' 9/7/72 27 65 212 4 DOE 

43 City of Vancouver spring .. Clark swi 33, (2-2E) 10 

1 · ;~· 

2.9 

44 Bonnevi lie hot spring ..... Skamon;o Sec. 16, (2-7E) 32 9.5 151 

45 St. Martin Hot Springs ...... ... do.,. S[. cor. 21,(3-HF) 49 636 
' 

4.2 5.6 15 50 ..... 5/17/49 53 100 >300 1 . .... 
126 L5 42 N.D. N.D. . ....... 31 . .. < 80 3 uw 
291 6.2 104 tJ.0. 0.7 ' . ~ ...... 60 ... < BO 3 U\\· 

46 Wind Rive, .. . .. .. . ' ....... " .. ... do .•• SW} 2?, (3-SE) It 7. 5 

_Ll 47 Little White Salmon River., •.• do ... NW.I I, (3-9E) 8 7.2 

48 Leonardo springs ········· Klickitat NW! 21, (2-13E) 14 

7.4 C.8 1.7 -30 ... 9/7/72 45 75 196 4 DOt 

6,0 l.2 1. 3 58 . .... 9/7/72 59 108 228 4 DOE 

7.8 2.1 22 48 ..... 7/29/30 27 98 >300 1 ..... 

!/ Locotions by legol land description me obbrevioted; for example, SW! 3, {40-1E) written in full would be southwesl quarter of section 3, township 40 norlh, range l east. 

?/ Na-1<-Co source temperatures were calculated using the formula log (No\+ ,6[og( [Ca\_ 1~47 - 2.24, where Na, K, and Co concentrations ore expressed in molality, K/ ~ IJo{ 27,tt,, 
~ ii either 4/3 or 1/3, and tac it the predicted sourc~~ temperatur !-!" in degrees Ce ls.ius. A sou,ce temperoL1r e 'I$ calcuk,t .. ·d using~ =- 4/3~ If thi5- temperature gr .... ater thon l 00°C, souru-• 

temperoture is recalculated using /J '- 1/3 (Fournier and True,dell, 1973, 1974). 

Si02 source temperatures ore estimated from curve A of Fournier and Truesdell (1970), which a5sumes cooling entirely by heat conduction and equilibrium with quartz. 

Na/r: ,ou,-ce le,n;,erotures a,, .. est,o,oted from ,:•.,rve G of A. J, Etlts 0f/h,,,, 1970\. 

Y I - Van Oen burgh and Santos, 1965; 2 = Tabor or,d C,o.-,der, 19611; 3 = Campbel I nnd other,, 1970; 4 c Di ,,i,ion af Gcolo,,y and Eorth Resources Fi I es, 1972; 5 - Division 

of Geology and Earth Resources Files, 1973; 6 = Divi,ion of Geology ond Eorth Resource, Flies, 1974. 

1/ UW = University of Washington; DOE =Washington State Deportm, .. ·t of Ecology; USBM = United States Bureau of Mines, Bartlesville, OK; UN'- University of Ncvodo, 

Desert Rese,>rch Institute, Boulder City, NV; USGS - United State, Geolagicol Survey. 

.§/ Predicted temperatures marked by an asterisk(•) were calculated using /J = 1/3. Unmarked No-K-Ca temperatures were calculated using/$= 4/3, see footnote 2. 

e/ Not detected, 

l/ Sp.rings with t'xtcnsive calcarC'oUS tufa deposits. 

§./ Springs known to have precipitates aStQdated with them; but precipitotes hove not been identified .. 
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16. 
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City of Blaine spring 
Larabee Spring 
Mount Baker hot spring 
U.S. Forest Service spring 
Sulphur hot springs 
Edwards springs 
Kennedy Hot springs 
Upper Kennedy hot spring 
Kennedy No. 3 spring 
Gamma hot spring 
Garland Mineral Springs 
Scenic Hot Spring 
Diamond Mineral Spring 
Flaming Geyser well 
Nisqually River 
long mi re Springs 
Ohanapecosh hot springs 
Summit Creek Soda Spring 
Malotte spring 
Mui ford spring 
Cispus River 
North Fork Toutle River 
Clear Creek 
Lewis River 

25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 

Lands Ii de spring 
Muddy River 
Pine Creek 
Spring 72 
Lonesome Sale Road spring 
Spring 710 
Bacon Creek spring 
Gotchen Creek spring 
Trout Lake Creek 
White Salmon River 
White Creek 
Bear Creek spring 
East Fork Lewis River 
Iron Mike Spring 
Bubbling Mike Spring 
Litt I e Iron Mike Spring 
Little Soda Spring 
Wind River 
City of Vancouver spring 
Bannevi lie hot spring 
St. Martin Hot Springs 
Wind River 
Little White Solman River 
Leonardo springs 

See table 3 for chemical data on these waters 

Thermal springs, mineral springs, or cold springs 
with Na-K-Ca temperatures below 100°C . 

Thermal or mineral springs with Na-K-Ca tem­
peratures above T 00°C. 

River water, all with Na-K-Ca temperatures 
be low T00°C. 

t 
N 

I 
0 10 20 30 40M1LES 

FIGURE 8.-Locations of chemically analyzed springs and rivers in the Cascade Range, Washington. 



DRILL HOLES 

SITE SELECTION 

Geochemical, geological, and some geo­

physical data, as described earlier in this report, 

have been gathered· in the southern Cascades of 

Washington during the last several years; but heat­

flow determinations have been few because few holes 

have been drilled in the area. Under sponsorship of 

the National Science Foundation, the Washington 

Division of Geology and Earth Resources was able to 

partially fill this gap during the summer and fall of 

1975. Seven heat-flow holes were started in the 

Indian Heaven area and four of them were drilled to 

the planned depth of 150 meters. The Indian Heaven 

area was selected because it is fairly accessible by 

road while the major stratovolcanoes are not; geologic 

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

tic volcanism in the area is, at least in part, very 

young; and gravity studies (Stricklin, 1975) suggested 

that at least port of the Indian Heaven area was under­

lain by porous sediments, a zone of fracturing, hydro­

thermal alteration, or a magma chamber, any combi­

nation of which could be taken as favorable for the 

occurrence of a geothermal reservoir. 

The seven holes were sited during a field trip 

in July 1975. Several factors influenced the sel ec­

tion of sites. We wanted to site all of the holes in 

the general vicinity of the Indian Heaven fissure zone 

because we expected that any geothermal heat source 

in the area would be closely associated with the chain 

of young volcanoes of the fissure zone. Second, we 

wanted a uniform distribution of heat-flow holes in 

order to detect any areal heat-flow gradients that 

might exist in the area. Third, the prospecting per­

mit issued by the U.S. Forest Service and our drilling 

budget dictated that drilling be done on or near exist­

ing roads. Fourth, we wanted to place at least some 
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of the holes in Tertiary rocks because we suspected 

that water circulation in holes drilled into the Qua­

ternary basalts might make it impossible to measure 

equilibrium temperature gradients. Fifth, the rela­

tively small dri I ling rigs used were incapable of in­

stalling casing through more than about 30 meters of 

overburden, so we had to site holes in areas of rela­

tively shallow overburden. The selected sites (figs. 

1 and 2) are compromises among these factors. 

TEMPERATURES 

Dri II hole OGER 1 was drilled to a depth of only 

17. 7 m when caving problems forced abandonment of 

the hole. No temperature-depth measurements were 

made in this hole. Holes OGER 2, 3, 4, and 5 were 

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

drilled to a depth of 80 m (but caved back to 50 m be­

fore casing could be installed), and hole DGER 7 was 

drilled to a depth of 39 m, where cave-in problems 

caused the dri II hole to be abandoned. The tempera­

ture results from these various holes will be discussed 

separately, but the temperature-depth curves for dri II 

holes OGER 2, 3, 4, 5, 6, and 7 ore shown together in 

figure 9 and the average gradients with their standard 

errors from selected sections of the holes are shown in 

table 4. The temperature data are tabulated in the 

appendix. The lithology of the holes is described in 

table 5 and is briefly discussed in the following sec­

tion. The relationship of gradient to lithology is 

discussed in the section on heat flow. 
Two sets of temperature data are presented on 

each of figures 10 through 13: the first type of data 

is bottom-hole temperature measurements made during 

dri 11 ing; the second type is temperature-gradient 

measurements made in early October 1975 and Sep­

tember 1976. Soon after the October 1975 logging, 

snow closed off much of the area for the winter. Since 
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FIGURE 9.-Temperature-depth curves for drill holes OGER 2 through 7. 
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TABLE 4.-Average temperature gradient, thermal conductivity, and heat-flow measurements 

for drill holes DGER 2 through 7 

I ··-

Hole North 
no. latitude longitude (me18") (meleB} 

West Elewtiolopth interval 

--· .. --· 
DGER-2 I 45°58.6' 121°37.4' 8114 

i 
100-lSO 

DGEll-3 4t0 05.9' 121°42.0' 960 40-ISO 

115-150 

DGE~4 46°07.5' 121°46.2' I 1207 

I 
15-8S 

85-150 

I ' DGE,-5 4S0 59.9' I 121°53.6' 914 100-ISO 

I 
; 

DGER-6 45°S4.8' 121°46,8' 1067 15-55 
! 

