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ABSTRACT 

The analysis of gravity measurements at 337 stations on 

and about Mount Hood indicate lateral and vertical variations 

in the density of the flows and pyroclastics in and beneath 

Mount Hood. Complete Bouguer gravity anomalies indicate that 

the axis of Mount Hood is located on an elongate gravity high, 

oriented approximately N75E. Mount Hood is superimposed on a 

gravity low that extends from north of the mountain to the 

southern extent of the survey area. The gravity low suggests 

a north-south oriented graben-like structure. Prominent linea- 

tions in the gravity anomalies oriented approximately N23W 

occur both northwest and southwest of Mount Hood. A simple 

cone-on-a-cylinder model for the core of Mount Hood agrees 

with the gravity anomalies. Long wavelength anomalies suggest 

that undulations in the Columbia River Basalts beneath and 

about Mount Hood range from less than 500 m to over 1400 m 

above sea level. Porosities of the average rocks which 

comprise Mount Hood are estimated to be approximately 20 to 

3 30 percent and the density is approximately 2.27 gm/cm . 



GRAVITY ANOMALIES IN THE AREA 
OF MT, HOOD, OREGON 

Gravity Measurements 

Personnel of the Geophysics Group, Oregon State University 

(OSU)  conducted a gravity survey in the High Cascade Mountains 

of northern Oregon during August and September, 1977  and Aug- 

u s t  and September, 1978. The survey area which extends from 

45O10' to 45°355N Lat. and from 121°25' to 122'00'W long'. i n -  

cludes the picturesque 3424 m (11235 ft) high Mt. Hood strato- 

volcano and many surrounding foothills and mountains of the 

Cascade Range. 

F i g u r e  1 shows a topographic map of the area of and about 

Mt. Hood based on data contained on the U. S .  Geological Sur- 

vey (USGS) 1:250,000 quadrangle map, The Dalles  NL 10-9. The 

'map, contoured at an interval of 1000 ft (304.8  ml, shows 

approximately 10,000 ft (3050 m) of topographic relief in the 

area of Mt, Hood. Mt. Hood, a relatively symmetric volcanic 

cone of Late Pleistocene to Holocene age, is surrounded by a 

north-south trending ridge over 6000 ft (1830 rn) in elevation 

on the east and southeast side and isolated mountains and dis- 

sected ridges on the south, west ,  and northwest sides, Mt. 

Hood is composed almost entirely of pyroxene andesite and rises 

8000 ft (2400 rn) above a platform of Pliocene andesites and 

basalts  (Wise, 1969) .The  high relief and few roads make access 

to the area difficult; consequently to achieve an approximately 

uniform grid of gravity stations most measurements w e r e  made 

by back-packing the meter to the station sites. 

Mr. Kenneth Keeling, w i t h  the assistance of Messeurs. 
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T e r r y  Jones ,  W i l l i a m  P lank,  and Mark Brown ob ta ined  g r a v i t y  

measurements a t  239 s t a t i o n s  i n  t h e  approximate ly  2000 km 2 

a r e a .  Messeurs. Gordon Ness and John Bowers e s t a b l i s h e d  51 

c l o s e l y  spaced g r a v i t y  s t a t i o n s  i n  t h e  v i c i n i t y  of  t h e  geo- 

thermal  t e s t  h o l e  s o u t h  s o u t h e a s t  of Timber l ine  Lodge ( 3 ~ 1 9 ~ -  

7ca)  on t h e  sou th  s l o p e  of M t .  Hood and added an a d d i t i o n a l  

33 s t a t i o n s  t o  t h e  a r e a  survey.  These s t a t i o n s ,  combined wi th  

s t a t i o n  d a t a  from t h e  Oregon S t a t e  ~ n i v e r s i t ~ ' ~ i b r a r ~  (Thiru-  
I 

v a t h u k a l ,  1 9 6 8 ) ,  t o t a l  3 3 7  and y i e l d  an approximate s p a t i a l  

