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INTRODUCTION

Most of the currently active volcanoes are associated with

volcanic arcs which form over subducting slabs of lithosphere

in plate collision areas. Large stratocone volcanoes of gen-

erally andesitic composition are typically associated with these

active volcanic arcs, although extrusions of basaltic composi-

tion are probably more volumetrically important. Along the

western Pacific there is an almost continuous string of volcanic

arcs associated with subducting slabs of lithosphere. Along

the western margin of the North American Continent the subduc-

tion is more fragmented than in the western Pacific; however,

there are several distinct regions where volcanic arcs are

developed. These regions are the Aleutian arc of Alaska, the

Cascade Range of the northwestern United States, the trans-

Mexico volcanic belt in Mexico, and the Central American vol-

canic arc. Active subduction is definitely occurring at the

first and last of these areas, as evidenced by large numbers

of intermediate and deep focus earthquakes generated within

the cold sinking block of lithosphere. Along southwestern

Mexico there are numerous earthquakes of intermediate focal

depth which generally line up to indicate a slab with a very

shallow dip.

On the other hand, in the Pacific Northwest, there are no

intermediate or deep focus earthquakes, so direct seismic

evidence for the existence of a subducting slab does not exist.

However, the deepest earthquakes in the conterminous United

States ( 60 km) are associated with the Puget Sound area of
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northwestern Washington, and so apparently the tectonic situa-

tion must be different in some way from the remainder of the

western United States. Moreover, based on the evidence of

abundant volcanism in the Cascade Range, and the present-day

existence of many large stratocone volcanoes which would be

rapidly removed by erosion, it is apparent that subduction has

been active in the Pacific Northwest within the past few thou-

sand years. Subduction may be continuing, but at a low level

or with the block too hot to generate earthquakes.

Although extrusive rocks of basaltic composition often

are volumetrically dominant in the volcanic arcs associated

with subduction zones, the associated intrusive rocks are domi-

nantly of granitic composition. Thus, it is felt that geo-

thermal systems are more likely to be associated with volcanic

rocks of andesitic to rhyolitic composition where the magmas

are more viscous and more likely to solidify as intrusive rocks

rather than proceed to the surface and be extruded ( see Smith

and Shaw, 1975). By cooling below the surface, more thermal

energy is transferred into the shallow crust and hydrothermal

convection systems are more likely to be formed. In fact, epi-

zonal plutons probably cool dominantly, if not completely, by

hydrothermal convection rather than conduction.

Around the world, many geothermal systems are associated

with andesite volcanoes. In particular, several of the geo-

thermal systems in Japan, such as Matzukawa and Otaki , are

associated with stratocone volcanoes. In Central America, the

geothermal fields at Ahuachapa'n, El SAlvador; Mombotambo,

Nicaragua; and in Costa Rica are also associated with stratocone

196
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volcanoes and are currently producing or will soon produce

electrical power. Therefore, the Cascade Range of the Pacific

Northwest represents an obvious focus for geothermal explora-

tion. However, in spite of the abundant evidence of voluminous

volcanism of variable composition in the Cascade Range, ther-

mal manifestations are much more subdued than those typically

associated with the island arcs. The only thermal manifesta-

tions which appear major from their surface evidence are asso-

ciated with Mt. Lassen, in northern California. The remainder

of the andesite volcanoes in the Cascade Range display only

weak evidence of hydrothermal activity, although most of the

volcanoes have vent fumaroles and have been historically active.

The overall thrust of this project was to investigate the

geothermal potential of the Mt. Hood volcano as a guide to

estimating the geothermal potential of other stratocone vol-

canoes in the Cascades. The assumption was made, therefore,

that Mt. Hood represents a typical stratocone volcano and that

the information obtained in the study of Mt. Hood could be

transferred to other stratocone volcanoes in the western

United States. A location map showing the Cascade stratovol-

canoes is given in Figure 1. In view of the generality of the

approach, part of the research carried out in the project was

a more generally-oriented study of thermal effects of magma

chamber systems associated with stratocone volcanoes and of

regional heat flow in the Cascades.

The report is essentially divided into three sections.

In the first section, some examples of sdmple cooling models

of different shapes of magma chambers that might be associated
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Figure 1.
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with stratocone volcanoes are discussed. These simple models

are calculated in order to investigate the effects of different

geometry on the total heat transfer of the system, rate of

cooling, and volcanic recurrence times necessary to keep the

crust hot.

In the second section, a description of a detailed study

of the Western Cascade-High Cascade boundary in the Western

Cascade province is discussed along with the results of heat

flow studies along the eastern boundary of the Northern Cas-

cade Range of Oregon. These studies are presented here for

completeness and for comparison with the data obtained in the

Mt. Hood region.

The final section is a discussion of the heat flow in the

vicinity of Mt. Hood, including near-regional exploration holes,

and deep exploration holes at Timberline Lodge and at Old Maid

Flat at the foot of the Mt. Hood volcano.
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THERMAL MODELS OF MAGMA CHAMBERS WITH

SPECIFIC APPLICATIONS TO STRATOCONE VOLCANOES

Introduttion

A number of different models for the cooling of magma

chambers have been discussed in the literature. Most of the

models have included discussion of the cooling of a magma

emplaced instantaneously at constant temperature, with subse-

quent cooling from this constant initial temperature ( Jaeger,

1963, 1964; Blackwell and Baag, 1974; Lachenbruch and others,

1976 ). In these models, the magma is assumed to cool conduct-

ively once it is in place, and no modifications are included

to allow for possible convection in the magma during cooling,

permeation of water through the cooling country rock or soli-

dified intrusive rock, or any complexities that might be invol-

ved with emplacement of a major magma chamber. In the simplest

form, the model predicts that the country rock temperature in

contact with the magma chambers never reaches a temperature

greater than 0.5 Tm'' where Tm is the melt temperature. This

model is referred to as the instantaneous model.

Another simple conduction model for magma chamber evolu-

tion assumes emplacement of the magma at some time and its

subsequent maintenance as a magma chamber over a long period

of time. In this case, the rock in contact with the magma will

eventually be heated up to the magma temperature. This model,

the continuous mode, would be more appropriate for a long-lived

magma chamber into which batches of magma were repeatedly

emplaced or, for moderate times at least, a very large convecting



magma chamber. Of course, at some time such a chamber must

eventually begin to cool off, but there is geological evidence

that many magma chambers are resupplied by magma and thus can

maintain a liquid zone over a long period of time relative to

the cooling period of the instantaneous model.

If the magma chamber is maintained for an extreme period

of time, the thermal effects eventually reach a steady-state.

Ultimately, of course, the magma must start to cool off. Yuhara

(1974) has presented some steady-state models of a linear vol-

cano with a plane (vertical) source magma chamber. He illus-

trates the temperature for such a model for different depths

to the plane source.

In general, the geological evidence indicates that most,

if not all, magma chambers emplaced in the epizonal region of

a crust ( 1-5 km ) actually cool dominantly by convection of

heated ground water through the cooling rock in a hydrothermal

system. Very seldom is it likely that a large magma chamber

would cool conductively. However, analysis of the rate of

heat transfer in typical geothermal systems suggests that typi-

cal efficiency of convective cooling is not particularly great;

the heat transferred by a convection system being on the order

of two·to ten times the rate of heat loss by conductive cooling

alone. So the average heat loss for convective cooling as con-

trasted with conductive cooling of an active magma chamber might

be·estimated to be on the order of five.

Basic Model Shapes

Figure 2 shows a topographic cross-section along an

201
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approximately east-west line through Mt. Hood. This cross-

section has equal horizontal and vertical scales. Also shown

on the volcano are the locations and scaled depths of two rela-

tively deep exploratory holes which have been drilled for geo-

thermal studies.

Mt. Hood is a typical stratocone volcano. It has a relief

of about 1.5 km and a radius of 5 km, giving an approximate sur-

23
face area of 80 km and a volume of 40 km . The geology of the

volcano has been discussed by Wise ( 1968). Most of the volcano

was formed in late Pleistocene, and a major eruption which

formed most of the south flank of the volcano occurred about

1,600 years ago. The most recent major activity has been dated

at about 220 years ago ( Crandell and Rubin, 1977 ). The volcano

was in minor eruption between 1848 and 1865, according to

newspaper accounts. There is an active fumarolic system near

the top of the volcano, but only a "single" thermal spring

with several orifices is associated with the volcano ( Swim

Spring). The spring is along the southern edge of Mt. Hood.

In the discussion of the conductive cooling of magma cham-

bers, two basic shapes will be considered ( Figure 3 ). The

first is a parallelepiped with infinite extent in the Y dir-

ection, a width equal to 2A, and a thickness equal to L,

emplaced at a constant initial temperature ( T•), and at a depth

D below the surface. This particular model might apply to a

linear magma chamber, such as might exist if several strato-

cone volcanoes coalesced, or to a dike or sheet-like magma

chamber. This sort of model might apply if there is a large

regional magma chamber associated with the entire Cascade Range,

�036.
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rather than individual magma chambers associated with each

stratocone volcano.

The other basic shape investigated is a cylinder that

is considered to be buried at a depth D, to have a radius A,

and a thickness L. This model would be more typical of a

single magma chamber associated with a volcano, a volcanic

pipe, or a very large circular magma chamber which might

underlie several adjacent volcanoes. For example, it has been

suggested by LaFehr (1965) that a single magma chamber may

underlie the Medicine Lake Highland and Mt. Shasta area in

California.

Comparing the two geometries, A is the half-width of the

slab, or the radius of the cylinder; L is the thickness of the

body; D is the depth of the top of the body from the surface;

T is the initial temperature ( assumed constant) of the body.
0

In all the solutions, the medium is assumed to be homogeneous

and to have constant thermal conductivity not dependent on tem-

perature. In the solution, the magma is assumed to have the

same thermal conductivity as the country rock. Intrinsically,

although both are two-dimensional, a slab will have a larger

heat content than a cylinder for equal values of A and D, and

therefore will tend to cool more slowly.