DGER-7 46"02.9' 12l"45.0' i 1213 15-25 

lf Values in pa,enth..., are ,tandord ""°" ol the mean. 

Y EstifflOted volue,, 

I 

' 
' I 
i 

Thennol 
conductivity 

:mcal/ans,,c"C) 

3,401/ 
(0.07)-

2.wJ./ 

2.96 
(0,27) 

<4.2 

2.99 
(0,06) 

2.9'1 
(0, 14. 

3.o'?/ 
(0,5) 

2.a?/ 

drilling continued into late September 1975, drilling 

disturbances were still present in some of the holes 

during the October 1975 logging. However, these 

residual disturbances did not preclude accurate gra­

dient determinations as shown by equilibrium tempera­

ture data obtained in September 1976. 

Terrain corrections were made to the gradients 

by a technique desc:ribed by D. 0. Blac:kwell 

and J. L. Steele. A combined two dimensional­

three dimensional technique was used. For the 

Indian Heaven area, the estimated accuracy of 

the correction is :I: 10 percent of the correc:tion. 

BOTTOM-HO LE TEMPERATURE MEASUREMENTS 

Because we expected the holes to penetrate 

relatively permeable and porous volcanic: and volcani­

clastic rocks, we anticipated that problems might be 

I 
' H 

Nu,aber Geothermat gracli,ent 

I Unwrrecl: 
o< ("C/1un) 

Somple, Uncorre<:ted Tetroin eorrected 

I 
--· 

8 53.8 52.7 1.83 
(0.8) (o.on 

I 
51.5 46.9 

I 
1.52 

(3.0) 

I 4 58,S 53.4 1.73 
{2.5) (0.18) 

I JO.S 

I I < 1.28 

I 
(1.0) 

5 48.S 44.5 

I 
1.45 

(0.5) (0.05) 

I 
6 51.0 49.B I ,SO 

I 
I 

(0,4) (0.08. 

2.0 

I 
-0,1? 

i 

70 58 I 2,0? 
.. 

1.79 

1.38 

1.58 

1.33 

1,46 

'" _ J 

encountered involving intrabore circulation between 

aquifers or between aquifers and the surface because 

of different piezometric levels in the various fracture 

zones and aquifers. To some extent this intrabore 

circulation can be controlled by grouting the hole 

following completion of drilling; however, if the 

grout fails to hold, the temperature-depth information 

from the hole may be permanently lost. Therefore, 

temperature measurements were routinely made at the 

bottoms of the holes during drilling. In general, the 

bottom-hole temperature measurements were made as 

close as possible to the bottom of the hole before 

dri 11 i ng began on the momi ng shift. Usually a period 

of 8 to 16 hours had elapsed between the last circula­

tion of drilling fluids and the time of the temperature 

measurements. Where equilibrium temperatures are 

known, about half of the bottom-hole measurements 

are within 0.1 °C of the final equilibrium tempera­

tures. The cause of the deviations for the other 



26 HEAT FLOW STUDIES 

Depth 
(meters) 

102. l 
l 02.1 
107.9 
122.2 
126.2 
137.8 
146.0 
152,4 

103.6 
110.3 
126.8 
129.8 

50.9 
84.1 

104.5 
112.2 
132.3 
141.7 
150.9 

56.7 
88.1 

105.9 
115.5 
125.9 
141.7 
153.0 
153.0 

TABLE 5.-Thermal conductivity, density, and porosity measurements 

for drill holes OGER 2 through 5 

Density 
3 Porosity 

K 1/ b- K.Y 
IS 

(gm/cm ) (fraction) 
mcal/cmsec°C 

DGER-2 

l.87 .30 4.44 3.14 
3.82 

2.03 .24 4.33 3.30 
2.01 .25 5.20 3.75 
1.98 .26 4.27 3.20 
1.91 .29 4.82 3.37 
1.98 .26 4.95 3.56 
1.76 .34 4.98 3.23 

DGER-3 

1.93 .28 3.30 2.60 
2.17 .19 3.18 
2.41 .10 4.27 3.82 
2.00 .25 3.12 2.55 

·-· 
DGER-4 .. 

4.15 
1.74 .42 3.0 2.2 
1.87 .30 4.00 2.92 
2.20 .18 3.60 3.04 
1.88 .30 3.97 2.90 
2.18 .18 3.86 3.22 
1.85 .31 3.97 2.88 

DGER-5 

4.97 
4.79 

1.99 .26 3.10 2.52 
2.24 .16 3.04 2.69 
2.23 .17 3.08 
2.20 .18 3.74 3.13 
1.85 .31 4.12 2.95 
1.85 .31 3.45 

!/ Bulk thermal conductivity (for the samples measured by the chip technique). 

Y In situ conductivity. The in situ conductivities are either calculated from 

the porosity and Kb measurements or, if no Kb is shown, determined directly on ~atu­

ratecl core samples by the divided bar technique. 
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temperatures can in most, but not all, instances be 

explained by drilling and hole conditions at the time 

of the measurement. If severe hole problems had been 

encountered so that later temperature measurements 

could not have been made, the bottom-hole measure­

ments would have provided estimates of the tempera­

ture gradients. 

The bottom-hole temperature measurement 

program was a successful aspect of these studies and 

such measurements are recommended in other similar 

geologic situations. 

TEMPERATURE GRADIENTS 

Drill Hole OGER 2 

The temperature-depth measurements and 

bottom-hole temperature data for OGER 2 are shown 

in figure 10. OGER 2 was drilled to a depth of 153 m 

and completed September 23, 1975. During the 

drilling, complete loss of drilling fluid circulation 

occurred at 68.3 m (this depth is indicated by the 

arrow on figure 10). The hole was drilled from 68.3 

m to 153 m without return of drilling fluid to the sur­

face. Below about 90 m, the temperature depth 
curve is linear with an average slope of 53.8±0.8 

~C/km (all errors shown in this report are standard 

errors of the mean). Above 90 m, the temperatures 

depart significant I y from a straight Ii ne; however, 

the temperatures measured at 45 m and 50 m are close 

to the straight-line gradient extrapolated from the 

90 m to 150 m interval. Judging from the relationship 

between the extrapolated gradient and the measured 

temperatures, it appears that water is moving down­

ward in the well bore between the 50 m and 75 m 

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

The bottom-hole temperatures measured at 

39 m, 50 m, and 67 mare significantly warmer than 
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the extrapolated equilibrium gradient (the bottom­

hole temperature measured at 8 m may be warmer 

because of seasonal surface-temperature variation). 

Ori I Ii ng between 15 m to 68 m was done using re­

circulated water which had heated up in the surface 

holding tanks. Fl.,w of the heated drilling fluid into 

the lost-circulation zone at or near 68 m probably 

accounts for the anomalously high bottom-hole tem­

perature measured at 67 m, and significant but un­

detected drilling fluid loss above 68 m might also 

account for the anomalous bottom-hole temperatures 

at 39 m and 50 m. 

Drill Hole OGER 3 

Dril I hole OGER 3 was started on September 10, 

1975, and drilling was completed on September 20, 

1975, at a depth of 152.4 m. Final grouting of the 

hole with cement was finished on September 23, 1975. 

The bottom-hole temperature measurements (fig. 11) 

at 29 m and 92 mare significantly below the equilib­

rium temperatures, which is unusual, The geothermal 

gradients from 115 m to 150 m (58.5±2.5°C/km), the 

least disturbed appearing portion of the hole, and 

from 40 m to 150 m (51.5±3.0°C/km) are not very 

different. The drill hole is located on the side of a 

north-trending valley with a total relief of about 

300 m. The terrain correction reduces the gradients 

for the two intervals to 53.4 and 46. 9°C/km, respec­

tively, because of the valley effect. 