2  d e n s i t y  of one s t a t i o n  ger 6 km . I 

* 
" Figure  *2 shows t h e  l o c a t i o n s  of  t h e  337 g r a v i t y  s t a t i o n s  

i n  t h e  M t .  Hood survey a r e a .  I n  a d d i t i o n  t o  t h e  approximately 

uniform s c a t t e r  of s t a t i o n s  i n  t h e  a r e a ,  a  h igh  c o n c e n t r a t i o n  

of s t a t i o n s  which form a  p l u s  s i g n  n e a r  t h e  middle of t h e  map, 
6 

occur  a long  l i n e s  which ex tend  n o r t h ,  sou th ,  e a s t  and west  
I 

from a  p o i n t  n e a r  t h e  s i t e  of t h e  geothermal t e s t  ho le .  Grav i ty  

s t a t i o n s  a r e  c o n c e n t r a t e d  a l s o  toward t h e  s o u t h  and w e s t  a long 

Highwag U .  S.  26 on t h e  sou th  f l a n k  of M t .  Hood. A s o l i t a r y  

g r a v i t y  s t a t i o n  i s  l o c a t e d  on t h e  summit of M t .  Hood. 

Base s t a t i o n s  f o r  t h e  measurements were e s t a b l i s h e d  a t  

Zigzag Ranger S t a t i o n ,  Government Camp, White Bridge Park ,  

Pa rkda le ,  and n e a r  Cooper Spur. The Zigzag Ranger S t a t i o n  

g r a v i t y  b a s e  s t a t i o n  (980,489.14 mgl) was t i e d  t o  t h e  USAF' 

g r a v i t y  base  s t a t i o n  WA-142A (Woollard and Rose, 1963) loca@ted 

a t  P o r t l a n d  I n t e r n a t i o n a l  A i r p o r t  (980,648. < mgl) by pe r sonne l  

of t h e  USGS (pe r sonne l  comm. D .  G.  Barnes ,  1969) and by t h e  

personnel  of t h e  OSU Geophysics Group (unpubl ished d a t a ,  OSU 

Grav i ty  L i b r a r y ,  1975) .  The d e t a i l e d  survey n e a r  Timber l ine  
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Lodge i s  r e f e r e n c e d  t o  t h e  g r a v i t y  b a s e  s t a t i o n  a t  Zigzag 

Ranger S t a t i o n .  The measurements were made w i t h  a  LaCoste 

and Romberg Model G Geodet ic  G r a v i t y  Meter #126. 

USGS benchmarks, s p o t  e l e v a t i o n s  on USGS 7.5 minute and 

15  minute topograph ic  maps and ba romet r i c  a l t i m e t r y  provided 

v e r t i c a l  c o n t r o l  f o r  t h e  g r a v i t y  s t a t i o n s . '  The e s t i m a t e d  un- 

c e r t a i n t i e s  i n  t h e  v e r t i c a l  c o n t r o l  a s s o c i a t e d  w i t h  t h e s e  
r 

methods of e l e v a t i o n  d e t e r m i n a t i o n  a r e  + l , t 5 , a n d  2 10 f e e t  
* 

r e s p e c t i v e l y .  A r e c o r d i n g  barometer  b a s e  s t a t i o n ,  used t o  

monitor  ba romet r i c  changes d u r i n g  t h e  survey,  provided d a t a  t o  

a s c e r t a i n  t h e  v a l i d i t y  and accuracy of a l t i t u d e s  de termined by 

ba romet r i c  a l t i m e t r y .  

USGS 7.5 minute and 1 5  minute topographic  maps w e r e  used 
"9 

t o  de termine  h o r i z o n t a l  p o s i t i o n .  The e s t i m a t e d  u n c e r t a i n t y  

i n  h o r i z o n t a l  p o s i t i o n  i s  - + 0.02 minutes  of l a t i t u d e  and lon- 

g i t u d e .  MSS I n c . ,  C o r v a l l i s ,  e s t a b l i s h e d  r e f e r e n c e  p o i n t s  f o r  

t h e  g r a v i t y  s t a t i o n s  nea r  t h e  geothermal d r i l l  s i te .  The pos i -  

t i o n s  and e l e v a t i o n s  of t h e  d e t a i l e d  g r a v i t y  survey,  d e t e r -  

mined by t r i a n g u l a t i o n  and l e v e l i n g  t echn iques ,  w e r e  e s t ab -  

l i s h e d  wi th  r e f e r e n c e  t o  a  USGS benchmark a t  Timber l ine  Lodge. 