In addition to the two types of geometry, two different

models of magma chamber behaviors were calculated. The first

of these is the instantaneous model discussed above, where

emplacement of the magma at a given temperature takes place at

a certain time and conductive cooling occurs subsequent to

this emplacement. For the second set of models, the continuous



models, the magma is assumed to be emplaced at a constant tem-

perature, and the boundary of the magma chamber is assumed to

remain at this temperature for subsequent time so that the

whole half-space is heated by the magma chamber.

In certain of the cases, a plane boundary above the magma

chamber has been assumed so that a half-space solution applies.

In several of the solutions for the cylinder, the effect of

topography has been included so that the effect of the topo-

graphic edifice of the volcano on top of the magma chamber can

be examined. In these models, the results have been illustrated

for certain characteristic locations along the surface such as

the apex of the volcano (A), the center of the slope ( S), the

toe ( T), and the plane surface (F), as illustrated in Figure 4.

Plane Surface Instantaneous Magma Chamber Models

The plane surface instantaneous models are the simplest of

the solutions and in the rectangular case have been discussed

by many authors (Carslaw and Jaeger, 1959; Simmons, 1967; Black-

well and Baag, 1974; Lachenbruch and others, 1976 ). Some results

for a spherical source and for a cylindrical source have been

discussed in the literature ( Carslaw and Jaeger, 1959; Riti-

taki, 1959; Blackwell and Baag, 1974 ). The object of this set

of models is to show the relationship between heat flow, depth

of burial, and cooling time. All solutions in this section can

be calculated analytically from the results given by Carslaw

and Jaeger ( 1959).

Throughout all these models, for consistency, certain shape

parameters have been assumed to be constant. These have been

206
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given the dimensions of kilometers, but they can be scaled by

the conduction length parameter (Lachenbruch and others, 1976 ).

The assumed values of the parameters are shown in Table 1.

Some sample results for the instantaneous models are shown in

Figure 5. In all of these models the heat flow at the time of

maximum surface heat flow over the apex of the magma chamber

is illustrated. Results for both the rectangular and the

cylindrical models are shown. The distance is measured from

the center line or center point of the body.

The assumed emplacement temperature for these models is

800 ° C. This temperature is approximately typical of rhyolitic

magmas. The actual temperature associated with an andesitic

magma might be somewhat higher ( 1000 ° C ), particularly if the

effect of latent heat were included. It is a simple matter to

scale the heat flow to any assumed T•, however, as it is merely

a matter of multiplying the heat flow shown on the ordinate by

the ratio of the assumed T to 800 ° C.
0

Some points of interest from these solutions are that in

the case of the neck model, where the magma chamber approaches

within 100 m of the surface, there is a significant difference

between the heat flow associated with the cylindrical neck

model and the rectangular neck model. This difference is pri-

marily because of the much larger volume associated with the

rectangular chamber. It is also apparent that these anomalies

are quite limited in lateral extent. The width of both bodies

is assumed to be 500 m and their depth of burial is assumed to

be 100 m. The time of maximum heat flow associated with the

bodies is approximately 2,000 years in both cases.
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Radius (A)

Thickness (L)

Depth (D)

TABLE 1

VALUES OF PARAMETERS FOR

THERMAL MODELS OF MAGMA CHAMBERS

Magma Chamber Type

Neck Shallow

0.25 km

10.0 km

0.10 km

Thermal conductivity

Thermal diffusivity

1.5 km

3.0 km

1.0 km

Deep

25.0 km

10.0 km

10.0 km

= 5 mcal/cm-sec-°C

2
= 0.01 cm /sec
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As the magma chamber becomes deeper and larger, the dif-

ference in heat flow, at the time of maximum heat flow, between

the cylinder and the rectangular model chambers becomes less,

until in the case of the largest magma chamber modeled ( where

the depth of burial is 10 km and the half-width, or radius,

is 25 km) there is no significant difference between the two

anomalies. Also illustrated is the dramatic effect of the

depth of emplacement on the maximum heat flow value. Obviously,

the cooling times are quite different; the cooling time for

the large deep magma chamber is increased by a factor of over

100 compared to the shallow magma chamber, and over 500 com-

pared to the neck model. In general, the cooling times are

rather short geologically and, for deep chambers, the increase

in heat flow is rather modest. For the rectangular plane sur-

face model, a more complete set of heat flow-versus time

curves are given by Lachenbruch and others ( 1976).

More Realistic Models

In order to obtain solutions for magma chamber models in

addition to the simple analytical solutions available, a fin-

ite difference program was written for transient-radial heat

conduction problems. Using this finite difference model, solu-

tions were obtained that included a model surface shape based

on the topographic profile of Mt. Hood ( Figure 2 and Figure 4,

boundary V). The heat flow effects were calculated at the

surface for both instantaneous and continuous models for "neck"

and "shallow" magma chambers under the apex of the volcano, of

the characteristic dimensions shown in Table 1. A solution
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was calculated for both cylindrical and rectangular coordinate

geometry volcanoes and magma chambers, although the rectangular

results are not discussed here. These types of solutions are

illustrated schematically in Figure 6 for the "shallow" magma

chamber model. The boundary labeled V in Figure 4 was used

with the magma chambers placed below V according to the values

of parameters given in Table 1.

Because the deepest magma chamber ( Table 1 ) generates a

more regional anomaly, rather than a local anomaly, discussion

is focused in this and subsequent sections of this chapter on

the two smaller magma chamber models calculated. The "shallow"

model might correspond to a single magma chamber associated

with an individual andesite volcano. The second solution

( "neck" model ) might be more characteristic of conditions

associated with emplacement of a narrow neck or central magma

chamber along the conduit of a volcano.

Shallow Magma Chamber

The dimensions of the magma chamber assumed in this dis-

cussion are given in Table 1. All models are assumed to be

cylindrical, except for model 2 in Figure 6 ( the slab model ).

The two contrasting types of heat conduction solutions, instan-

taneous and continuous, are shown for the shallow magma cham-

ber model with both the volcano-surface and the plane-surface

topography. The results for heat flow-versus-distance at the

time of maximum surface heat flow for the models are shown in

Figure 6. In Figure 6, the "plane" and "volcano" surface

models refer to solutions using a cylindrical magma chamber.
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On the other hand, the slab model refers to a solution with a

plane surface and an infinite rectangular magma chamber. The

times indicated in the figure are the times of maximum surface

leat flow associated with the instantaneous magma chamber and

the maximum run time for the continuous magma chamber model.

The horizontal distance shown in Figure 6 is measured from the

apex of the volcano and/or the center of the magma chamber.

Curve 1 (Figure 6 ) is the maximum heat flow curve for the

instantaneous plane magma chamber discussed previously, and

curve 4 represents the heat flow for the continuous plane magma

chamber at an age of 25,000 years. The continuous magma cham-

ber has essentially reached its equilibrium heat flow in the

center part of the anomaly, although the solution has still

not reached equilibrium at distances of 2-4 km away from the

center line. The maximum heat flow for the continuous ( as

opposed to the instantaneous) model differs by a factor of

slightly over two. Similarly, the continuous plane solution

has a much higher heat flow at any distance away from the

magma chamber because of the continuous heat input of the

replenished or convecting magma chamber. Thus, at any given

period of time, the total heat output of the continuous magma

chamber will exceed by a minimum of two times the maximum heat

output of the instantaneous solution. Over the area of the

magma chamber, this heat output might average a maximum of

approximately 10 HFU for the instantaneous model, and 20-30

HFU for the continuous model illustrated.

The slab solution is essentially equivalent in dimensions

to the instantaneous plane solution, except that the magma
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chamber is assumed to be infinite in the Y axis direction

instead of radially symmetrical. As noted previously, the

heat flow is greater for the rectangular model due to the

greater volume of magma involved. However, the characteristic

cooling time and temperatures are not appreciably different

for models 1 and 2 ( Figure 6 ).

Very different results are obtained for the heat flow

associated with conductive cooling of a magma chamber beneath

a volcanic edifice. In this particular solution ( curves 3

and 5, Figure 6 ) the times of maximum heat flow are much de-

layed because of the greater average distance between the

magma chamber and the surface. Furthermore, the mean heat

flow is decreased because of the much larger surface area over

which the heat is dissipated in the volcano model, as opposed

to the plane surface magma chamber. For these models, the

maximum heat flow is associated with the edge of the volcanic

edifice. Even for the continu6us magma chamber, heat flow

values are relatively modest compared to those associated with

the cylindrical magma chamber beneath the plane surface. Part

of this effect is due to the topographic effects of the vol-

cano, and part is due to the greater effective depth of burial.

Of course, if the magma chamber were larger or shallower than

that assumed, then higher heat flow values would be associated

with the volcanic edifice than with the areas at the toe of

the volcano. There are many different solutions that might

be developed, and the object is discussion of only a few typi-

cal examples.

Heat flow-versus-time curves are shown in Figure 7 for
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the continuous shallow cylindrical magma chamber model. Heat

flow-versus-time curves are shown for various positions along

the surface, keyed to the letters in Figure 4. In the case of

the instantaneous model, the heat flow builds up rapidly and

decays over a longer period of time. The times of maximum

heat flow for the particular models described are given in

Figure 6. In the case of the cylindrical continuous shallow

magma chamber model ( Figure 7 ), the heat flow builds rapidly

over the first 10,000-50,000 years of the existence of the

chamber to a maximum value ( and constant heat flow) after the

initial increase. The calculated heat flow continues to rise

at larger distances from the volcano for 50,000-100,000 years,

but the values are never particularly large.

These models indicate that if the heat transfer is primar-

ily by conduction, then a period of some tens of thousands of

years is required to heat up the volcano from a relatively

local magma chamber below the volcano. The maximum heat flow

values will be observed along the lower slopes of the volcano.