Drill Hole DGER 4 

A temperature-depth curve and the bottom­

hole-temperoture measurements for OGER 4 are shown 

in figure 12. This hole was completed September 9, 

1975, at 152 .4 m. Upon comp I etion, it was grouted 
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FIGURE 10.-Temperature-depth curve for drill hole DGER 2. 
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FIGURE 11.-Temperature-depth curve for drill hole DGER 3. 
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with cement from 108 m to the surface. Extensive 

drilling-fluid loss occurred in the interval between 

55 m and 105 m and a residual dri I ling disturbance in 

this fluid-loss zone was still 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 final 

logging (fig. 12). (The magnitude of this drilling 

disturbance may be ascertained by comparing the 

temperature-depth logs of October 8, 1975, and 

September 14, 1976, in the appendix.) The fluid 

loss may explain the slightly high bottom-hole tern-

pe ratures measured at 63 m , 91 m, and 1 03 m • An 

artesian aquifer was encountered at 108 m and this 

aquifer was successfully grouted following completion 

of the dri II i ng. The bottom-ho I e temperatures at 

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

temperatures observed after the completion of drilling. 

There is a change in the slope of the tempera­

ture-depth curve near 85 m which is probably caused 

by a nearby lithologic change at 80 m. Below the 

contact the average gradient is 48.5±0.5°C/km be­

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

significantly lower. The average gradient between 

15 m and 85 mis 30.5±1.0°C/km. 

The hole is located on the north side of West 

Twin Butte, a cinder cone that still preserves most of 

its original physiographic features and probably is no 

older than 10,000 years. The terrain correction re­

duces the gradient by 8 percent. 

Drill Hole DGER 5 

The temperature-depth curve for hole DGER 5 

is shown in figure 13. This curve is smooth with 

a gradually increasing gradient with increasing depth. 

The hole is located at the edge of a large clearing 

(McClellan Meadows) and the decrease in gradient 

near the surface is caused by an average surface 

temperature difference between the clearing, with a 

relatively higher surface temperature, and the sur­

rounding forest with a lower surface temperature (see 

Roy, Blackwell, and Decker, 1972). The hole was 

completed on August 8, 1975, and the temperatures 

below 50 m were essentially at equilibrium by Octo­

ber 9, 1975. 

The low bottom-hole temperatures observed 

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

flow which was encountered beginning at 58 m. These 

bottom-hole temperature measurements were made in 

the early morning from 6 to 17 hours after last circu­

lation of drilling fluids. However, the dri II rods were 

left in the drill hole a short distance from the bottom 

and the artesian water, in addition to coming straight 

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

came up through the drill rods, thus lowering the 

temperatures at the bottom of the hole by this artificial 

circulation. After this effect was recognized; the 

rods were removed at least 10 m from the bottom of 

the hole during the night preceeding the bottom-hole 

measurement at 134 m. The temperatures not affected 

by the artesian flow {at 35 m, 70 m, and 134 m) 

agree very closely with the observed equilibrium 

temperatures • 

The best gradient in the hole is 51.0±0.4°(/km 

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

correction decreases the gradient to 49.8°C/km. No 

correction has been made for the c !earing effect pres­

ent above 100 m. 

Drill Hole DGER 6 

Temperature-depth measurements from DGER 6 

are shown in figure 9. This hole was originally drilled 
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FIGURE 12.-Temperature-depth curve for drill hole OGER 4. 
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FIGURE 13.-Temperature-depth curve for drill hole DGER 5. 



to a total depth of 83. 5 m, however, the dri II bit was 

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

During casing of the hole a cave zone prevented in­

sertion of the pipe below 56 m. The temperature­

depth curve is highly irregular and suggests that there 

is no temperature increase with depth, in fact there 

may even be a slight decrease. The bottom-hole tem­

peratures also suggest no temperature increase with 

depth. This hole was drilled entirely in Quaternary 

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

above the water table, which elsewhere is at shallow 

depths, and the temperature appears to be decreasing 

slightly with depth. It appears that water is enter­

ing the permeable lava flows and flowing through 

the lava toward lower elewtions. In this area the 

lava flows followed valleys extending all the way 

to the Columbia River. Perhaps these buried river 

valleys are serving as channels for flow of ground 

water down toward the Columbia. 

The near-zero gradient in this hole is probably 
characteristic of the rock around it and another hole 

nearby would likely observe the same temperatures. 

In this case the water disturbance is of a regional 

nature rather than confined to the bore hole as is the 

case in drill hole DGER 2 (fig. 10). Although this 

conclusion is clear given the whole set of data, if 

only the upper 70 m of OGER 2 had been logged the 

two types of disturbance might have been confused 

and incorrectly interpreted. The original bottom­

hole temperature measurements in DGER 2 illustrate 

the difference in the undisturbed, equilibrium gradient 

between it and DGER 6. 

Drill Hole DGER 7 

DGER 7 was drilled in a valley (Cultus Creek) 

heading near the axis of the Indian Heaven fissure 
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zone. The drill hole started out in unconsolidated 

glacial outwash or till material and penetrated a lava 

flow in the lower part of the hole. The unconsolidated 

sediments did not permit completion of the hole to the 

projected depth, the hole was abandoned at 39 m, 

and 29 m of 2.5 cm iron pipe was installed in the 

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

between 15 m and 25 m (fig. 9). The terrain correc­

tion is relatively large because the hole is in a rather 

deep valley, The terrain corrected value is 58°C/km, 

a lower limit for the gradient at this site. 

THERMAL CONDUCTIVITY 

DETER Ml NATIONS 

Thermal conductivity measurements were made 

on samples from the four deep dril I holes in order to 

obtain data for calculation of heat flow values. The 

details of the thermal conductivity measurements as 

well as some density and porosity calculations on the 

samples are shown in table 5, and lithologies are pre­

sented in table 6. Thermal conductivity measurements 

were made using two different techniques. The first 

is a conventional divided-bar technique similar to 

that described by Birch (1950) and Roy, Blackwell, 

and Birch (1968). Measurements were made on water­

saturated samples in order to match the in situ condi­

tions. This technique is the most precise and accurate 

of all conductivity measurement techniques and has 

an estimated precision of ±1 percent and an accuracy 

of ±5 percent. Because of the general high porosity 

and friable nature of the samples, it was very difficult 

to make adequate cylindrical samples for the divided 

bar technique, and many of the samples disintegrated 

when attempts were made to saw, polish, and resatu­

rate them after they had dried out during shipping, 
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The needle-probe technique could not be used because 

of the coarse-grained nature of many of the rocks 

(volcaniclastics). Most of the thermal conductivity 

measurements, therefore, were made on crushed core 

samples by the divided-bar chip technique described 

by Sass and others (1971 ). This technique is not quite 

as accurate as the solid-sample divided-bar technique 

because corrections must be made for the por.osity of 

the sample. The estimated precision of the technique 

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

The thermal conductivity values for samples that were 

run with the divided-bar technique and with the chip­

sample technique agree closely for this set of data. 

The technique used for each sample is indicated in 

table 5, The numbers of samples, and average thermal 

conductivities for samples from the six drill holes are 

listed in table 4 and are described briefly below. 

Drill hole OGER 2 was drilled to a total depth 

of 153 m in the Eocene-Oligocene Ohanapecosh 

Formation. This formation as cut by the drill hole is 

composed of light- to dark-green volcaniclastic rocks 

with considerable green clay. The thermal conduc­

tivity values measured for samples from this formation 

are somewhat higher than for the remainder of the 

formations in the area and it appears that the rocks, 

cut by this particular hole at least, might have a 

slightly higher silica content than the rocks cut in 

the remainder of the drill holes. 

Drill hole OGER 3 was drilled to a total depth 

of 153 m in interlayered volcaniclastic rocks. The 

formation cut by the drill hole is the OhanapE:cosh. 

Drill hole DGER 4 was drilled at the foot of 

a cinder cone ~est Twin Butte) and penetrated 

slightly over 75 m of vesicular basalt flows (basalts of 

Mosquito Lake). Then 30 m of siltstone, one meter 

of basalt, and interbedded basaltic siltstones and 

sandstor,es of the Eagl.e Creek Fonnation? were drilled 

to the total depth of the hole at 152.4 m. A basalt 

sill at 107 m may be an intrusive equivalent of the 

Quaternary basalts. There is an apparent change in 

slope of the temperature-depth curve (fig. 12) for 

OGER 4 near 85 m. This depth corresponds approxi­

mately to the lithologic contact between the vesicular 

basalt al'ld the Eagle Creek Formatiol'I?. Heat flow 

should be the some above and below the contact, but 

measurements of thennal conductivity do not document 

a change in thermal conductivity as great as the 

change in gradients (table 4), in fact the thermal 

conductivity values are almost the same (table 5). 

The average fractional porosity for the sedimentary 

rock in OGER 4 is about .25, and thus the average 

in situ thermal conductivity value is 2. 99 meal/ 

cmsec°C For all of the samples below 85 m. The max­

imum thermal conductivity contrast that can be ex­

pected would occur if the basalt has zero porosity. 