The e s t i m a t e d  u n c e r t a i n t y  i s  less than  - + 0 .3  meters i n  t h e  h o r i -  

z o n t a l  p o s i t i o n  of each s t a t i o n  and less than  2 0.3 meters i n  

t h e  v e r t i c a l  e l e v a t i o n  of each s t a t i o n  w i t h  r e s p e c t  t o  t h e  
I 

USGS benchmark. 
* 

>, - 
The observed g r a v i t y  was c o r r e c t e d  f o r  e a r t h  t i d e s  u s i n g  

t h e  fo rmula t ion  of Longman (1959) and f o r  m e t e r  d r i f t  by l i n e a r  

i n t e r p o l a t i o n  between v a l u e s  observed a t  reoccupied  b a s e  s t a -  

t i o n s .  The mean d r i f t  of t h e  g r a v i t y  m e t e r  observed d u r i n g  



reoccupation of base stations at the end of a gravity traverse 

or loop was - + 0.04 mgl and the standard deviation was 0.09 m g l .  

The maximum observed drift w a s  0 . 4 7  mgl. The uncertainties  in 

the measurements caused by the drift of the m e t e r  i's generally 

much less than caused by the uncertainties in t h e  correspond- 

ing  station elevations. 

Reduction of the Gravity Measurements 

The gravity measurements were reduced to fxee-air and 

complete Bouguer gravity anomalies w i t h  standard techniques. 

The following equation from Scheibie and Howard (1964) and 

Oliver (1973), used in t h i s  study, yields the free-air gravity 

anomaly : 

FAA = OG - TBG + (0.09411549 - 0,000137789 
2 -8  2 s i n  B)h - 0 .67  x 10 h 

where, 

FAA = Free-air anomaly in milligals 

OG = Observed gravity in milligals 

THG = Theoretical gravity in milligals 

8 = Latitude 

h = Elevation in feet 

The International Gravity Formula ( IGF) ,  y i e l d s  theoreti- 

cal gravity (THG) values at designated l a t i t u d e s .  The IGF of 

1930 (Swick, 1942), used in this study, is: 

THG = 978049.0  (1 4- -0052884 sin2 d - 
0.0000059 sin22b) 

The following equation y i e l d s  the complete Bouguer gravity 

anomaly (CBA) , 

CBA = FAA - 2 ~ G p h  + TCC - CC 



where, 

CBA = Complete Bouguer g r a v i t y  anomaly i n  m i l l i g a l s  

and 

FAA = Free -a i r  g r a v i t y  anomaly i n  m i l l i g a a s  

G = Universa l  g r a v i t a t i o n a l  c o n s t a n t  
(6.67 x 10'8cgs) 

p  = Reduction d e n s i t y  i n  gm/cm 
3 

h = Eleva t ion  i n  f e e t  

TTC = T o t a l  t e r r a i n  c o r r e c t i o n  i n  m i l l i g a l s  

CC = Curvature  c o r r  c t i o n  = hp (1.671 x l o - *  +' 
h[-1.229 x lo-' + h(4.76 x 10-16)] m i l l i g a l s  
(O l ive r ,  1973) 

T e r r a i n  c o r r e c t i o n s  f o r  each s t a t i o n  account  f o r  t h e  change 

i n  g r a v i t y  caused by topography about  t h e  s t a t i o n .  T o t a l  ter- 

r a i n  c o r r e c t i o n s ,  (TTC) f o r  each s t a t i o n  were computed f o r  

topography w i t h i n  a  d i s t a n c e  of 166.7 km of t h e  s t a t i o n .  T h i s  

d i s t a n c e  i s  e q u i v a l e n t  t o  Hayford-Bowie zone "0" (Swick, 1942) .  

A computer program w r i t t e n  by D. L .  P louf f  (1977a) of t h e  USGS 

which uses  d i g i t a l  t e r r a i n  d a t a  was used t o  compute t e r r a i n  

c o r r e c t i o n s .  The program a l s o  inco rpo ra t ed  a  mod i f i ca t ion  of 

t h e  program developed by P louf f  (1977b) which pe rmi t t ed  t h e  

c a l c u l a t i o n  of t h e  t e r r a i n  c o r r e c t i o n  f o r  t h e  d i s t a n c e  i n t e r v a l  

ze ro  t o  0.895 km, Hammer's zone F ( H a m m e r ,  1939) .  The d i g i t a l  

t e r r a i n  d a t a  w a s  based on t h e  Nat iona l  Car tographic  and In fo r -  

mation Center  0.01 inch  d i g i t i z a t i o n  of 1:250,000 s c a l e  topo- 

g raph ic  maps. These d a t a  p rov ide  t h e  average e l e v a t i o n  i n  0.5,  