Figure 8 shows isotherms associated with the continuous

and the instantaneous shallow cylindrical magma chambers after

a period of approximately 38,000 years. The assumed thermal

properties are shown in the figure. A comparison is made be-

tween the temperatures for the instantaneous cooling solution

and the continuous solution. No regional background gradient

has been added to these temperature data, so the actual tem-

perature would be slightly higher in proportion to the depth

and the background geothermal gradient. After this period of

time, temperatures in the volcanic edifice have essentially



Figure 8. Isothermal cross-section map of the volcanic edi-
fice<for the shallow magma chamber model. The
continuous model isotherms are on the left side
of the volcano apex, and the instantaneous model
isotherms are on the right side of the volcano
apex. A portion of the shallow magma chamber is
indicated by the shaded area at the bottom of the
figure.
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reached a steady-state for the continuous model; and for the

instantaneous model, temperatures are well on their way to

complete cooling, as indicated by the low temperatures.

Continuous Neck Magma Chamber Model

The final configuration discussed is the solution for a

small neck type of magma chamber associated with a plane sur-

face or with a volcano. The heat flow as a function of time

at characteristic positions along the surface is shown in

Figure 9. The solid lines are the heat flow values associated

with the neck beneath a plane surface, while the dotted lines

are the heat flow values associated with emplacement of the

neck within a volcanic edifice (note difference in scales).

The spreading effect of the volcano surface is again

apparent in the heat flow, as indicated by the factor of five

difference in heat flow values associated with the magma cham-

ber beneath the plane surface and the magma chamber beneath

the volcano. Of course, the time to reach steady-state is

relatively short for the magma chamber within the volcano, be-

cause of proximity to the surface. On the other hand, it takes

some time for the effect to build up along the slope of the

volcano. The heat flow never reaches significant values at

the edge of the volcano. The instantaneous cooling of the

plane surface and volcano magma chamber is also shown. In both

cases, the heat flow anomaly has decayed significantly in a

period of 2,000-3,000 years after emplacement. Significant

heat flow is not seen along the slopes and flanks of the vol-

cano.



P·rtrt(no'•1[nop-m5 m 100 P.C C D mIn viNW N,£1 MNO]Wrt m »MC»h<;rtrtW <004000¤00 0](DOMO 1-h(to 10'0 0 (-1- 1-10 0•0 4 000Orte :3�042OMO�2540 40 rta, 1-11 (D (D Io W o :YO 0<C 0 1-3rt·InCOCO Y CO rt·D-D-#3-ttl timCNO•NO 01-rtu p. 4WCHrtH,cOr,InC:=1:30-004100 0,1tiOrtmWI-'1-1, rtO W W »' 0 0 0 1•·N rn'01 *WMOM»D.Y.»1 D 00(-1-WWOJAJOO<;rttro H (D 0 5 - RI P· OW (D H (D M5C1-'IO rt XY·CMO p·corticti 10 00<•00'0 C Wk< CCOtsweurl-M (D W m COrl- 03"1-hI-'flprt(D(DAJ(D '001-1,0 W. Oil,rl-ONO90 1--h(Drl-00)040 P. H. *'( 01-BLQD"Wrtrt rtEll a Va w F WH. S VNWN 1-'alm 000- 4 0 4 0 F aO 0 01 1 1-101 e Q-cn C 0 0] O W 1-'k<0"0'OF·hrte rn H
ONION•rt.0. ¤.
1-'fl M..D'Mp fl
A /0.0 - m "Mgo
»Bil'0 4 5 2(two06 0 p HIP p 91F (D P 0, D W (D Pm NCI] C�042rt rt rl-N0-1 M- 7 00 00

411-1.laCN(D

1-
<
LLI
I

.-'

• 40

3,
0
-1
LL 30

i
1

1
-1

l
l

4 6
20- A."

=1 -- -- + \/\

- -At
,C

CYLINDRICAL

INSTANTANEOUS-CONTINUOUS
NECK MODEL

PLANE SURFACE
-----VOLCANO

-/
- *-.....ieir

--- -I. JJC
Tr=ji==437==

20
111 1-6- « 1
3 4 5 '6 7 8910

TIME x 1000 YRS

_6--r- I i i 1 I I _
30 40 50 60 70 8090

I
m

-8>
«
31
r-

-60

7

-4 •
-

0- 0
12

toto0

70 14

<D.
60 12

- --50 ,%/ 10././
*I

I
l

t

I. \ I.
\10

0 2
...

-

I



221

The continuous neck model is reasonable only if the rate

of occurrence of volcanism is rapid enough to cycle magma along

the neck and thus to maintain a high temperature. Based on

these solutions, it would appear that the recurrence of extru-

sive events would have to be less than 1,000-2,000 years if

the axis of the volcano is to be kept at near-magma tempera-

tures.

Discussion

The magma chamber models herein presented are highly ideali-

zed and the purpose of the following discussion is to briefly

summarize their applications to the problem of geothermal

resources associated with a stratocone volcano. In order to

have a commercially attractive geothermal prospect, two things

are needed: (1) high temperature, and (2) fuild flow suffi-

cient to allow generation of economic amounts of power. The

minimum heat loss that might be associated with an economic

geothermal system is somewhere between 5 x 106 and 10 x 106

cal/sec. For a volcano such as Mt. Hood, with a radius of

approximately 5 km and a total basal area of approximately 50

2
km , a mean heat flow, or thermal extraction rate, of 10-20

HFU would be required to maintain such a geothermal system.

Furthermore, as discussed above, the rates of cooling of magma

chambers associated with hydrothermal convection are probably

greater by a factor of two to ten times than those associated

with conductive cooling. Thus it is obvious that a single

batch of magma, which might be approximated by the instantan-

eous conductive cooling model, would not be sufficient to
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generate a very long-lived hydrothermal system, and the cool-

ing of a magma chamber associated with a stratocone volcano

( and of the same order of dimensions ) would take place in less

than a few thousand years.

It might appear that the application of the plane models

to the stratocone volcano is somewhat questionable. However,

one approach to modeling the cooling of a magma chamber asso-

ciated with a stratocone volcano might be to assume that, for

thermal purposes, the actual edifice of the volcano does not

exist. Typically, the volcano edifice is composed of an alter-

nating series of ashes and blocky flows, with a large hori-

zontal permeability. Furthermore, these volcanoes are typi-

cally large topographic features and thus are subject to

relatively high rainfall. Large amounts of meteoric water

which are transferred into the subsurface along porous units

tend to flow out at the edge of the volcano. Water flow may

be so rapid as to prevent any appreciable heating of the vol-

canic edifice, or to confine heating to areas which have been

hydrothermally altered where permeability has been significantly

decreased. In a simple model, where the fluid flow is very

high, the bottom of the aquifer could be treated as an upper

boundary condition of constant temperature in the conductive

solution, instead of treating the volcano surface itself as a

constant temperature boundary. Therefore, the heat flow for

the plane boundary model might approximate the amount of heat

input from a magma chamber beneath the volcano into the cir-

culating groundwater system.

It would appear, then, that if significant geothermal
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systems are associated with andesite volcanoes, then either

larger instantaneous magma chambers than those modeled are

required, or volcanism must recur over a considerable period

of time, so that the continuous solutions give a better esti-

mate of potential heat transfer into the hydrothermal system.

While a neck type of magma chamber is capable of trans-

mitting a large amount of heat into the volcanic edifice, it

is relatively short-lived and a recurrence time of a few hun-

dred years would be required for enough heat input from a neck

type magma chamber to drive a hydrothermal system of any signi-

ficance within the edifice of the volcano.

A somewhat more deeply buried magma chamber typical of

the shallow magma chamber model could, if replenished over

periods of a few thousands of years, easily impart the amount

of heat required to drive significant geothermal systems. The

presence of the volcano surface, as well as the probable flux

of groundwater associated with the topographic features of the

volcano, serve to indicate that whatever the shape of a magma

chamber beneath a stratocone volcano, the maximum heat loss·

will probably be located along the lower slope of the volcano.

Unless a magma chamber actually penetrates into the volcano

itself, it is unlikely that significantly high temperatures

will be associated with the upper part of the edifice. The

general locations of thermal manifestations associated with

stratocone volcanoes are usually near the outer edges of the

volcanic carapace. The localization of the manifestations may

be controlled by several different mechanisms, such as ring

structures, etc. However, it appears that both the hydrologic
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and the conductive heat loss models are consistent with such a

localization, except in cases where the volcano has been active

enough to thoroughly heat up its cone.
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REGIONAL HEAT FLOW IN THE

NORTHERN CASCADE RANGE OF OREGON

Regional Heat Flow Setting

The heat flow associated with the stratocone volcanoes in

the Cascade Range can only be understood with respect to the

regional background setting of heat flow in and around the

Cascade Range itself. For several years DOGAMI and SMU have

been involved in a systematic program of exploring the geother-

mal character of the Northern Cascade Range in Oregon. The

studies have included location and logging of free holes in

the Willamette Valley-Western Cascade Range areas during 1976;

a drilling program involving 15 holes in the Western Cascade

and High Cascade Range provinces during 1976; a free hole study

of heat flow along the eastern margin of the High Cascade Range

and the western portion of the Deschutes-Umatilla Plateau pro-

vince in 1977; and regional investigation of heat flow around

Mt. Hood in 1978. In addition, during 1977-79, a heat flow

evaluation of deep holes drilled in the vicinity of, and on,

Mt. Hood has been part of the program. In this section region-

al heat flow in the Northern Oregon Cascade Range, exclusive

of the Mt. Hood region, will be discussed. Most of these data

were obtained during 1976-77, but have not been summarized in

any readily available report. Qualitative results have been

discussed by Blackwell and others ( 1978).

A generalized heat flow map of Oregon based primarily on

the data by Blackwell and others ( 1978), and updated using the

data from Table 2, is shown in Figure 10. All of the heat flow



TABLE 2. Thermal and location data in the Northern Cascade Range of Oregon.