This contrast in porosity would lead to a thermal 

conductivity contrast of about 30 percent, almost 

enough to explain the change in gradient. Since the 

average porosity of the basalt section is not known, 

the exact thermal conductivity for the basalt cannot 

be obtained, but there is probably not a sufficient 

thermal conductivity contrast to yield the same heat­

Flow value for the two sections of the drill hole and 

explain the observed contrast in geothermal gradients. 

Drill hole OGER 5 was drilled to 152 m in 

vesicular to dense basalt of the Miocene pre-Eagle 

Creek volcanic and sedimentary rocks. At 102 m the 

dril I hole passed into volcanic sandstone and conglom­

erate, still part of the pre-Eagle Creek volcanic and 

sedimentary rocks. The thermal conductivity values 

for the basalt again depend in detail on the average 

porosity, which is not well known because of the 

difficulty of coring interbeds and tops and bottoms of 

Flows. There is a systematic increase in gradient with 



depth in OGER 5, but this gradient change is due to 

proximity to a clearing (McClellan Meadows) and 

not due to thermal conductivity changes. 

No measurements were made of thermal con­

ductivity values on samples from OGER 6. The hole 

was dri 11 ed to a depth of 83. 5 m in Quaternary 

basalts. The section cut by the hole included numer­

ous very thin flows of vesicular to scoriaceous basalt. 

Although no measurements were made of thermal con­

ductivity in this hole, based on the thermal conduc­

tivity values in the basalts from the other holes, it is 

estimated that the thermal conductivity in the hole is 

3. 0±0. 5 mca I/ cmsec °C. The exact determination of 

the conductivity is not important in view of the nega­

tive temperature gradient observed in this hole. 

Dril I hole DGER 7 had to be terminated at a 

depth of only 39 m. Little core was recovered from 

the upper portion of the hole and thus the lithologic 

section is not well known. It appears to be primarily 

glacial drift or till. In view of all the uncertainties 

the exact thermal conductivity for this hole is not 

critical, The thermal conductivity value was esti• 

mated by averaging all of the Quaternary basalt bulk 

thermal conductivity values (4.5 mcal/cmsec 0 C), 

assuming a porosity for these unconsolidated glacial 

sediments of 0.4, and calculating an in situ thermal 

conductivity of 2.8 mcal/cmsec°C. The estimated 

uncertainty of this value is 1 C,..20 percent. 

The average thermal conductivity values in 

the different holes and in the different units in the 

area are very similar, with the range of thermal con­

ductivity values in the holes penetrating to bedrock 

being about 2.9 to 3.4 mcal/cmsec°C. Typical 

porosity values for the units are 0.2-0.3 and typical 

densities for the pre-Quaternary units are 1 .9-2.3 

gm/cm 3. 
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HEAT FLOW 

Heat-flow values have been calculated for 

all six dril I holes, but different reliabilities are as­

signed to the heat-flow values from the various holes. 

The heat-flow values are the mathematical product of 

the mean harmonic thermal conductivity (table 4, 

column 6) and the slope of a least-squares straight­

line fit to the measured temperature gradient in the 

depth interval indicated. The calculated error of 

the heat flow is statistical and relates only to the 

internal consistency of the data. The actual error 

estimates of the heat-flow values will be discussed 

briefly at the end of this section. The heat-flow 

values are listed in table 4 and the terrain-corrected 

values are shown in figure 14. A terrain-correction 

technique developed by D. D. Blackwell and J. L. 

Steele was used. 

Heat flow was calculated for the depth inter­

val 100 m to 150 m for OGER 2. Above 100 m there 

is an intrabore water-flow disturbance which destroys 

the in situ gradient. The uncorrected heat flow is 

1 .831' cal/cm2sec and the terrain corrected heat flow 

is 1.79 pcal/cm2sec. 

Heat-flow values calculated for two intervals 

in OGER 3 (40 m to 150 m and 115 m to 150 m) differ 

by 0.20 l'cal/cm2sec. The terrain correction de­

creases the heat flow by about 10 percent. The tem­

perature-depth curve (fig. 11) shows several distinct 

segments with different gradients (for example 25 m 

to 70 m, 70 m to 115 m, and 115 m to 150 m) that 

might be related to lithologic changes. However, 

no thermal conductivity measurements were made 

above 1 04 m, and no Ii tho logic differences were 

noted when cores and cuttings were examined. Thus 

the best value is the terrain-corrected heat flow be-
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Drill hole 
number 

DGER 1 

DGER 2 

DGER 3 

I 

I 
I 

' ' : 

i 

' 

TABLE 6.-Lithology of heat-flow drill-holes, Steamboat Mountain-Lemei Rock area, 

Skamania County, Washington 

·--
Depth 

interval Lithology Name 
(meters) 

0 to 12.5 Basalt, black~ closely jointed Basalt of the Columbia River 
Group 

12.5 to 17.7 Sand, medium-grained, unconsolidated Ohanapecosh Formation 
(weathered) or interbed 
in Columbia River Basalt 

0 to 47.5 Tuff, ash-flow Ohanapecosh Formation, 

47.5 to 48.5 Sandstone, volcanic, with carbonaceous 0 to 152.7 m 

frogments 

48.5 to 74.1 Lahars (mudflow breccias and conglomerates) I 
; 

74.1 to 75.9 Sandstone, volcanic: 

75.9 to 76.5 Lahar 

76.5 to 106.5 Tuff, ash-Flow 

106.5 to 129.5 Lahars 

129, 5 to 152. 7 Sandstone, volcanic, fine- to coarse-grained 

0 to 12.2 Drift, glacial 

12.2 to 28.8 Mudstone, siltstone, and fine- to medium-
grained sandstone. All of volcanic origin 

Ohanapecosh Formation, 
12.2 to 129.8 m 

and all containing carbonaceous material 

28.8 to 29.0 Sandstone, arkosic, coaly 

29.0 to 54.9 Mudstone and fine-grained sandstone, all of 
volcanic origin 

54.9 to 60.0 Lahars, angular clasts 

60.0 to 75.6 No core recovery 

75.6 to 78.0 Lahars, angular clasts 

78.0 to 88.7 I No core recovery 

88.7 to 90.2 I Siltstone and medium-grained basaltic 
sandstone 

i 90.2 to 103,0 No core recovery 

103,0 to 104.5 Siltstone, carbonaceous, with thin coal beds 

104.Sto 111.6 lahars, rounded clasts up to 10 cm in 
diameter and smaller angular clasts 

111 . 6 to 126.8 No core recovery 

126.8 to 129.8 Lahars, angular clasts up to 1 cm in diameter 

129.8 to 152.4 No core recovery 

Continued 

i 
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DGER4 

I 

I 

I 
I 
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TABLE 6.-Lithology of heot-flow drill-holes, Steamboat Mountain-Lemei Rock area, 

Skamania County, Washington-Continued 

Depth 
interval 
{meters) 

Lithology Name 

0 to 3.7 Cinders Cinders of West Twin Butte, 
0 to 3.7 m 

3.7 to 79.2 Basalt, dense to scoriaceous, up to 20 
percent olivine; probably several flows. 
Rock in lower part of interval is often 
glassy, broken, and palogonitic 

Mosquito Lake basalt, 
3.7 to 79.2 m 

79.2 to 89.9 Si I ts tone and i nterbedded fl ne-grai ned Eagle Creek Formation?, 
basaltic sandstone. There may be two "19 .2 to 107.3 m 
thin basalt flows in this interval 

89.9 to 107.3 Mudstone, siltstone, and fine- to coarse-
grained sandstone 

107.3 to 108.4 Basalt, sill Correlation unknown 

108,4 to 119.2 Mudstone, siltstone, and fine- to coarse- Eagle Creek Formation?, 
grained sandstone 108, .4 to 152.4 m 

119, 2 to 121.0 Grit, basaltic, with dasts up to 1.5 cm in 
diameter at bottom of interval 

121.0 to 123.2 Mudstone and siltstone with fine-grained 
carbonaceous material and irregular 
masses of carbonized wood 

123.2 to 127.6 Sandstone, basaltic, ve~ coarse, grades 
downward to basalt pe le and boulder 
conglomerate 

127.6to 133.2 Mudstonerb carbonaceous, grades downward 
to inte edded mudstone and coarse-
grained sandstone with mudstone dasts up 
to 2 cm in diameter 

133,2 to 143,6 Mudstone, silbtone, and coarse- to very 
coarse-grained sandstone, i nterbedded, 
scattered rbbles of basalt toward bottom 
of interva 