1.0 and 3.0 minute square  a r e a s .  The g r a v i t a t i o n a l  e f f e c t s  

of t h e  topography were c a l c u l a t e d  f o r  r a d i a l  d i s t a n c e s  from 

ze ro  t o  2.29 km us ing  topography d i g i t z i e d  a t  0.5 minute i nc re -  

ments, from 2.29 km t o  15  km us ing  1 . 0  minute d a t a ,  and 15 km 



to 166.7 km using 3 minute data. The terrain effect calculated 

for the area between 0 and 2 . 2 9  km of t he  s t a t i o n  exceeded 

5.0  mgls fo r  4 0  stat ions ,  Subsequently these stations w e r e  

recalculated by hand, utilizing a method outlined by Oliver 

and others (1969). 

Table 1 (Appendix) l ists  the  principal  f a c t s  for each 

gravity station in the Mount Hood study area. The table head- 

ing explains the column des ignat ions .  The table does not list 

the parameters or values of special reductions or analyses 

described in t h i s  report, however, these can be calculated from 

the principal facts and the relations described in the appro- 

priate text of this report, 

Free-Air Gravity Anomalies 

Figure 3 shows a free-air gravity anomaly map of the Mount 

Hood area based on measurements at t he  station locations shown 

in Figure 2 .  The map contours are at intervals of 10 mgl and 

heavy contours  occur a t  0,  50, 100 and 150 mgl levels. The 

free-air anomalies reflect the very i r regular  topography of t h e  

area and the 0 mgl contour of the gravity map coincides approxi- 

mately with the 3000 foot  topographic contour in Figure 1. The 

summit of Mount Hood, approximately in the center of the map, 

e x h i b i t s  a free-air anomaly of greater than +I50 rngls. Elongate 

gravity ananaly lows near 450301N l a t  and 121'35' and 12lo45'W 

long are oriented approximately north-south. The easternmost 

gravity anomaly l o w  extends southward past Mount Rood at least 

to the southern limit of the survey area. The westernmost 

gravity low extends to just west of Mount Mood where it appears 
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to be i n t e r rup t ed  by a series of gravity highs oriented approxi- 

mately east-west. The t w o  north-south trending lows suggest 

a major structural offset in the basement rocks beneath the 

post-Miocene rocks which fdrm Mount Hood. The relatively short 

wavelength, positive anomalies associated w i t h  Mount Hood and 

the surrounding mountains suggest the mountains are not locally 

compensated to any significant extent and consequently are 

interpreted as local ized loads imposed on a relatively rigid 

crust or lithosphere. 

Bouguer Gravity Anomalies 

Figure 4 shows a complete Bouguer gravity anomaly map of 

t h e  Mount Hood area. The map, prepared using a standard reduc- 

tion dens i ty  of 2.67 gm/cm3, exhibits contours at intervals of 

2 mgls and heavy contours at 10 mgl intervals. A marked gravity 

low of less than -I08 mgls occurs on Mount Hood. This  gravity 

low is the most negative part of a larger gravity Tow which 

extends nor th  of Mount Hood to about 45O30' and extends south 

of Mount Hood at least to the limit of the survey area. The 

negative anomaly, closed north of Mount Hood, is open to the 

south  and suggests a large geologic feature on which Mount 

Hood is superimposed that begins in the v i c in i ty  of Mount Hood 

and extends southward. The anomalies east of Mount Hood near 

45'20-25'N l a t  and 121°30-34" long show only a small corre- 

lation with topography; hence, the average density of the near- 

surface rocks which form the topographic features is near 2.67 

3 gm/cm . The negative correlation between the topography and 

gravity anomaly of Mount Hood and the"rnountains west and south 
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of Mount Hood suggest the standard reduction density (2,67 gm/ 

3 cm ) is greater than the average density of the rocks which 

form t h e  mountains. 

Computation of the standard deviation of the complete Bou- 

guer anomalies of a region yields an indication of the corre- 

lation of the anomalies and the topography of the region, 

Figure 5 shows a graph of the standard deviation of the com- 

plete Bouguer gravity anomaly as a func t ion  of density f o r  the 

Mount Hood area. The curve shows a minimum when the density 

equals 2.27 gm/cm'. To determine a regional density f o r  Mount 

Wood the gravity station data were separated into a s e t  which 

included all the stations and a subset which included only the 

stations located on Mount Hood proper, Both sets of data indi -  

3 cate approximately the s a m e  density,  2.27 gm/cm , when t he  

standard deviation of the computed anomalies is a rn&nimum. 