Location

3N/12E-32cd

2N/12E- 6bb

2N/12E-16cba

2N/llE-20ab

2N/ 9E-29ad

2N/12E-30ad

2N/ 1W-32bb

2N/ 7E-31bd

2N/13E-31cd

1N/ 9E- lac

1N/ 2E-24da

1N/ 1W-25bc

1N/ 2E-29da

1N/ 3E-33ad

1N/ 6E-31cd

lS/1OE- 9bc

lS/13E-20da

lS/1OE-29ca

N Latitude

45° 41.8'

45 ° 41.4'

45 ° 39.5'

45 ° 38.8'

45 ° 37.8'

45 ° 37.7'

45 ° 37.2'

45 ° 36.8'

45 ° 36.7'

45 ° 36.2'

45 ° 33.3'

45 ° 32.6'

45 ° 32-4'

45 ° 31.7'

45 ° 31.2'

45° 29.8'

45 ° 28.1'

45 ° 27.1'

W Longitude

121 ° 20.7'

121 ° 22.6'

121 ° 19.8'

121° 28.1'

121 ° 42.8'

121° 21.4'

122 ° 50.6'

121 ° 59.8'

121° 14.7'

121° 38.1'

122 ° 30.0'

122° 45.6'

122 ° 34.9'

122 ° 26.0'

122 ° 7.0'

121°33.8'

121° 11.8'

121° 34.8'

Collar

Elevation

53.20 m

85.10

380.00

629.30

1146.00

457.30

282.70

536.70

279-70

267.50

4.60

326.80

62.30

60.50

743.70

560-00

354.00

725.40

20.0

10.0

100-0

60.0

20.0

0.0

50.0

90.0

0.0

60.0

70.0

160.0

130.0

Depth

Interval

67.5

80.0

185.0

120.0

120.0

200.0

150.0

175.0

175.0

95.0

150.0

230.0

330-0

10.0 - 25.0

50.0 - 135.0

Avg. Thermal

Conductivity Corrected

[standard error] Nt Gradient

3.8

3.8

3.8

2.8

4.15

[0.92]

3.8

3.8

3.79

[0.14]

3.8

3.8

4.8

3.8

3.0

3.0

3-70
[0.27]

3.50

4.38

[0.20]

3.8

46.0

28.0

34.0

37.0

39.0

25.0-32.0

5 42.2

52.0

64.0

27.0

23.0

6 32.1

1 37.3

5 256.0

41.9

1.7

1.1

1.3

1.0

**

1.5

1.1

1.6

Corrected

Heat Flow Quality

2.0

2.4

1-3

0.9

1.0

1.1

**

9.5

1.4

2S/15E- 3bb 45 ° 25.9' 120° 55.5' 793.40 10.0 - 55.0 39.0 1.5 B t;

B

B

A

B

3

A

B

A

B

C

B

B

A

A

C

B

5



Location

2S/llE- 6aad

2S/ 4E-18dda

2S/ BE-15cd

2S/ 8E-17cc

2S/ 4E-16cd

2S/ 2E-20bd

2S/ 6E-24ca

2S/ 7E-34bb

2S/13E-36cd

3S/ 6E- 3a

3S/llE- laa

3S/ 9E- 6dd

3S/ 9E- 7ab

3S/14E- 7dc

3S/ 8E-16cd

3S/ BE-24bbd

3S/84E-25aa

N Latitude

45 ° 25.7'

45 ° 23.5'

45 ° 23.5'

45 ° 23.3'

45° 23.4'

45 ° 22.8'

45 ° 22.8'

45 ° 21.5'

45 ° 20.9'

45 ° 20.6'

45° 20.6'

45° 19.9'

45 ° 19.7'

45 ° 19.0'

45 ° 18.4'

45° 18.1'

45 ° 17.2'

W Longitude

121° 27.7'

122 ° 21.4'

121° 48.5'

121° 51.6'

122° 19.3'

122 ° 35.4'

122 ° 1.1'

121° 56.1'

121° 8.0'

121° 55.4'

121° 21.6'

121° 42.5'

121° 42.6'

121 ° 5.9'

121 ° 49.9'

121 ° 46.5'

121 ° 43.7'

Collar

Elevation

1161.00 m

196.60

777.40

658.40

220.40

18.30

359.70

442.10

753.90

148.60

919.90

1798.80

1761.70

832.40

762.20

1106.60

1167.70

Depth

Interval

95.0 - 150.0

50.0

1000.0

- 225.0

-1200.0

100.0 - 200.0

20.0.

45.0

70.0

35.0

10.0

- 75.0

- 75.0

- 150-0

85.0

45.0

50.0 - 125.0

10.0

50-0

10.0

65.0

120.0

60.0

Avg. Thermal

Conductivity

[standard error] N

3.80

[0.15]

2.8

4.19

[0.14]

4.04

[0.32]

3.0

3.8

4.33

[0.21]

4.30

[0.80]

3.8

3.60

[0.30]

4.42

[0.16]

3.8

5.22

[0.15]

5.20

4.53

[0.26]

Corrected Corrected

Gradient Heat Flow Quality

5 30.4

34.0

1 55.0

5 51.2

39.0-42.0

21.0

42.7

47.0

35.0

3 43.8

26.0

9 24.0

60.0

1.15

0.95

2.3

2.07

1.2

0.8

1.85

2.0

1.3

**

1.58

**

1.0

1.25

A

A

2 A

A

B

B

A

A

C

A

4 **

B

A

3.1 C

6 **

to
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Location

3S/ BE-29ddc

4S/13E- 1ca

4S/12E-10dd

4S/ 9E-28dd

4S/13E-32dc

4S/14E-33cb

5S/16E-20cb

5S/12E-31aa

6S/15E- 5ba

65/ 7E- 4dc

6S/ lE-13da

6S/14E-13dd

6S/ 7E-21cd

6S/ 7E-30bb

6S/ 6E-34cd

7S/ lE-llaca

7S/ SE-22aa

8S/ lE- 8db

8S/ lE-17da

8S/ 2W-24bc

45 ° 16.6'

45 ° 14.9'

45 ° 13.8'

45 ° 11.3'

45 ° 10.5'

45 ° 10.5'

45 ° 7.1'

45 ° 6.0'

45° 5.0'

45 ° 4.3'

45 ° 2.9'

45 ° 2.6'

45 ° 1.8'

45 ° 1.3'

44 ° 60.0'

44 ° 58.8'

44° 57.1'

44 ° 53.3'

44 ° 52.2'

44 ° 51.7'

tude W Longitude

121 ° 54.5'

121° 7.4'

121"16.7'

121° 40.1'

121° 12.2'

121 ° 4.1'

120 ° 50.9'

121° 20.5'

120 ° 57.9'

121 ° 57.6'

122° 37.2'

120 ° 59.8'

121° 57.7'

122 ° 0.5'

122 ° 3.8'

122 ° 38.8'

122 ° 10.4'

122 ° 42.5'

122 ° 42.3'

122 ° 53.0'

Collar

Elevation

722.40 m

340.50

530.50

1036.00

547.20

313.10

755.40

677.90

802.60

686.00

326.10

940.90

603.70

512.10

487.80

214.00

655.50

303.30

315.50

127.10

Depth

Interval

80.0 - 140.0

20.0

50-0

10.0

20.0

35.0

10.0 -

20.0 -

95.0 -

80.0 -

10.0 -

50.0 -

10.0 -

145.0

70.0

80.0

107.5

70.0

140.0

120.0

40.0

130.0

50.0

0.0 -2379.0

20.0 - 90.0

95.0 -

105.0 -

22.5 -

215.0

110.0

60.0

75.0

90.0

Avg. Thermal

Conductivity Corrected

[standard error] N Gradient

6.32

[0.44]

2.8

3.8

3.0

3.8

3.8

3.8

3.8

3.9

3.8

3.52

[0.17]

3.95

[0.19]

3.91

[0.09]

3.50

3.48

[0.12]

4.1

3.8

3.8

5 28.2

77.0

36.0

1 39.0

45.0

4 168.1

9 203.5

9 65.7

60.0

68.0

34.0

38.0

44.0

26.0

7 66.1

1 28.0

25.0

25.0

8.04

2.57

1.1

1.0

0.95

Corrected

Heat Flow Quality

1.78

0.9

2.3

2.2

1.4

**

1.8

2.6

1.3

1.4

1.7

**

1.4

1.7

5.91

N Lati

C

B

B

B

B

B

C

B

A

B

C

C

A

B

A

A

B

B
to
te
CO



Location

8S/ 1W-32bb

8S/ 5E-31cc

9S/17E- 6cad

9S/ 3E-llba

9S/ 3E-llcb

9S/ 6E-23bb

9S/ 7E-21ad

9S/ 2E-21da

llS/ lE- 7da

llS/ 1W-14dd

llS/15E-22cd

llS/ 1W-32bbb

12S/ 1W- 4dc

13S/ 2W- 3aa

13S/ 1W- 8db

13S/ 1W-10ca

13S/ 2W-18cb

13S/ lE-20ba

13S/ lE-35ab

14S/ 3W-24dc

15S/ 6E-lldc

N Latitude

44° 50.3'

44° 49.9'

44° 48.7'

44 ° 48.5'

44° 48.1'

44 ° 47.0'

44 ° 46.7'

44 ° 46.2'

44° 37.5'

44° 36.5'

44° 35.6'

44° 34.6'

44° 33.1'

44 ° 28.3'

44° 27.1'

44° 27.1'

44 ° 26.2'

44 ° 25.9'

44° 24.1'

44 ° 20.0'

44° 16.1'

W Longitude

122 ° 50.4'

122 ° 14.8'

120° 44.0'

122 ° 24.5'

122° 24.8'

122°. 2.4'

121° 57.1'

122° 33.6'

122 ° 43.3'

122° 45.9'

120° 55.1'

122° 50.6'

122 ° 48.7'

122° 54.4'

122 ° 49.9'

122° 47.7'

122 ° 59.1'

122° 43.0'

122 ° 38.9'

122 ° 59.6'