143.6 to 146,3 Conglomerate, with pebbles up to 4 cm in 
diameter of a porphyritic igneous rock, 
grades downward to coarse- and fine-
grained sandstone to siltstone and mud• 
stone at bottom of interval 

146.3 to 152,4 Mudstone, siltstone, fine- to coarse-
grained sandstone, and conglomerate 
with well-rou,ded pebbles of intrusive 
igneous rock. lnterbedded 

Continued 
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Drill hole 
number 

OGER 5 

DGER 6 

OGER 7 

TABLE c.-Lithology of heot-flow drill-holes, Steomboot Mountain-Lemei Rock areo, 

Skamanio County, Woshington-Continued 

Depth 
interval Lithology 
(meters) 

0.3 to 75.0 Basalt, fine- to coarse grained, black to 
brick-red, nonvesicular to very vesicular. 
Ten percent olivine 

75,0 to 75.6 Sand, silt, and basalt fragments. lnterflow 
z:one 

75.6 to l 01.5 

101 , 5 to l 01 . 8 

l 01 . 8 to l 08. 2 

l 08.2 to l 08.8 

108.8 to 110.9 

110.9 to 116.4 

116.4 to 118.0 

118.0 to 124.4 

124.4 to 126.5 

126.5 to 152.4 

Basalt, red, gray, ond black, dense to 
scoriaceous, l O percent olivine 

No core recovery 

Conglomerate, tan to dark-green clasts are 
rounded to angular, up to 3 cm in diameter, 
and composed of volcanic rocks 

Siltstone, I ight greenish-gray 

Sandstone and siltstone with scattered clasts 
up to 2 cm in diameter. Clasts ore vol­
canic rock 

Conglomerate, clasts are volcanic rock 

Siltstone with scattered clasts of altered 
volcanic rock 

Breccia, volcanic rock clasts 

Conglomerote with clasts up to 6 cm in 
diometer of porphyritic volcanic rocks 

Lahar. Contains both angular and rounded 
clasts of volcanic rock. Angular clasts 
are mostly 1 cm or less in diameter, 
Rounded closts are up to 4 cm in diameter 
and are porphyritic volcanic rock 

0 to 1.2 Soil 

1,2 to 4.0 Cinders 

4.0 to 60.0 Basalt, gray to black to brick-red, slightly 
vesicular to scoriaceous, 20 percent 
olivine, probably many flows 

60.0 

0 to 32.9 

32.9 to 38.7 

Basalt, black to red, dense to scoriaceous, 
l O to 15 percent olivine. Probably several 
flows 

Drift, glacial 

Basalt, gray to reddish-gray, slightly 
vesicular to scoriaceous, l O percent 
olivine, Probably two flows 

Nome 

Pre-Eagle Creek volcanic 
arid sedimentary rocks 
0,3 to 152.4 m 

Cinders of South Red 
Mountain, 1.2 to 
4.0 m 

Papoose Mountoin basalt, 
4.0 to 60.0 m 

Black Creek basolt, 
60,0 to 83.5 m 

Little Deer Point basalt, 
32. 9 to 38.7 m 



j 

EXPLANATION 

OGER 4 
0 44.5/1.33 

E) Location of drill hole 
OGER 4 Drill hole name 
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44.5 Terrain corrected temperature gradient in°C/km 
l.33 Terrain corrected heat flow in,....col /cm2sec. 

FIGURE 14.-Heat-flow map for the Indian Heaven area, Skamania County, Washington. 
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tween 115 m and 150 m, where thermal conductivities 

were measured. 

The heat flow was calculated for two intervals 

in drill hole OGER 4 (15 m to 85 m and 85 m to 150 m), 

The maximum heat flow in the 15 m to 85 m interval 

is about 1.3 ,wcal/cm2sec. There is a large swamp 

and a clearing within 50 m from the collar of the 

dril I hole and these surface conditions might explain 

the low heat flow observed in the upper part of the 

drill hole. However, the gradient and heat flow 

seem to change abruptly at a depth which corresponds 

approximately to the lithologic boundary between the 

Quaternary lavas and the underlying Eagle Creek 

Formation?. The terrain-corrected heat-flow value 

for the 85 m to 150 m interval (1.33 ,ucal/cm2sec) 

is considered the most reliable. This value might be 

5-10 percent low due to the nearby clearing and lake, 

but surface temperatures are not known wel I enough 

to make a correction. 

Drill hole OGER 5 intersected two lithologies. 

It is difficult to estimate the average in situ porosity 

of the lava flows of pre-Eagle Creek volcanic and 

sedimentary rocks in order to calculate a heat-flow 

value. There is no significant change in the tem­

perature gradient that corresponds to the lithologic 

boundary. The slightly increasing gradient with in­

creasing depth is correlated with the proximity to a 

large clearing (McClellan Meadows). The best value 

of heat flo~ is taken to be the interval between 100 

m and 150 m, The terrain-corrected heat flow in this 

interval is 1.46 pcal/cm2sec (the terrain correction 

is very smal I). 

As illustrated in figure 9 the average gradient 

in DGER 6 is negative. Combined with the estimated 

thermal conductivity value {table 4) the resulting 

heat flow is -0.1 ,cal/cm2sec. Obviously this heat 

flow does not reflect the heat flow from the interior 

of the earth and the implications of this value will be 

presented in the discussion section. The value is cal­

culated here merely for reference purposes and is not 

intended to be taken as a regionally significant heat­

flow value. 

Drill hole OGER 7 is very shallow and no 

core samples were available, however, the estimated 

thermal conductivity is probably within :!:20 percent 

of the in situ conductivity. The terrain correction is 

rather large because the drill hole is in a sizeable 

valley. The best heat-flow value is 1.6 µcal/cm2 

sec. In view of the shallow depth of the hole the 

heat-flow value has a high possible error. 

In al I the holes, the heat-flow values from 

the deepest intervals are considered the most reliable. 

The upper parts of some of the holes show the effects 

of lateral surface temperature variations for which 

corrections have not been made. For the bottom in­

tervals of the holes, the terrain-corrected heat-flow 
2 

values are 1.8, 1.6, 1 .3, and 1.5 peal/cm sec 

for OGER 2, 3, 4, and 5, respectively. Estimated 

heat flow values for OGER 6 and 7 are -0.1 and 1 .6 

,ucal/cm2sec, respectively. The estimated precision 

of the four values in holes that were dri I led to 150 m 

is :t:5-10 percent. Values from OGER 6 and 7 are 

estimates only and subject to very large error. In 

particular, the value from DG ER 6 certainly does not 

represent the regional heat flow in the Indian Heaven 

area. 

DISCUSSION 

The three values of heat flow around the mar­

gins of the Indian Heaven basalt field range from 1.5 
2 

to 1.8 f'cal/cm sec (DGER 2, 3, and 5) and thus span 

a difference of less than 20 percent. The average 



heat flow is 1 • 6 ± 0. 2 I' cal/cm2sec. One deep hole 

in the Indian Heaven fissure zone (DGER 4) has a 

slightly lower heat-flow value of 1 .3 /'cal/cm2sec. 

On the basis of these heat-flow data, we can infer 

that there is no major geothermal anomaly associated 

with Indian Heaven fissure zone, and the heat-flow 

values in the Indian Heaven area do not appear to be 

significantly affected by water circulation except at 

DG ER 6 at the southern end of the fissure zone. 

The regional heat flow of the Cascade Range 

is not wel I known. The available determinations 

range from a high to 1 .7 I' cal/crn2sec near the Cana­

dian border at Mazama, along the eastem margin of 

the province, to 1 .2 pcal/cm2sec near Snoqualmie 

Pass (Blackwell, 1974). The heat-flow value nearest 

to the Indian Heaven area is south of Randle, approxi­

mately 50 km to the northwest (Blackwell, 1974). This 

value is 1 .5 pcal/cm2sec, The reliable heat-flow 

values in the Indian Heaven area (ranging from 1.3 

to 1 .8 f' cal/cm2sec) are compatible with the heat­

flow values observed near Randle and Mazama. The 

Snoqualmie Pass determination is closer to the west 

margin of the Cascade Range than any of the other 

data and this geographic difference may explain the 

difference in heat flow, 

Because of the uncertainty of the type of 

basement rock in the area it is impossible to estimate 

the average radioactivity of the crust, No measure­

ments of the radioactivity of the Ohanapecosh Forma­

tion have been made; however, based on its lithol~~· 

the heat production should be between 1 and 3X10 

cal/cm3sec, If the mantle heat flow in the Cascades 

is 1.4 l'cal/cm2sec, which is typical of many of the 

thermally anomalous regions in the western United 

States (Roy and others, 1968; Blackwell, 1971, 1973; 

Roy and others, 1972), then predicted values of sur­

face heat flow would range from 1 .5 to 1 .7 I' cal/ 
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2 
cm sec. Therefore, it appears that the values meas-

ured in the Indian Heaven area are what would be 

expected to be typical regional heat-flow values for 

the Cascade Range. 