3 Although the  d e n s i t y  of 2.27 gm/cm yields anomalies with a 

minimum correlation w i t h  the topography of the area, the curve 

in Figure 5 is relatively f l a t  near the m i n i m u m  and suggests 

the actual  densities of the topographic features have a broad 

range. For example, the Bouguer gravity anomalies in Figure 4 

suggest the average density of t h e  mountains immediately east 

of Mount Hood is greater than 2.27 q-m/cm3 and may be as high 

3 as 2 . 7  gm/cm , 

Figure 6 shows a complete Bougues anomaly map of t h e  Mount 

3 Hood area based on a reduction density of 2.27 gm/cm - The 

Bouguer anomaly associated with M o u n t  Hood is less than -64  

mgls; however, it is actually an anomaly high with respect to 

the surrounding anomalies, The anomaly high associated w i t h  



STANDARD DEVIATION OF THE COMPLETE BOUGUER 
ANOMALY AS A FUNCTION OF DENSITY 

Density (gm/cm3) 



COMPLETE BOUGUER GRAVITY ANOMALY MAP 
MOUNT HOOD A R E A ,  OREGON 

GRAVITY DATA FROM K I L O M E T E R S  UNIVERSAL TRANSVERSE MERCATOR PROJECTION 
J THIRUVATHUKAL 1969 O S U  0 2 4 6 8  CONTOUR INTERVAL 2 MGALS 
K K E E L I N G  1977 O S U  p- ESTIMATED STATION UNCERTAINTY t 2  MGAL 
G NESS 8 J BOWERS 1978 O S U  0 1 2 3 4 5  REDUCTION DENSITY 2 27 pm/cms 

M I L E S  

OREGON STATE UNIVERSITY 

DECEMBER. 1978 

Figure 6 



Mount Hood i s  f l a n k e d  on t h e  n o r t h e a s t  and southwest  by Bouguer 

anomaly h i g h s .  Together ,  t h e s e  cont iguous  h i g h s  s u g g e s t  a  

s t r u c t u r a l  h i g h ,  o r i e n t e d  approximate ly  N75E, beneath  t h e  

P l i o - P l e i s t o c e n e  r o c k s  which form Mount Hood and t h e  surround- 

i n g  mountains. The g r a v i t y  h i g h  t r a n s e c t s  a t  an a n g l e  what 

appears  t o  be an e x t e n s i v e  nor th-south  o r i e n t e d  g r a v i t y  low. 

The e a s t  s i d e  of t h e  g r a v i t y  low e x h i b i t s  h igher  g r a d i e n t s  

and i s  g e n e r a l l y  b e t t e r  d e l i n e a t e d  than  t h e  west  s i d e .  The 

low s u g g e s t s  a  g raben- l ike  s t r u c t u r e  w i t h  t h e  e a s t  f a r t h e r  

down and /o r  bounded by more prominent  f a u l t s  t h a n  t h e  w e s t  

s i d e .  

Th i s  i n t e r p r e t a t i o n  of t h e  g r a v i t y  anomalies s u g g e s t s  

Mount Hood sets i n  and c o v e r s  t o  some e x t e n t  a  nor th-south  

o r i e n t e d  graben.  The g r a v i t y  h igh  n e a r  t h e  c e n t e r  of  Mount 

Hood s u g g e s t s  i t s  l o c a t i o n  may be  s t r u c t u r a l l y  c o n t r o l l e d  i n  

t h a t  t h e  c e n t r a l  v e n t  l i e s  a long  a  s t r u c t u r a l  r i d g e  i n d i c a t e d  

by t h e  con t iguous  g r a v i t y  h i g h s  which c r o s s  t h e  nor th-south  

g r a v i t y  low. An a l t e r n a t i v e  e x p l a n a t i o n  o f  t h e  g r a v i t y  h igh 

a s s o c i a t e d  w i t h  Mount Hood i s  t h a t  it r e f l e c t s  t h e  i n t e r n a l  

s t r u c t u r e  of  t h e  mountain and may i n d i c a t e  t h e  main v e n t  o r  * 

c o r e  of  t h e  mountain. Because of t h e  s p a r c i t y  of s t a t i o n s ,  

g r a v i t y  anomal ies  a r e  n o t  w e l l  d e l i n e a t e d  n e a r  t h e  s u m m i t .  