122 ° 3.2'

Collar

Elevation

115.80

705.30

987.80

317.00

333.80

550.00

725.40

213.40

158.50

182.90

963.40

108.20

135.00

317.00

329.20

149.40

378.00

402.90

310.90

207.30

716.50

Depth

Interval

30.0 -

35.0 -

45.0 -

47.5 -

25.0 -

30.0 -

80.0

345.0

120.0

85.0

60.0

105.0

70.0 - 150.0

22.5 - 47.5

40.0 - 57.5

30.0 - 125.0

605.0 - 820.0

0.0 -1345.0

30.0 - 65.0

40.0 -

15-0 -

27.5 -

95.0 -

90.0 -

90.0 -

10.0 -

95.0

195.0

62.5

190.0

130-0

150.0

47.5

Avg. Thermal

Conductivity Corrected

[standard error] N Gradient

3.8

4.30

[0.80]

4.5

3.2

3.2

3.84

[0.27]

3.67

[0.23]

3.0

3.2

3.2

6.5

3.8

3.20

[0.30]

3.2

3-8

3.2

3.8

3.2

-3.2

3-2

1 34.0

28.0

37.0

1 25.4

2 24.3

7 54.1

2 81.5

1 41.0

1 25.0

1 41.0

1 31.0

19.0

3 36.4

1 31.0

1 21.0

1 23.0

26.0

1 40.0

1 40.1

1 25.0

Corrected

Heat Flow Quality

1.3

1.2

1.7

0.7

0.8

2.08

2.38

1.2

0.8

1.3

2.0

0.7

1.2

1.0

0.8

0.75

1.0

1.3

1.3

0.8

**

A

A

A

A

A

A

1 A

B

B

A

A

D B

A

A

A

B

B

B

A

B

"
to
to
CO



Location

15S/ 7E-28aa

15S/15E-30ad

15S/14E-36ac

16S/ 6E- 2ca

16S/14E-16daa

16S/ 4E-14dbb

16S/ 6E-27bb

17S/ 1W-26da

17S/ 2W-36ca

* 18S/12E- 5bbd

18S/ 2W- 4ad

* 18S/llE-25bd

18S/ 1W-32cc

19S/ 2W- 2ac

19S/ 2W-10ad

* 19S/16E-16dc

* 19S/llE-25ba

* 2OS/14E-25aa

2OS/ 3E-26da

2OS/ 3E-26cd

* 21S/17E- lad

N Latitude

44 ° 14.8'

44 ° 14.8'

44 ° 13.2'

44° 12.1'

44 ° 11.2'

44 ° 10.1'

44 ° 9.1'

44 ° 3.7'

44 ° 2.8'

44 ° 2.8'

44 ° 2.2'

43 ° 59.4'

43 ° 57.3'

43 ° 56.9'

43 ° 55.9'

43 ° 54.9'

43 ° 54.4'

43 ° 48.8'

43° 48.0'

43 ° 47.9'

43 ° 47.0'

W Longitude

121° 58.4'

120 ° 58.0'

120 ° 59.6'

122 ° 3.0'

121° 2.8'

122 ° 17.5'

122 ° 4.7'

122 ° 47.1'

122 ° 52.7'

121° 19.1'

122 ° 55.8'

121 ° 21.4'

122 ° 50.4'

122 ° 53.7'

122 ° 54.6'

120 ° 49.1'

121 ° 21.5'

120 ° 59.4'

122 ° 25.0'

122 ° 25.2'

120 ° 36.9'

Collar

Elevation

1143.30 m

1002.80

1023.00

70.10

1024.00

457.20

573.00

327.70

213.40

1102.00

175.30

1195.00

192.10

231.70

218.00

1376.00

1373.00

1428.00

719.50

707.30

1440.00

40.0

20.0

100.0

15.0

12.5

30.0

20.0

40.0

Depth

Interval

65.0

75.0

150.0

75.0

45.0

150.0

145.0

105.0

45.0 - 125.0

70.0

25.0

10.0

25.0

45.0

70.0

10.0

40.0

215.0

120.0

42.5

300.0

125.0

140.0

125.0

90.0

<4.4

3.8

3.8

2.4

Avg. Thermal

Conductivity Corrected

[standard error] N Gradient

>3

>3

4.15

[0.06]

>3

4.30

[0.80]

3.75

[0.12]

3.8

3.2

3.8

3.2

3.2

3.6

96.4

123.5

11 81.7

181.8

2 38.0

2 73.8

27.3

1 25.0

1 33.0

37.0

1 32.0

30.6

51.1

4 34.4

38.0

29.0

4 82.5

>5.5

1.6

Corrected

Heat Flow Quality

**

>2.9

>3.7

3.39

2.77

1.0

0.8

**

1.1

**

1.4

1.0

1.0

1.8

**

1.5

1.4

1.1

2.0
N
W
0

B

C

A

C

B

1 A

1

A

A

3.2 A

A

A

A

B

B

B

B

B



Location

21S/ 3E-10ad

* 21S/15E-16ab

* 21S/llE-25bb

21S/ 4E-28ad

* 22S/19E- 5cc

22S/ 3E-locd

22S/ 5E-26bc

* 22S/19E-32ad

* 23S/19E- 5b

N Latitude

43 ° 45.6'

43 ° 45.2'

43 ° 43.9'

43° 43.2'

43 ° 41.4'

43 ° 40.3'

43 ° 38.2'

43° 37.6'

43 ° 37.0'

W Longitude

122° 25.9'

120° 56.2'

121° 21.7'

122 ° 20.0'

120 ° 28.7'

122 ° 27.0'

122 ° 11.3'

120 ° 27.4'

120° 28.4'

Collar

Elevation

548.80 m

1476.00

1515.00

533.50

1450.00

490.70

975.40

1520.00

1550.00

22.5

70.0

27.5

10.0

10.0

20.0

30.0

42.5

70.0

Depth

Interval

100.0

150.0

35.0

150.0

37.5

90.0

150.0

47.5

150.0

Avg. Thermal

Conductivity Corrected

[standard error] El Gradient

7.6

4.2

3.6

4.54

2.4

3.76

4.72

[0.14]

1.60

3.90

3

1

35.0

55.0

65.3

58.0

83.0

39.4

3 53.0

1 118.0

1 50.9

1.9

2.0

Corrected

Heat Flow Quality

1.3

2.3

2.4

3.0

2.0

1.48

2.7

t N is number of samples used to determine the average thermal conductivity. Where N is blank,

value used is average estimate of type rock. Where standard error is blank when a value is

given for N, this indicates value used is estimate from composite samples from drill hole.

* Hull et al., 1977.
--

** Considered unsuitable for heat flow calculations.

1
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1

B
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A

B

B

1 A

B

A

N
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data discussed in this report are listed in Table 2. Included

in this Table are all of the pertinent thermal and location

data including latitude and longitude, township and range,

elevation, interval of gradient calculation, average thermal

conductivity, geothermal gradient and heat flow. All appro-

priate reductions have been performed to the data set, includ-

ing terrain corrections. The data values are ranked by quality

as discussed by Blackwell and others ( 1978), and Sass and

others ( 1971).

It is apparent from Figure 10 that the northern part of

the High Cascade Range in Oregon represents an area of higher

heat flow than the Willamette Valley-Western Cascade Range

provinces to the west and the Deschutes-Umatilla-Blue Mountains

provinces to the east. The boundary between the High Cascade

Range heat flow provinces is well-defined on the basis of the

available data. The boundary between the High Cascade Range

and the Deschutes-Umatilla-Blue Mountain provinces does not

appear to be as well defined, and additional data are needed

in order to completely,delineate the location of the heat flow

boundary and the magnitude of the heat flow contrast.

Northern Oregon Cascade Range Heat Flow

The heat flow data in the vicinity of the northern Cascade

Range of Oregon are shown in greater detail in Figure 11. Avail-

able heat flow data from southern Washington ( Schuster and

others, 1978; Blackwell, unpublished) are also shown. Only

the data south of Mt. Hood are discussed in the section ( Box A,

Figure 10 ).

233
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Figure 11.

210 12030CASCADE HEATFLOW

Heat flow map of the Northern Cascade Range area of
Oregon ( detail of area enclosed by heavy dashed
lines in Figure 10 ). Heat flow values ( in HFU ) are
plotted over their locations, with the decimal point
of each value being the actual hole location. Holes
drilled for heat flow studies, but considered unsuit-
able for heat flow calculations, are indicated by
open triangles. Wells logged which are associated
with regional aquifdr disturbances are also shown
by open triangles. Physiographic province boundaries
are shown by solid lines. Locations of major vol-
canoes are indicated by the asterisks, and locations
of major hot springs are indicated byl/s.
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The heat flow data in the Western Cascade Range west of

the high heat flow boundary are very homogeneous. A histogram

of the heat flow data from Figure 11 in the Western Cascade

Range and Willamette Valley provinces is shown in Figure 12.

Also shown in this figure is a histogram of the heat flow

associated with the Western Cascade Range-High Cascade Range

boundary south of 45 ° 10'N as well as a histogram of heat flow

values along the eastern boundary of the High Cascade Range.

The heat flow data in the Western Cascade Range-Willa-

mette Valley average 1.1 HFU. Heat flow values along the

Western Cascade Range-High Cascade Range boundary average 2.5

HFU, while heat flow values along the eastern boundary of the

High Cascade Range average approximately 2.0 HFU, and the aver-

age has a large standard error. The average gradients asso-

ciated with these heat flow values are 30 ° C/km, 60 ° C/km and

50 °C/km respectively.

Typical temperature-depth curves observed in domestic

water-supply wells in the Western Cascade Range-Willamette

Valley provinces are shown in Figure 13. The holes are gen-

erally along major drainages where development is taking place.