The fact that the values are about 10 percent 

higher along the east edge of the Indian Heaven basalt 

field (toward the Quaternary andesite volcano of 

Mount Adams) may not be significant. Because the 

lateral resolution of buried heat sources with heat­

flow measurements is not great (see Blackwell and 

Baag, 1973; Lachenbruch and others, 1976). The 

data of this report have little or nothing to say about 

possible magma chambers beneath Mount Adams or 

Mount St. Helens, and no heat-flow measurements 

have been made in the vicinity of either mountain. 

The 1 .8 pcal/cm2sec heat-flow value is the closest 

value to Mann Butte, a possible Quaternary silicic 

plug located about 6 km away, but this relationship 

is of doubtful significance. It is clear that there is 

no large-sized heat source body within the general 

area of the heat flow study; however, srnal I heat 

sources could exist in the area and remain undetected 

because of the relatively wide spacing of our heat­

flow measurements. 

The general structure of the Indian Heaven 

fissure zone is a carapace of lava flows extending 

downward in elevation toward the east and west from 

an axis along the fissure zone. Because of the high 

rainfall of the area (over 150 cm per year) and the 

porous nature of the basalts, it was anticipated that 

problems with ground-water flow might affect inter­

pretation of the heat-flow data. In view of the agree­

ment of values observed it seems that this circulation 

is only a local problem. The low heat-flow value 

which is observed in the shallow part of DGER 4 

might be related to ground-water flow, however, it 

also might be related to the presence of a surface 
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temperature anoma I y associated with Mosquito Lake. 

It is impossible to resolve this uncertainty without a 

more complete analysis of the possible effect of the 

c:learing about Mosquito Lake than was done here. 

There is definite water flow in the vicinity of 

DGER 6. The Quaternary lava field extends east 

along Trout Lake valley and to the south along lava 

Creek filling these preexisting valleys (see fig. l ). 

The lava flows follow the valleys for up to 20 km 

toward the Columbia River. It may be that these 

valleys were deeply incised when the lavas were ex­

truded and, c:onsequently, there is a thick fill of 

lava in the valleys, and the lavas act as conduits for 

subsurface water circulation toward the Columbia 

River. If so, the circulation appears to be confined 

to these preexisting stream valleys and does not in­

clude the main porti<)n of the Indian Heaven area. 

The lava flows extend in the wrong direction to have 

the water circulation in lava flows directly recharg­

ing a ground water system connected to the hot springs, 

which occur to the southwest along the Columbia River 

(see fig. 8). It may be that water infiltrates 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 rndian Heaven 

area and the hot springs is quite complex, and this 

appears to be unlikely. 

The average gradient observed in the Indian 

Heaven area is about 50°C/km, and, assuming that 

this gradient is present in the vicinity of St. Martin's 

Hot Spring, subsurface circulation of water to a depth 

of only l km would heat the water to the 50°C tem­

perature observed at St. Martin's, which is the warm­

est spring in the area. The geochemical ·information 

from other thermal and mineral springs in the area 

fai Is to suggest subsurface heating above 100°C, and, 

in fact, those predicted temperatures that differ sig-

nificantly from measured water temperatures may do 

so not because of actual geothermal heating, but 

because the Na-K-Ca, Na/K, and silica geother­

mometers fail to properly describe equilibrium con­

ditions in low-temperature waters. Thus, it seems 

unlikely 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 flow study leave little 

doubt that the gravity anomaly associated with the 

Indian Heaven fissure zone is not caused by a large, 

still-molten magma chamber. The most likely causes 

of the gravity anomaly are two: a greater thickness 

of low density rocks under the fissure zone than was 

anticipated and the use of an incorrect Bouguer re­

duction density such that part of the anomaly is 

caused by the topography itself (compare the gravity 

contours in fig. 3 with the topographic contours). The 

average density for all the sedimentary rocks sampled 

(see table 5) is 2.01 gm/cm3• The differential relief 

of the fissure zone with respect to its surroundings is 

300 m to 600 m or more. A horizontal infinitely 

extended slab 300 m thick with a density contrast of 

0.7 gm/cm3 would cause an anomaly of about 10 mgal. 

Therefore, much of the residual anomaly could be 

caused by topography alone. Furthermore, if there 

is a thickening of the sedimentary units in the fissure 

zone area (Hammond and others, 197 6), then the 

density contrast between the sediments and a dense 

volcanic basement could cause the remainder of the 

residual gravity anomaly. 

It was anticipated that great difficulty would 

be encountered in obtaining good heat-flow values in 

the Cascade Range, particular.ly in holes as shallow 

as 150 m; however, it is clear that every hole that 

went to a depth of 150 m gives a re Ii able heat-fl ow 

value and at least 3 of the 4 deep holes would also 



yield reasonably accurate (±15 percent) heat-flow 

values at depths of 50 m to 100 m and above if cor­

rections were made for various surface conditions. 

Therefore, these data prove that heat flow studies 

can be valuable in an area of high rainfall. These 

holes also furnish the most reliable regional heat­

flow data available for the Cascades. These data 

can be used as background information for continued 

geothermal studies at other sites in the Cascades. 

CONCLUSIONS 

l • Heat flow can be successfully measured in rel a• 

tively shallow holes in areas of high precipi­

tation like Washington's southern Cascade 

Range. 

2. Heat-flow values measured in the Indian Heaven 

area appear to be of the magnitude expected 

of typical regional heat-flow values for the 

Cascade Range. 

3. There is no major, shallow heat-flow 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 possibility that waters from depths 

of 2 km' at about T00°C' or 4 km, at about 

200°C, might be usable for industrial or 

agricultural uses, or even electrical genera­

tion. However, the cost of drilling wells to 

those depths, the lack of knowledge about 

the availability of ground water at those 

depths, and the lack of energy-consuming 

population 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 future. 
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5. The heat-flow values measured in the Indian 

Heaven area cannot be used to determine the 

geothermal potential of either Mount Adams 

or Mount St. Helens. 

6. Water flow through some of the Quaternary basalts 

(DGER 6) and difficult drilling conditions in 

those basalts indicate the need for caution 

in drilling heat-flow holes in the Quaternary 

basalts. 

7. Geochemically estimated source temperatures 

(Na-K-Ca method) for thermal spring waters 

in Skamania County are below l 00°C. It 

appears that these waters could have been 

heated to their estimated temperatures of last 

equilibration simply by circulating to a depth 

of one kilometer, more or less, under the in­

fluence of a geothermal gradient of 50°C/km. 

8. Almost the only geochemically estimated source 

temperatures (Na-K-Ca method) above 100°C 

anywhere in Washington's Cascade Range are 

for thermal or mineral springs within 30 km 

of Mount Baker, Glacier Peak, or Mount 

Rainier. This cannot be taken to mean that 

no other area in the Cascades has geothermal 

potential, but it is a positive indication that 

at least three of Washington 1s five large 

stratovolcanoes do have some geothermal 

potential. The absence of thermal or mineral 

springs around Mount St. Helens or Mount 

Adams is puzzling, but can perhaps be ex­

plained. Yuhara (l 974) has found that hot 

springs are much more likely to be found 

associated with a stratovolcano whose vol­

canic edifice has been breached by erosion 

than with a stratovolcano whose cone is 

still well-preserved. Mount St. Helens 

and Mount Adams are certainly better pre­

served than Mount Baker, Glacier Peak, or 
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Mount Rainier, so perhaps their geothermal 

systems are still well hidden within a ground­

water system that is buried under an extensive 

cover of porous volcanic rock. 

9. The gravity anomaly associated with the Indian 

Heaven area is probably caused by a thicker 

than anticipated Tertiary sedimentary rock 

section beneath the northern end of the fissure 

zone and by the use of a Bouguer reduction 

density that is too high. 

l O. The measurement of bottom-hole temperatures 

during drilling of the heat-flow holes was 

successful in providing temperatures that 

could have been used to estimate equilibrium 

gradients if the drill holes had been lost be-

cause of caving, mechanical problems, or 

intrabore water circulation. 

11. Additional geophysical studies should be done 

in the Cascades of Washington in order to 

more accurately define the heat-flow pattern, 

and to determine whether heated bodies of 

ground water and(or) rock exist at depth in 

the crust, particularly around the major strato­

volcanoes. 