South of Mount Hood, n e a r  45O15'N l a t . ,  g r a v i t y  g r a d i e n t s  
Q 

s u g g e s t  a  s t r u c t u r a l  l i n e a t i o n  o r i e n t e d  approximate ly  N 8 5  E. 

The s e n i o r  a u t h o r  h a s  s p e c u l a t e d ,  on t h e  b a s i s  of t h e  a l i g n -  

ment of ea r thquake  e p i c e n t e r s  and SLAR imagery, t h a t  a  f a u l t  - 
p o s s i b l y  a  t h r u s t  f a u l t  - may ex tend  a l o n g  t h e  base  of Mount 

Hood on t h e  s o u t h  s i d e .  The g r a v i t y  anomal ies  a r e  c o n s i s t e n t  



w i t h  this hypothes i s  but  do not  strongly support it. 

Prominent lineations in the gravity anomalies oriented 

appro~hate lyN23~Woccur  both northeast and southwest of Mount 

Hood. Two lineations northeast and two southeast of  Mount Hood 

appear to extend completely across the area mapped in the gra- 

v i ty  survey and m y  be complementary to the east northeast- 

south southwest lineations described above. 

Many closed short-wavelength anomalies occur also in the 

area and are very l i k e l y  associated with surface or very near 

surface structural and/or compositional features. 

Closely spaced gravity stat ions  occur along l i n e s  which 

extend north,  sou th ,  east and west from gravity station GS 33 

which is located T O  feet west of the geothermal drill hole 

south of Timberline Lodge. To obtain accurate gravity meas- 

urements d i f f e r e n t i a l  leveling was used to determine the sta-  

tion elevations, The initial elevation, 5936', was stamped 

in the USDA, Bureau of Public Roads BM 50-1, located in the 

f r o n t  s t e p s  of Timberline Lodge. A stadia survey connected 

all gravity stations to an X-Y coordinate system. The i n i t i a l  

azimuth, 190°, w a s  scaled from the Pucci chairlift as shown on 

7 . 5  minute USGS Topographic Map, Mount Hood. Poor weather pre- 

vented additional ties, Longitudes and Latitudes of the 

s t a t i o n s  were computed based on: 

a) The initial s t a t ion  MHL 8 latitude (45 '  19.87') and 

longitude (121' 42-61') 

b) The scale 1" of latitude = 101.27 feet at 45D20" N 

lat .  as p e r  Oregon Plane Coordinate Projection Tables 

SP 270 



c) And a scale ratio at 45'20' of 1" long/lN lat = 

0.708 and 1" long = 71.699 feet. 

Table 1 in the back of this report lists the latitude, longi- 

tude and gravity anomaly values for the gravity survey near 

the Timberline drill site. 

Figure 7a shows a complete Bouguer gravity anomaly, based 

3 on a reduction density of 2.67 gm/cm , around the Timberline 

geothermal drill site at approximately 4S019.7'N lat, 121°42.6'W 

long. The map indicates a general east-west trend to the : 

anomaly contours and decreasing anomalies towards the north 

away from the drill site. The gravity anomalies contoured at 

an interval of 2 mgls suggest a relatively uniform structure 

in the vicinity of the drill site and rock layers of a rela- 

tively low density. 

Figure 7b shows a complete Bouguer anomaly of the same 

area as Figure 7a but based on a reduction density of 2.27 gm/ 

3 cm . This density as discussed previously, is more represen- 

tative of the average density of the rocks of Mount Hood. 