In general, the heat flow regime is completely conductive with-

in the bedrock units of these two provinces with only occa-

sional evidence of local water circulation and no evidence of

regional water flow. The basic-to-intermediate composition

volcanic and volcanoclastic rocks typical of these provinces

seem to be pervasively altered to clay and zeolite minerals,

resulting in relatively impermeable rocks. The staircase tem-

perature-depth patterns, typical of water flow within drill



20- 236
WESTERN CASCADE RANGE-
WILLAMETTE VALLEY

rn

N,33

1 1 1
234 567

HEAT FLOW, HFU

WESTERN CASCADE RANGE -
HIGH CASCADE RANGE BOUNDARY

N.IO

1 , 91 , 5-1 1
2345 67 89

HEAT FLOW, HFU

HIGH CASCADE RANGE
EASTERN BOUNDARY

I
23456

HEAT FLOW, HFU

Figure 12. Heat flow histograms for the Northern Cascade Range
province boundaries. Values for the histograms are
shown in Figure 11.
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holes, which are typically noted in relatively high relief

areas and in more brittle acidic rocks are seldom observed in

the altered volcanic rocks of the Western Cascade Range-Willa-

mette Valley regions.

Typical temperature-depth curves in the Western Cascade

Range-High Cascade Range boundary region are shown in Figure

14. Most of the holes shown in this figure were drilled spe-

cifically for heat flow studies and were sited in the general

vicinity of existing hot springs which are concentrated along

the physiographic boundary between the Western Cascade Range-

High Cascade Range provinces.

Detailed cross-sections of the heat flow results are shown

in Figure 15 A-B. The cross-sections include corrected geo-

thermal gradients and heat flow. From north to south, clusters

of data are along the Clackamas River in the vicinity of Austin

Hot Springs, along the Santiam River in the vicinity of Breit-

enbush Hot Springs, along the McKenzie River in the vicinity

of Belknap and Foley Hot Springs, and along the Middle Fork of

the Willamette River in the vicinity of McCredie Hot Springs.

Each of the cross-sections also includes heat flow values de-

rived from water wells in the western and central parts of the

sections. The zero line for· distance scale is the mean loca-

tion of the physiographic boundary between the High Cascade

Range and the Western Cascade Range (Figure 11 ).

Although many of the values plot within the High Cascade

Range province ( Figure 15 A-B ) ,··most of the holes were actually

drilted in Westerh Cascade rocks. The province boundary is

quite irregular with the High Cascade rocks generally lying at
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HEAT FLOWa Cal/Cmz sec

GRADIENT° C/km
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DISTANCE, km
20
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20

Figure 15 A-B. Heat flow cross-sections of the Willamette Valley-Western CascadeRange-High Cascade Range province boundaries. Heat flow and gradientvalues are grouped by townships as indicated. The hot springs nearMt. Jefferson (15-A) are (1) Bagby; (2) Austin; and (3) Breitenbush.
The hot springs near Three Sisters (15-B) are (1) Cougar Reservoir;(2) Kitson; (3) Foley; (4) McCredie; (5) Wall Creek; and (6) Belknap.
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higher elevations than the Western Cascade rocks, so that the

latter tend to outcrop along the valleys while the former gen-

erally outcrop along the ridges. Three holes in the High Cas-

cade rocks shown in Figure 14 were drilled in inter-canyon flow

sequences that descend to lower elevations. All three holes

have gradients typical of the downflow or lateral flow regime

of an aquifer, although the gradients appear to be regional

in the bottom of the drill holes. With these three exceptions,

most of the holes have completely conductive gradients.

The data shown on the cross-sections in Figure 15 A-B is

discussed in sequence from north to south. The northernmost

data set includes the area of Townships 6S and 7S. At the High

Cascade Range-Western Cascade Range boundary, the cross-section

includes Austin Hot Springs and Bagby Hot Springs along the

Clackamas River. A total of eight reliable heat flow values

were obtained but the data are relatively widely spaced, one

group being in the Willamette Valley and the second group being

at the Western Cascade Range-High Cascade Range province boun-

dary. Approximately 10 km west of the physiographic boundary,

a heat flow value of l.8 HFU was noted. The heat flow rises

to approximately 2.2 HFU near the physiographic boundary. Two

holes within 2 km to the east of Austin Hot Springs display

heat flow values in excess of 5 HFU and indicate a relatively

large geothermal system along the Clackamas River. This cross-

section is the only one along which such high heat flow values,

typical of hydrothermal circulation, were located during the

drilling phase of the project, even though most of the holes

drilled for heat flow values were within 5-10 km of hot springs.



The second set of data was obtained along a cross-section

including the areas in Townships 8S and lOS. Eleven reliable

heat flow measurements were obtained along this section. This

cross-section is primarily along the Santiam River and crosses

Breitenbush Hot Springs. The data show an almost constant heat

flow of 0.9-1.1 HFU within the Western Cascade Range province.

The heat flow rises gradually about 10 km west of the physio-

graphic boundary and attains a value of 2.4 HFU approximately

15 km into the High Cascade Range province and at a distance of

about 25 km from the easternmost low heat flow value.

No heat flow data were obtained along the heat flow boun-

dary between Townships llS and 14S; however, 11 heat flow meas-

urements were obtained in the Western Cascade Range province.

These heat flow values average 1 HFU, typical of those observed

elsewhere in the province.

A third cross-section lies along the McKenzie River and

includes data from Townships 16 S to 19S. Holes were drilled

just to the west of Belknap Hot Springs and Foley Hot Springs.

Ten reliable heat flow measurements were obtained along this

cross-section. Approximately 10 km east of the physiographic

boundary, a heat flow value of l.6 HFU was noted. Approxi-

mately 5 km east of the physiographic boundary, values of 2.0

HFU and 3.0 HFU were measured near Belknap Hot Springs and Foley

Hot Springs, respectively. The distance between the high heat

flow and the normal heat flow values is approximately 15 km.

The southernmost cross-section spans the area between

Townships 2OS and 22S. The holes were drilled in the vicinity

of McCredie Hot Springs along the Middle Fork of the Willamette

242
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River. Several free holes were also obtained in this area.

These data show that the mean heat flow is l.2 HFU approxi-

mately 8 km west of the physiographic boundary, whereas a value

of 3.0 HFU is obtained only 5 km east of the boundary in a drill

hole near McCredie Hot Springs. This value drops to 2.7 HFU

about 10 km further to the east.

These data document clearly a systematic west-to-east

increase in heat flow from l HFU to greater than 2.5 HFU over

a lateral distance of 10 to 30 km and approximately coinciding

with the mean physiographic boundary between the High Cascade

Range and the Western Cascade Range provinces.

Interpretation of Heat Flow Transition Zone

All the profiles along the boundary between the Western

Cascade Range and High Cascade Range provinces show the same

characteristics: an almost constant heat flow with a mean

value of l HFU in the High Cascade Range, and a mean heat flow

of 2.6 HFU in holes drilled in Western Cascade rocks; an ex-

ceedingly abrupt transition zone between the two regions of

heat flow, not exceeding 30 km in any location. The most

remarkable aspect is the uniformity of the transition zone

from north to south; although small variations may exist, the

data suggest very similar conditions along the whole area

under discussion.

In order to interpret the results, heat flow profiles

representing several possible transition zones were constructed.

These are shown in Figure 16 A-B. The different profiles

represent different half-widths for the heat flow transition
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based on the data in the 6S-7S profile ( the largest half-width,

curve C ), the 20S-22S profile ( the shortest half-width, curve

A), and an intermediate half-width representing an average of

the whole data set ( see Blackwell and others, 1978 ).

Based on these heat flow transition zone profiles, tempera-

ture-depth cross-sections were calculated for two extreme cases

of transition zones represented by curves A and C. The tem-

perature values are based on a modification of the continua-

tion of thermal data method discussed by Brott ( 1976). The

more gradual transition zone has most of the heat flow differ-

ence occurring over a distance of 30 km, while the other shows

a much sharper transition zone ( over a distance of approximately

15 km). The isotherms were constructed for a steady-state and

a transient model. In both models, homogeneous thermal con-

ductivity was assumed. Because the geologic evidence indicates

that greater than 6 m.y. BP the Western Cascade Range was the

locus of intrusive activity, and because the heat flow now

observed is low, there is strong evidence for a major temporal

change in heat flow. The temperature sections were calculated

assuming steady-state conditions, and assuming a uniform heat

flow for the whole region of 2.5 HFU up to 6 m.y. ago with

subsequent imposition of a constant strength heat sink beneath

the Western Cascade Range which has resulted in the low heat

flow values now observed. Over the scale of the area involved

here, however, the steady-state and 6 m.y. temperatures do not •

differ significantly and so only the steady-state results are

illustrated.

Both models imply very high temperature at relatively
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shallow depth beneath the High Cascade Range and extending

approximately 10 km into the Western Cascade Range. Any one

of the isotherms shown could satisfy the heat flow anomaly so

the source does not necessarily have to reach or exceed 700 ° C;

however, the source does have to be relatively shallow and

relatively intense. Because of the uniformity of the heat

flow data from north to south, it seems unlikely that the boun-

dary can be simply related to hydrology and therefore must be

related to some regional crustal effect.

As discussed elsewhere, attempts to investigate the exten-

sion of the heat flow pattern further to the east toward the

axis of the High Cascade Range have been unsuccessful. Vol-

canism has been most continuous during the Quaternary along the

axis of the High Cascade Range and the cover of young volcanic

rocks, with concomitant horizontal water circulation, effec-

tively prevented successful heat flow determinations in this

area at depth of 150 m or less.

Also shown in Figure 16A are two Bouguer gravity cross-

sections, one at 44 ° 15'N latitude and one at 43 ° 45'N latitude.

These profiles have been constructed from data discussed by

Couch and Baker ( 1977). The profile for 44 ° 15'N was extended

west of the area based on the regional change in Bouguer areal

gravity associated with ( but opposite in sign to) the heat

flow data. This gravity change is of major magnitude ( over 50

milligals ) and of relatively short half-width ( 10-15 km). The

short half-width implies a crustal source for the density con-

trast which results in the gravity change. The coincidence

of this gravity anomaly with the heat flow anomaly is additional
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evidence that the heat flow data are related to regional crustal

effects and not to upper crustal groundwater circulation.