12. It appears that the basalts of the Indian Heaven 

area were erupted from narrow dikes that 

cooled fairly rapidly at the close of each 

eruptive phase. If magma chambers formed, 

they are small and cool, or if still hot they 

are located aWCf'/ from our heat-flow holes 

and were not detected. 



APPENDIX 

EQUILIBRIUM TEMPERATURE-DEPTH MEASUREMENTS 

Dril I hole: DGER-2 
Date measured: 9/13/76 

Depth 
(m) 

Depth 
{ft) 

l 0.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131 . 2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311 .6 

l 00.0 328.0 
l 05.0 344.4 
110.0 360.8 
115 .o 377.2 
120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 

Drill hole: DGER-2 
Date measured: 10/8/75 

Depth Depth 
(m) (ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 I 

Temperature oc Of 

6.110 43.00 
6.180 43.12 
6.240 43.23 
6.290 43.32 
6.310 43.36 
6.350 43.43 
6.380 43.48 
6.390 43.50 
6.840 44.31 
6.820 44.28 
6.740 44.13 
6.780 44.20 
6.860 44.35 
6.820 44.28 
7.270 45.09 
8.210 46.78 
8.880 47.98 
9.190 48.54 
9.500 49.10 
9.720 49.50 

l 0.060 50. 11 
10.360 50.65 
10.620 51 .12 
1 o. 880 51 .58 
11 . 180 52.12 
11.410 52.54 
11.650 52.97 
11. 910 53.44 
12.190 53.94 

Temperature oc OF 

7.050 44.69 
6.490 43.68 
6.720 44. 10 
6,500 43.70 
6.410 43.54 

Geothermal gradient 
~C/km °F/l00 ft 

.o .0 
14.0 .a 
12.0 .7 
10.0 .5 
4.0 .2 
8.0 .4 
6.0 .3 
2.0 • 1 

90.0 4.9 
-4.0 -.2 

-16.0 -.9 
8.0 .4 

16.0 .9 
-8.0 -.4 
90.0 4.9 

188.0 10.3 
134.0 7.4 
62.0 3.4 
62.0 3.4 
44.0 2.4 
68.0 3.7 
60.0 3.3 
52.0 2.9 
52.0 2.9 
60.0 3.3 
46.0 2.5 
48.0 2.6 
52.0 2.9 
56.0 3. 1 

Geothermal gradient 
°C/km °F/100 ft 

.0 .o 
-112.0 -6. l 

46.0 2.5 
-44.0 -2,4 
-18.0 -1.0 

Continued 

45 
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Drill hole: DGER-2-Contlnued 
Date measured: 10-8-75 

DeP.th 
(m) Dfflth 

( ) 

30.0 98.4 
35.0 114.B 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0. 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311.6 

100.0 328.0 
105.0 344.4 
110.0 360.8 
115.0 377.2 
120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 
153. 1 502.2 

Drill hole: OGER-3 
Dote measured: 9/13/76 

DeP.th 
(m) 

DeP.th 
(ft) 

10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 

Temperature oc Of 
Geothermal gradient 
~C/1<m Of/100 ft 

6.420 43.56 2.0 • 1 
6.420 43.56 .o .o 
6.440 43.59 4.0 .2 
6.440 43.59 .o .o 
6.610 43.90 34.0 1.9 
6.650 43.97 8.0 .4 
6.585 43.85 -18.0 -.7 
6.620 43.92 7.0 .4 
6.710 44.08 18.0 1.0 
6.740 44.13 6.0 .3 
7.100 44.78 n.o 4.0 
7.990 46.38 178.0 9.8 
8.100 46.38 22.0 1.2 
8.650 47.57 110.0 6.0 
9.090 48.36 88.0 4.8 
9.500 49.10 82.0 4.5 

10. 110 50.20 122.0 6.7 
10.400 50.72 88.0 3.2 
10.680 51.22 86.0 3.1 
10.840 51.51 32.0 1.8 
11. 170 52.11 66.0 3.6 
11.420 52.56 30.0 2.7 
11.675 53.01 31.0 2.8 
11.910 53.44 47.0 2.6 
12. 180 53.92 54.0 3.0 
12.340 54.21 51.6 2.8 

Temperature oc Of 
Geothermal gradient 
~C/1<m Of/I 00 ft 

5.210 41.38 .0 .o 
5.900 42.62 138.0 7.6 
6.060 42.91 32.0 1.8 
6.330 43.39 54.0 3.0 
6.630 43.93 60.0 3.3 
6.860 44.35 46.0 2.5 
7.160 44.89 60.0 3.3 
7.490 45.48 66.0 3.6 
7.810 46.06 64.0 3.5 
8.110 46.60 60.0 3.3 
8.490 47.28 76.0 4.2 
8.730 47.71 48.0 2.6 
9.050 48.29 64.0 3.5 

Continued 



Drill hole: DGER-3-Continued 
Date measured: 9/13/76 

D!'P.th 
(m) 

D!'P.th 
(ft) 

75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311. 6 

100.0 328.0 
105.0 344.4 
110.0 360.8 
115.0 377.2 
120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 

Drill hole: DGER-3 
Date measured: 10/8/75 

Depth 
(m) 

Depth 
(ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.(> 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55:0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311.6 

100.0 328.0 
105.0 344.4 
110.0 360.B 
115.0 377.2 

APPENDIX 47 

Temperature oc OF 
Geothermal radient 
~C/km O /100 ft 

9.290 48.72 48.0 2.6 
9.480 49.06 38.0 2.1 
9.600 49.28 24.0 1.3 
9.920 49.86 64.0 3.5 

10.210 50.38 58.0 3.2 
10.280 50.50 14.0 .8 
10.580 51.04 60.0 3.3 
10.730 51 .31 30.0 1.6 
10.880 51.58 30.0 1.6 
11.350 52.43 94.0 5.2 
11.460 52.63 22.0 1.2 
11.760 53.17 60.0 3.3 
12.110 53.80 70.0 3.8 
12.400 54.32 58.0 3.2 
12.690 54.84 58.0 3.2 
12. 980 55.36 58.0 3.2 

1 emperature 
oc Of 

Geothennal gradient 
°C/km 0 f/100 ft 

6.390 43.50 .o .o 
5.740 42.33 -130.0 -7.1 
6.350 43.43 122.0 6.7 
6.490 43.68 28.0 1.5 
6.640 43.95 30.0 1.6 
6.780 44.20 28.0 1.5 
6.970 44.55 38.0 2. 1 
7.250 45.05 56,0 3. 1 
7.560 45.61 62.0 3.4 
7.880 46.18 64.0 3.5 
8.180 46.72 60.0 3.3 
8.510 47.32 66.0 3.6 
8.700 47.66 38.0 2.1 
8.940 48.09 48.0 2.6 
9.280 48.70 68.0 3.7 
9.520 49.14 48.0 2.6 
9.620 49.32 20.0 1. 1 
9.950 49.91 66.0 3.6 

10.200 50.36 50.0 2.7 
10.350 50.63 30.0 1.6 
10.610 51.10 52.0 2.9 
10.680 51.22 14.0 .8 
10.900 51.62 44.0 2.4 

Continued 
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Drtll hole: DGER-3-Continued 
Date measured: 10/8/75 

D~th 
(m) 

DeP.th 
(ft) 

120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 
152.5 500.2 

Dril I hole: DGER-4 
Date measured: 9/14/76 

Depth 
(m} 

Depth 
{ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131 .2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311 .6 

100.0 328.0 
105.0 344.4 
110.0 360.8 
115.0 377.2 
120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 
152.5 500.2 

Temperature oc Of 
Geotherma I ~radi ent 
~C/km O =/100 ft 

11.270 52.29 74.0 4.1 
11.540 52.77 64.0 3.0 
11.820 53.28 56.0 3.1 
12.100 53.78 56.0 3. 1 
12.390 54.30 58.0 3.2 
12.680 54.82 58.0 3.2 
12.970 55.35 58.0 3.2 
13.120 55.62 60.0 3.3 

Temperature oc Of 
Geothermal gradient 
°C/km °F/100 ft 

3.270 37.89 .0 .0 
3.270 37.89 .o .o 
3.560 38.41 58.0 3.2 
3.720 38.70 32.0 1.8 
3.870 38.97 30.0 1.6 
4.000 39.20 26.0 1.4 
4.130 39.43 26.0 l.4 
4.260 39.67 26.0 1.4 
4.390 39.90 26.0 1.4 
4.520 40.14 26.0 1.4 
4.680 40.42 32.0 1.8 
4.820 40.68 28.0 1.5 
4.990 40.98 34.0 1.9 
5.160 41.29 34.0 1.9 
5.320 41.58 32.0 1.8 
5.600 42.08 56.0 3.1 
5.780 42.40 36.0 2.0 
6,060 42.91 56.0 3.1 
6.300 43.34 48.0 2.6 
6.550 43.79 50.0 2.7 
6.780 44.20 46.0 2.5 
6.980 44.56 40.0 2.2 
7.200 44.96 44.0 2.4 
7.460 45.43 52.0 2.9 
7.710 45.88 50.0 2.7 
7.970 46.35 52.0 2.9 
8.200 46.76 46.0 2.5 
8.460 4Y.23 52.0 2.9 
8.720 47.70 52.0 2.9 
8.950 48.11 46.0 2.5 
9.100 48.38 60.0 3.3 