Figure 7b indicates that the drill site is located on a rela- 

tive gravity high. The Bouguer anomaly high is of low ampli- 

tude and closed. The anomaly suggests a thickening of the more 

dense layers which form this sector of Mount Hood, an intrusive 

body, or a doming of the layers. A density contrast of 0.6 

3 gm/cm3 between massive andesite (2.6 gm/cm ) and andesitic ' 
3 ash containing water (2.0 gm/cm 1 suggests a flow or intrusive 

thickness of approximately 80 &. A relatively steep gradient 

in the gravity anomalies which trends approximately east north- 

east-west southwest occurs north of the drill site near 450211N 



Figure 7b 

43' 42' I: 
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lat. The anomaly is positive to the north and suggests that 

either a higher density layer (or flow) extends southward be- .. 
neath the surface ash and cinder to approximately 45'21' or 

that a structural break (or fault) occurs in the subsurface 

layers with the southside down about one mile north of the 

drill site. Other interpretations are also possible, however, 

the gravity measurements do not indicate any marked lateral 
i * 

variations in structure or density in the immediate vicinity 

of the drill site. 
r - 

< *-' - 6 .  Regional Gravity Anomalies 

Spectral separation of the short and long wavelength com- 

ponents of the complete Bouguer anomalies of the ~&nt Hood 

area yields "regional gravity anomalies" and "residual gravity 

anomalies". Estimates of the frequency at which the spectral 

separation should occur were based initially on the wavelengths 

of the topography of the region. The authors'@oStulated that, 

because of a relatively high density cBntrast,"the long wave- 

length gravity anomalies more likely would be associated with 

the pre-Pliocene rocks of the region such as the Columbia River 

Basalts and the short wavelength anomalies would reflect shallow 

sources caused by lateral and vertical variations in the Plio- 

cene and Holocene rock and ash which form Mount Hood and the 

surrounding mountains of the High Cascades. The initial spatial 

frequency separating the long and "short wavelength parts of the 

gravity anomaly spectrum was 5 cycles per 65 kilcheters or 13 

krn per cycle. Later iterations based on attempts to determine 

a "surface" for the Columbia River Basalts from the gravity 



measurements as described below indicated a better separation 

of the anomaly wavelengths occurred at 8 cycles per 65 km or 
t i  v 

8.1 km/cycle. Subsequently regional and residual anomalies 

separated spectrally at 8.1 km/cycle, were recomputed from the 

complete Bouguer anomalies shown in Figure 6. 

Figure 8 shows a map of the regional gravity anomaly of 

the Mount Hood area with wavelengths longer than 13 km. The 

map shows gravity highs which trend generally north-south on 

the east and west sides of the map. Between the gravity highs 

a north-south trending gravity low suggests a depression or 

graben-like structure in the upper crustal rocks beneath the 

post-Miocene rocks of the High Cascades. A gravity high 

oriented approximately east-west transects the large north- 

south gravity low.- The center of Mount Hood is located approxi- 

mately on the east-west gravity high and the mountain's "core" 

may contribute to the positive anomaly. 

Figure 9 shows a map of the residual gravity anomalies of 

the Mount Hood area shorter than 13 km. The map shows a large 

number of closed gravity highs and lows. These anomalies sug- 

gest density variations in the post-Miocene rocks of the area 

and may relate to individual flows or intrusions. No attempt 

was made to correlate these anomalies with the surface or near- 

surface geology. * 
e 

Figure 10 shows a map of the regional gravity anomaly of 

the Mount Hood area with wavelengths longer than 8.1 km. The 

map includes shorter wavelength components than the map shown 

in Figure 8 and therefore shows more irregularity or character 

in the anomaly contours and steeper anomaly gradients. 
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Contiguous g r a v i t y  h ighs ,  a l i g n e d  n o r t h  and sou th ,  occur  e a s t  

and n o r t h e a s t  a s  w e l l  a s  w e s t  and southwest  of Mount Hood. 

These h ighs  t o g e t h e r  w i th  a  h igh  nor thwest  of Mount Hood f l a n k  

a nor th-south o r i e n t e d  low. A r e l a t i v e l y  narrow high o r i e n t e d  

approximately N75E, connec ts  t h e  h i g h s  on t h e  western  s i d e  

w i t h  t h e  h ighs  on t h e  e a s t e r n  s i d e  and sugges t s  a  l i n e a r  s t r u c -  

t u r e  o r  an o f f s e t  i n  s t r u c t u r e  beneath  Mount Hood. A g r a v i t y  

low, sou th  of Mount Hood, approximately  p a r a l l e l s  t h e  N75E 

g r a v i t y  h igh  and i n t e r s e c t s  o r  t r u n c a t e s  t h e  nor th-south o r i en -  

t e d  h ighs  e a s t  and w e s t  of Mount Hood. Hence two dominant 

anomaly l i n e a t i o n s  a r e  e v i d e n t ;  approximately  nor th-south and 