Because of the close correspondence of the two sets of

data, an interpretation of the gravity data was attempted based

on the continuation model of crustal temperatures presented in

Figure 16. In an attempt to model the gravity anomaly, a den-

sity contrast corresponding to the expansion of the rocks, based

on the calculated temperatures, was assumed. These density

contrast models did not generate a large enough gravity anomaly.

Of course, in a complicated mountainous terrain with young vol-

canic rocks, density variations may be related to different

factors. For example, in the High Cascade Range, shallow vol-

canic rocks may have a much lower density than the 2.67 g/cm3

assumed in the reduction, whereas the density of the low-porosity

rocks of the Western Cascade Range may be closer to the Bouguer

reduction density.

The overall result of the interpretation is that a regional

magma chamber or area of thermally anomalous crust exists under

the High Cascade Range of Oregon. The width of the thermal

anomaly is somewhat larger than the apparent width of the zone

of volcanism and it extends at least 10 km west of the physio-

graphic boundary of the province. Regional heat flow and gra-

vity anomalies are associated with this disrupted crustal zone.

Most of the hot springs in the Cascade Range are located

near the boundary of this region of high heat flow. This loca-

tion may be related to a number of different effects such as

the hydrologic conditions; location of faults, or fractures,

along the boundary which focus the circulation of water;
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' outcrop of some horizontal unit that transmits water from higher

elevations to the east; the location ofjpermeable fractured

acidic rocks at depth; and/or the possible location of a

slightly more effective heat source.

Heat Flow Along the Eastern Boundary of the High Cascade Range

The heat flow data relating to the eastern boundary of

the High Cascade Range geothermal anomaly are considerably

less detailed and less consistent than those associated with

the western boundary. The heat flow values in this area are

shown in Figures 10 and 11. Typical temperature-depth curves

are shown in Figure 17.

Around Bend, most of the holes are isothermal or show

very irregular gradients to the maximum depth reached in each

hole. To the north, generally conductive temperature-depth

curves are obtained for holes in the older rocks immediately

to the east of the High Cascade lavas. One hole (llS/15E-22cd)

which was logged to a depth of over 800 m gives a heat flow

of 2.0 HFU. A number of values are available further to the

north. They are somewhat variable, ranging from average values

for the Columbia Plateau ( 1.5 + 0.3 HFU ) to values greater

than 2.0 HFU. On the basis of the data available at this time,

no clear pattern has emerged and in fact, there may be con-

siderable variations in the regional anomalies along the north-

eastern margin of the High Cascade Range.
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GEOTHERMAL STUDIES ASSOCIATED WITH MT. HOOD

The main emphasis of this project was the analysis or theo-

retical study of magma chambers possibly associated with ande-

site volcanoes and a heat flow study of the Mt. Hood region.

As part of the heat flow study of the Mt. Hood region, several

holes were located during 1976 and 1977 in the Willamette

Valley, along the eastern border of the High Cascade Range,

and west of the Hood River Valley. In 1976, three holes were

drilied specifically by DOGAMI for heat flow, one near Timber-

line Lodge, one near the southern margin of Mt. Hood, and one

in the fine-grained plutonic rocks approximately 10 km south-

west of Mt. Hood.

In 1977-78, two deep holes were drilled, one on the slope

of Mt. Hood near Timberline Lodge, and one at Old Maid Flat

along the Sandy River. In addition, eleven 150 m holes were

drilled by DOGAMI for heat flow studies in the near-region of

Mt. Hood in the fall of 1978. Temperature-depth curves for

most of these holes are shown in Figure 18. The locations Of

all these drill holes and heat flow values ( where appropriate )

are shown in Figure 11.

Mt. Hood Regional Heat Flow Studies

The same dichotomy in heat flow regime is observed in the

vicinity of Mt. Hood that is seen in holes drilled to the south.

Drill holes that encounter rocks characteristic of the Western

Cascade Range province, generally display conductive geother-

mal gradients. However, when the rocks drilled are of Plio-

cene or Pleistocene age, characteristic of the High Cascade



D.Y.4000P B0 1-,roUlw (D\1 /10.1 00 OJ11 rt(D P. C044 (DP · rt IH=.0'eme0 V3 rtOrt•.<. 0rt- 2; ,(
004AO<FO�042(Dm CO7 9P · M th'0 Q O\PM
M'9 70 0LQ V P(D 0 (DIn Ulcn W(D rt fli01-1. 4rt 0 p.P. 0 PO M H0 0�04200,

rh crrt·k<:r(DO0Gl
MH

t1P.laC21(D

100
0.)
01
W
1-
W 150

I
H
CL
W 200
0

250

TEMPERATURE,°C

10 15 20 30

300 AJLnP

0 5 25
0

*
50

-

"" Ic.1 'W "d'' Ix' ''*''Ii'i, 8,8
<8,49 *% i X

00.04/ fo 0 ig
X X -

0 Jgot XA 100 -

FA ....ie.-
1

+,LO to'
0 lwO

0 .8% 0 'Isfti6 00
+.0 0 2(

X
1 :2 ++96 ** X+ .0

4 1
+ .0 %
+ .0 0 �0422N/7E-31 BD

A. + �04230 /

4. i\
t .%00 00

*%%
'0 09 0

ir 0 2N/9E-29AD

0 IN/6E-31CD

X IS/IOE- 9BC

A IS/IOE-29CA

0 2S/6E-24CA

MT. HOOD T-D PLOTS
�0422S/IlE-6AAD

(1978) A 3S/GE- 3A

* 3S/BE-29 DD

+ 3S/IlE-IAA

* #S/9E- 2800
i 1 1 1 1 lilli11 1 1 1 1 I lili 1 i 1 1 l



252

Range, the holes do not yield useful geothermal gradient data.

Most of the 150 m holes in these latter rocks gave isothermal

temperature-depth curves.

The heat flow data are shown in Figure 19 projected onto

a cross-section of the Cascade Range in the vicinity of Mt.

Hood. The major transition zone observed to the south appears

to exist in a somewhat subdued form at the latitude of Mt. Hood.

Regional values of heat flow away from the volcanic edifice

appear to be on the order of 1.5-1.8 HFU, as compared to values

in excess of 2.5 HFU in locations to the south.

Only in the Old Maid Flat exploratory hole ( 2S/8E-15cd), at

the toe of the volcano, is a value comparable to those to the

south observed. Similarly, a gravity anomaly related to the

heat flow transition also appears to be somewhat subdued com-

pared to that further south ( see Figure 16 ). The gravity data

currently available are much less detailed than those used in

the south. More detailed studies soon to be available ( Couch,

personal communication, 1979 ) will possibly allow better analy-

sis of the relationship between gravity data and heat flow

data at the latitude of Mt. Hood.

The continuation temperature model using these data shows

lower temperatures ( except in the immediate vicinity of Mt.

Hood ) than those shown in Figure 16. This model (not shown

herein ) is largely hypothetical due to the paucity of data in

the immediate vicinity of the volcano and the large scatter of

values, especially on the east side of the volcano.
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Old Maid Flat Holes #1/2 and #3

A major part of the project involved geothermal analysis

by SMU and DOGAMI of a 1220.4 m deep geothermal test well

drilled in the immediate vicinity of the Mt. Hood volcano. The

hole is located at 2S/BE-15cd, along Old Maid Flat in the Sandy

River valley, approximately 5 km from the apex of Mt. Hood,

but almost 2 km lower in elevation.

The hole was initially drilled in the winter of 1977 to

a total depth of 480 m, and designated Old Maid Flat #1. The

drilling was done in two phases. A set of near-equilibrium

temperature measurements was made during a pause in the drill-

ing, for the purpose of setting casing, when the total depth

was 230 m. This log (11/15/77) is shown in Figure 20. The

gradient shows a disturbance in the uppermost 75 m of the hole.

Below that, the gradient is linear, with a mean value of 67 °C/

km.

Upon completion of the hole ( 480 m), the temperature log

(12/20/77) shows essentially equilibrium temperatures after

completion of the second phase of the drilling. The log shows

a somewhat higher temperature at the depths measured in the

first log, with a uniform gradient of 67 ° C/km between 100-300 m.

Below 300 m, the gradient decreases and then increases again

with a value of approximately 65 °C/km observed between 430-

475 m. The absolute temperature values between 70-200 m in

the 11/15/77 log and between 435-475 m in the 12/20/77 log are

compared in Figure 20. At the time of the 12/20/77 log, there

was a flow of about 10 2/min from the collar of the drill hole.

The nature of the temperature-depth curves indicates that a
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fracture zone with artesian fluid pressure was encountered at

a depth of 430 m. At the time of the second logging, water was

moving slowly up the borehole from that depth and out at the

collar. The temperature of the water column is offset by about

4 ° C by this upflow in the borehole; thus, undisturbed tempera-

tures in the borehole would agree approximately with the 11/15/

77 log.

During the summer of 1978, the hole was deepened to a

total depth of 1220.4 m and designated Old Maid Flat #2. Immed-

iately after completion of the drilling, two temperature logs

were made on 8/17/78. The lighter line on Figure 20 represents

measurements by a commercial well-logging firm, while the

heavier line represents measurements made with SMU's truck-

mounted logging system, with a total depth capability of 1035 m.

The shapes of the temperature-depth curves are essentially the

same, but are offset by approximately 2 °C. This could be due

either to a calibration difference between the two sets of

gear, or to differences in the actual temperature of the hole

at the times of logging; however, the offset is probably due

to a combination of causes.

The rapid return to equilibrium of temperatures in the

artesian zone ( around 435 m ) is illustrated in the logs made

immediately after the drilling. After completion, a 2" dia-

meter observation pipe was set into the hole, but no attempt

was made to grout the tubing as the hole is to be used to obtain

fluid samples. Therefore, natural inter-formation flow in the

annulus is not prevented by the completion technique.