Drill hole: DGER--4 
Date measured: 10/8/75 

Depth Depth 
(m) (ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311.6 

100.0 328.0 
105.0 344.4 
11 o.o 360.8 
115.0 Jn.2 
120.0 393.6 
125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 
152.7 500.9 

Drill hole: DGER-5 
Date measuredt 9/14/76 

Depth 
{m) 

Depth 
(ft) 

10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131. 2 
45.0 147.6 
50.0 164.0 

APPENDIX 49 

Temperature Geothermal gradient 
oc op ~C/km DP/100 ft 

4,620 40.32 .o .0 
3.720 38.70 -180.0 -9.9 
3.900 39.02 36.0 2.0 
4.030 39.25 26.0 1.4 
4. 160 39.49 26.0 1.4 
4.250 39.65 18.0 1.0 
4,370 39.87 24.0 1.3 
4.490 40.08 24.0 1.3 
4,620 40.32 26.0 1.4 
4.750 40.55 26.0 1.4 
5.000 41.00 50.0 2.7 
5,750 42.35 150.0 8.2 
5.870 42.57 24.0 1.3 
5.950 42.71 16.0 .9 
5,630 42.13 -64.0 -3.5 
5.740 42.33 22.0 1.2 
5.850 42.53 22.0 1.2 
6.085 42.95 47.0 2.6 
6.330 43.39 49.0 2.7 
6.550 43.79 44.0 2.4 
6.780 44.20 46.0 2.5 
6,970 44.55 38.0 2. 1 
7.220 45.00 50.0 2.7 
7.470 45.45 50.0 2.7 
7.720 45.90 60.0 2.7 
7.960 46.33 48.0 2.6 
8.210 46.78 50.0 2. 7' 
8.460 47.23 50.0 2.7 
8.710 47.68 50.0 2.7 
8.960 48.13 50.0 2.7 
9.110 48.40 55.6 3.0 

Temperature Geothermal gradient 
oc op ~C/km 0 P/100 ft 

5.930 42.67 .o .o 
6.110 43.00 36.0 2.0 
6.180 43.12 14.0 .8 
6.240 43.23 12.0 .7 
6.330 43.39 18.0 1.0 
6.440 43.59 22.0 1.2 
6.550 43&79 22.0 l.2 
6.710 44.08 32.0 l.8 
6.900 44.42 38.0 2.1 

Continued 
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Drill hole: DGER-5-Continued 
Date measured: 9/14/76 

Depth 
(m) 

Depth 
(ft) 

55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311 .6 

100.0 328.0 
105.0 344.4 
110.0 360.8 

T emperoture oc OF 
Geothermal gradient 
~C/km °F/100 ft 

7.070 44.73 34.0 1.9 
7.300 45.14 46.0 2.5 
7.440 45.39 28.0 1.5 
7.670 45.81 46.0 2.5 
7.900 46.22 46.0 2.5 
8.160 46.69 52.0 2.9 
8.350 47.03 38.0 2. 1 
8.530 47.35 36.0 2.0 
8.710 47.68 36.0 2.0 
8.910 48.04 40.0 2.2 
9.170 48.51 52.0 2.9 
9.450 49.01 56.0 3.1 

Total depth of 150 m not reached because of blockage. 
See temperature-depth log of 10/9/75. 

Drill hole: DGER-5 
Date meos1.:red: l 0/9/75 

Depth 
(m) 

Depth 
(ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
60.0 196.8 
65.0 213.2 
70.0 229.6 
75.0 246.0 
80.0 262.4 
85.0 278.8 
90.0 295.2 
95.0 311 .6 

100.0 328.0 
105.0 344,4 
110.0 360.8 
115.0 377.2 
120.0 393.6 

Temperature oc Of 
Geothermal gradient 
°C/km ° F /100 ft 

6.970 44.55 .0 .o 
6.230 43.21 -148.0 -8.1 
6.230 43.21 .o .o 
6.290 43.32 12.0 .7 
6.340 43.41 1 o.o .5 
6.420 43.56 16.0 .9 
6.520 43.74 20.0 1.1 
6.620 43.92 20.0 1.1 
6.750 44.15 26.0 1.4 
6,930 44.47 36.0 2.0 
7.110 44.80 36.0 2.0 
7.290 45.12 36.0 2.0 
7.480 45.46 38.0 2.1 
7,690 45.84 42.0 2.3 
7.940 46.29 50.0 2.7 
8.250 46.85 62.0 3.4 
8.370 47.07 24.0 1.3 
8.550 47.39 36.0 2.0 
8.740 47.73 38.0 2.1 
8.960 48.13 44.0 2.4 
9.200 48.56 48.0 2.6 
9.460 49.03 52.0 2.9 
9.780 49.60 64.0 3.5 
9.960 49.93 36.0 .o 

Continued 



Dril I hole: DGER-5-Contlnued 
Date measured: 10/9/75 

DeP.th 
(m) 

D!i!P.th 
{ft) 

125.0 410.0 
130.0 426.4 
135.0 442.8 
140.0 459.2 
145.0 475.6 
150.0 492.0 

Drill hole: DGER-6 
Date measured: 9/14/76 

Depth 
(m) 

Depth 
(ft) 

5.0 16.4 
1 o.o 32.8 
15,0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131. 2 
45.0 147.6 
50.0 164.0 
55.0 180.4 

Drill hole: DGER-6 
Date measured: 10/8/75 

Depth 
(m) 

Deth 
( t) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
30.0 98.4 
35.0 114.8 
40.0 131.2 
45.0 147.6 
50.0 164.0 
55.0 180.4 
55.7 182.7 

APPENDIX 51 

Temperature Geothermal gradient oc OF ~C/km °F/JOO h 

10.230 50.41 54.0 .o 
10.500 50.90 54.0 3.0 
10.750 51.35 50.0 2.7 
11.010 51.82 62.0 2.9 
11.250 52.25 48.0 2.6 
11.500 52.70 50.0 2.7 

Temperature oc Of 
Geothermal gradient 
°C/km °F/100 ft 

2.600 36.68 .0 .0 
2.610 36.70 2.0 • 1 
2.630 36.73 4.0 .2 
2.620 36.72 -2.0 - .1 
2.640 36.75 4.0 .2 
2.690 36.84 10.0 .5 
2.720 36.90 6.0 .3 
2.740 36.93 4.0 .2 
2.750 36.95 2.0 .1 
2.730 36.91 -4.0 -.2 
2.710 36.88 -4.0 -.2 

Temperature 
oc OF 

Geothenna I gradient 
°C/km °F/100 ft 

3.320 37.98 .o .o 
2.680 36.82 -128.0 -7.0 
3.050 37.49 74.0 4. 1 
3,030 37.45 -4.0 -.2 
2.980 37.36 -10.0 -.5 
3.020 37.44 8.0 .4 
2.940 37.29 -16.0 -.9 
3.200 37.76 62.0 2.9 
3.210 37.78 2.0 • 1 
3.050 37.49 -32.0 -1.8 
2.940 37.29 -22.0 -1.2 
2.930 37.27 -14.3 -.8 
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Drill hole: DGER-7 
Date measured: 9/14/76 

Def)th 
(m) 

Depth 
(ft) 

10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 

Drill hole: DGER-7 
Date measured: 10/8/75 

Depth Depth 
(m) (ft) 

5.0 16.4 
10.0 32.8 
15.0 49.2 
20.0 65.6 
25.0 82.0 
28.6 93.8 

Temperature oc OF 
Geothermal gradient 
~C/km ° F /l 00 ft 

2.840 37.11 .0 .0 
2.850 37.13 2.0 . 1 
3.240 37.83 78.0 4.3 
3.550 38.39 62.0 3.4 

Temperature Geothermaf 9radient oc Of 0(/km Of/100 ft 

6.580 43.84 .0 .o 
5.160 41.29 -234.0 -15.6 
3.080 37.54 -416.0 -22.8 
3.360 38.05 56.0 3. 1 
3.630 38.53 54.0 3.0 
3.810 38.86 60.0 2.7 
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