After stabilization, the hole was logged on 10/17/78 by
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SMU, to a total depth of 1035 m, and on 11/16/78 by USGS, to a

total depth of 1214 m ( John Sass, personal communication, 1978 ).

Only the 11/16/78 USGS log is shown in detail, as the 10/17/78

SMU log is not significantly different. The temperature-depth

curves observed at equilibrium are quite irregular. Even after

the theoretical time needed for recovery of the temperatures,

gradients in the middle part of the hole (between 300-1000 m )

remained highly irregular, with significant changes which can-

not be attributed to lithology. These changes are represented

by the bar graph on the right side of Figure 20.

The only reasonable explanation for these gradients is a

very large amount of borehole fluid communication. In fact,

the only part of the hole which appears unaffected by intra-

borehole fluid communication is that below 1,100 m. In this

bottom portion of the hole, two distinct gradients are observed:

a gradient of 52 °C/km between 1010-1070 m, and a gradient of

61 °C/km between 1170 m-total depth. The gradients in the

central part of the hole appear to be due to fluid flow between

fracture zones or flow contacts. There appears to be no in-

stance of water flow from a single fracture zone all the way

up or down the borehole, but merely localized effects. Each

of the spikes of high gradient ( Figure 20 ) corresponds to a

fracture zone or flow contact. It appears that upflow is gen-

erally seen in the upper part of the hole, whereas downflow

is typical of the bottom part of the hole.

If the hole had been grouted, this fluid flow would have

been eliminated and a much simpler conductive gradient would

be seen. Details of geothermal gradient cannot be deciphered
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from the complexities of intra-borehole fluid flow. However,

it is clear that the mean gradient over the entire borehole is

relatively well-established, even if the detailed variations

are not.

Thermal conductivity measurements were made on cuttings

from between 580-1219 m. The measurements were made at inter-

vals of approximately 30 m. Porosity values for the various

depths were estimated from a neutron log. Most porosity values

averaged between 1-10 percent, and these values were taken

into account when calculating in situ conductivity. The mean

thermal conductivity for all samples is 4.12 i 0.14 mcal/cm-

sec-°C. There are no systematic depth variations based on the

bulk conductivity; however, if porosity is taken into account

it would appear that slightly lower values of thermal conduc-

tivity ( approximately 3.8 mcal/cm-sec-°C ) occur between approxi-

mately 850-1000 m, with higher values ( approximately 4.5 mcal/

cm-sec-°C ) above and below that zone.

The break in gradient at 1070 m, indicated in the tempera-

ture-depth curves, does not correspond with a change in ther-

mal conductivity; however, on the commercial temperature log

of 8/17/78 a "kink" in the curve was observed at that point,

indicating the location of a possible fracture zone. Possibly

there is some flow in the hole around this point, with the dis-

turbed conditions only observed below 1070 m.

The mean gradient for the entire hole is 65 ° C/km, while

that for the most undisturbed portion ( below 1070 m ) is 60 ° C/km.

The gradients for the two apparently undisturbed sections of

the upper part of the borehole ( 25-200 m and 430-475 m ) are
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60 ° C/km and 65 °C/km, respectively. Taking all these data into

consideration, the mean terrain-corrected heat flow for the

Old Maid Flat hole is 2.4 HFU. The significance of this value

with respect to the surrounding values has been discussed in

the preceding section on regional heat flow in the vicinity

of Mt. Hood.

Another hole, drilled to completion on 12/13/78 by North-

west Geothermal Corp. , to a total depth of 400 m, was designated

Old Maid Flat #3. This hole (2S/BE-17cc) is located about 3 km

southwest of Old Maid Flat #1/2. The general lithology en-

countered in the hole is: recent mudflow debris, 0-35 m;

pyroclastics with volcanic debris, 35-305 m; and an alternat-

ing sequence of Columbia River basalt and andesitic volcanic

rock down to 400 m.

The first temperature-depth measurement by DOGAMI ( Figure

21 ) was made on 12/5/78, when the hole was at a total depth

of 152 m. The linear portion of the curve, from 75 m to total

depth, appears undisturbed and yields a thermal gradient of

50 ° C/km. The disturbed upper portion of the temperature curve

is probably due to fluid motion and drilling effects in the

mudflow and upper pyroclastic sequence of rocks.

The hole was temperature-logged again by DOGAMI on

12/21/78 after being drilled to completion ( Figure 21 ). The

gap in the curve from 215-325 m is due to lost paperwork. How-

ever, from hand-plotted field results, the curve in this inter-

val indicates a fluid disturbance originating around 275 m and

affecting the entire missing interval. Excluding the data gap,

the upper portion of the 12/21/78 log agrees in general with
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the 12/5/78 log; the lower portion of the 12/21/78 log gives a

thermal gradient of 63 °C/km.

Based on five measurements of the pyroclastic sequence of

rocks, a thermal conductivity value of 4.04 1 0.31 mcal/cm-

sec-°C was obtained. A terrain-corrected thermal gradient of

51.2 ° Cc/km, with the above thermal conductivity, yields a cor-

rected heat flow value of 2.1 HFU.

Timberline Lodge Drill Holes #1 and #2

On .9/8/76, a hole was completed to a total depth of 152 m

on the carapace of Mt. Hood, about 0.2 km east of the Timber-

line Lodge Ski Resort. Timberline Lodge #1 ( 3 S/9E-6dd) en-

countered mostly andesitic-type rocks, ranging from scoriaceous

to basaltic andesite with fracture zones at 43 m, 91 m, and

possibly at 122 m. The fracture at 43 m had an aquifer flow

of about 19 £/m.

The hole was temperature-logged on 9/8/76, 9/13/76, and

9/14/76. The 9/14/76 temperature curve ( Figure 21 ) shows the

effect of the aquifer at 43 m. The rest of the curve is essen-

tially isothermal and not suitable for heat flow studies.

Two years later, another hole was drilled about 0.5 km

south of the Lodge. Timberline #2 (3S/9E-7ab) encountered

the same type of rocks as Timberline #1, to a total depth of

421 m. The resulting 12/13/78 temperature log ( Figure 21 ) only

reached 225 m, due to caving and drilling problems in the hole.

Again, this hole shows fluid flow problems similar to Timber-

line Lodge #1, and over a similar depth interval. The linear

gradient in the last 30 m of the hole appears to occur below
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the aquifer zone, but has not yet approached the expected un-

disturbed gradient. The hole is currently considered unsuit-

able for heat flow studies.

262



263

REFERENCES

Blackwell, D. D., and Baag, C., 1973, Heat flow in a "blind"

geothermal area near Marysville, Montana, Geophysics, 38,

941-956.

Blackwell, D. D., Hull, D. A., Bowen, R. G., and Steele, J. L.,

1978, Heat flow in Oregon, Special Paper 4, Dept. of Geo-

logy and Mineral Industries, State of Oregon.

Brott, C. a., 1976, Heat flow and tectonics of the Snake River

Plain, Idaho, Ph.D. thesis, Southern Methodist University,

Dallas, Texas.

Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of Heat in

Solids, 2nd ed., University Press, Oxford, England.

Couch, R., and Baker, B., 1977, Geophysical investigations of

the Cascade Range in Central Oregon, Final Report, U. S.

Geological Survey, grant #14-08-0001-G-231.

Crandell, D. R., and Rubin, M., 1977, Late-glacial and post-

glacial eruptions at Mt. Hood, Oregon ( abstract), Geolo-

gical Society of America, Abstracts With Programs, 9, p.

406.

Jaeger, J. C., 1964, Cooling and solidification of igneous

rocks, in H. H. Hass and A. Poldervaart, eds., Basalts 2,

Interscience, New York, p. 503-536.

Jaeger, J. C., 1964, Thermal effects of intrusions, Review of

Geophysics, 2, p. 443-466.

Lachenbruch, A. H., Sass, J. H., Munroe, R. J., and Moses,

T. H. Jr., 1976, Geothermal setting and simple heat con-

duction models for the Long Valley Caldera, Journal of

Geophysical Research, 81, p. 769-784.

LaFehr, T. R., 1965, Gravity, isostasy, and crustal structure

in the Southern Cascade Range, Journal of Geophysical

Research, 70, p. 5581-5597.

Rikitaki, T., 1959, Studies of the thermal state of the earth,

2, Heat flow associated with magma intrusion, Bulletin

of Earthquake Research Institute, Tokyo University , 37,

p. 233-243.

Sass, J. H., Lachenbruch, A. H., Munroe, R. J., Green, G. W.,

and Moses, T. H. Jr., 1971, Heat flow in the western

United States, Journal of Geophysical Research, 76, p.

6356-6431.

Schuster, J. E., Blackwell, D. D., Hammond, P. E., and Huntting,

M. T., 1978, Heat flow studies in the Steamboat Mountain-

Lemhi Rock area, Skamania County, Washington, Washington

Division of Geology and Earth Resources, Information Cir-

cular 62.



264

REFERENCES ( Con't.)

Simmons, G., 1967, Interpretation of heat flow anomalies, 2,

Flux due to initial temperature of intrusives, Review of

Geophysics, 5, p. 109-120.

Smith, R. L., and Shaw, H. R., 1975, Igneous-related geothermal

systems, U. S. Geological Survey Circular 726, p. 58-83.

Thiruvathukal, J., 1968, Regional gravity of Oregon, Ph.D.

thesis, Oregon State University, Corvallis, Oregon.

Wise, W. S., 1969, Geology and petrology of the Mt. Hood area:

A study of High Cascade volcanism, Geological Society of

America, Bulletin 80, p. 969-1006.

Yuhara, 1974, Morphological, hydrological and thermal charact-

eristics of active volcanoes having no geothermal areas;

and artificial hydrothermal systems for utilizing their

latent internal heat: In Utilization of Volcano Energy;

Colp, J. L. and Furnmato, A. S., eds., Sandia Labs Publ.,

Albuquerque, 23 pp.