approximately N75E. The nor th-south l i n e a t i o n s  sugges t  a  

g raben- l ike  s t r u c t u r e  i n  which Mount Hood i s  l o c a t e d  and t h e  

e a s t - n o r t h e a s t  l i n e a t i o n s  t h a t  sugges t  f o l d s  and/or  f a u l t s  

which c r o s s  t h e  graben- l ike  s t r u c t u r e .  The anomalies a r e  

r e l a t i v e l y  long wavelengths and a r e  l i k e l y  a s s o c i a t e d  wi th  t h e  

more dense pre-Pl iocene rocks  beneath  Mount Hood and t h e  sur -  

rounding mountains. 

F igure  11 shows a  map of t h e  r e s i d u a l  g r a v i t y  anomalies 

of t h e  Mount Hood a r e a  s h o r t e r  t han  8 .1  km. The map shows a  

l a r g e  number of c l o s e d  g r a v i t y  h ighs  and lows of s m a l l  a r e a l  

e x t e n t .  These anomalies sugges t  l o c a l  d e n s i t y  v a r i a t i o n s  i n  

t h e  post-Miocene rocks  of t h e  a r e a  and may r e l a t e  t o  i n d i v i d u a l  

f lows  o r  i n t r u s i o n s  o r  r e l a t i v e l y  t h i c k  a sh  d e p o s i t s .  The 

s t a t i o n  l o c a t i o n  d e n s i t y  and t h e  smoothing i n h e r e n t  i n  t h e  com- 

p u t a t i o n s  and subsequent con tour ing  of t h e  d a t a  l i m i t  t h e  

r e s o l u t i o n  of t h e  i n d i v i d u a l  anomalies and consequent ly  t h e  

anomaly caus ing  bodies .  No a t t e m p t  was made t o  c o r r e l a t e  
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these anomalies with the surface or near-surface geology. 



MODELS OF MOUNT HOOD 

A l a r g e  number of g e o l o g i c a l ,  geophys ica l ,  and geochemical 

s t u d i e s  contemporary wi th  t h e  g r a v i t y  s t u d y  d e s c r i b e d  i n  t h i s  
t 

r e p o r t  w i l l  p rov ide  d a t a  w i t h  which t o  c o n s t r a i n  f u t u r e  models 

of t h e  i n t e r n a l  and s u b s t r u c t u r e  of Mount Hood. Simple models, 

based on on ly  a  few g r a v i t y  v a l u e s ,  a r e  o f f e r e d  and desc r ibed  

below which may s u g g e s t  l i m i t s  or  d i r e c t i o n s  t o  o t h e r  i n v e s t i -  

g a t o r s  s t u d y i n g  Mount Hood. Topographic e l e v a t i o n s ,  a  Bouguer 

g r a v i t y  anomaly based on a  measurement on t h e  s u m m i t  of  Mount 

Hood of  7.6 mgls,  and an anomaly wavelength based on g r a v i t y  

measurements on t h e  f l a n k s  of Mount Hood c o n s t r a i n  t h e  s imple  

models. a 

F i g u r e  12 shows a  sphere  model of Mount Hood t h a t  a g r e e s  

w i t h  t h e  observed Bouguer g r a v i t y  anomaly and anomaly wave- 

l e n g t h .  The model assumes a  d e n s i t y  c o n t r a s t , A  p , of 0.6 gm/ 

cm3 between mountain and "core" .  Because t h e  ave rage  d e n s i t y  

a s s o c i a t e d  w i t h  t h e  topography of t h e  r e g i o n  i s  approximate ly  

2.3 gm/cm3 t h e  d e n s i t y  of t h e  s p h e r i c a l  c o r e  would b e  approxi-  

3  mately 2 .9  gm/cm . A d e n s i t y  of 2 . 9  gm/cm3 would be  n e a r  t h e  

maximum d e n s i t y  expected  f o r  a v o l c a n i c  c o r e  p a r t i c u l a r l y  i f  

it w e r e  warm, a l t e r e d  and /o r  f r a c t u r e d .  The s i z e  of c o r e  

r e q u i r e d  t o  s a t i s f y  t h e  o b s e r v a t i o n s  and assumptions s u g g e s t s  

t h e  model i s  u n r e a l i s t i c .  
f f  

Figure  13 shows a  graph of  a fami ly  of c u r v e s  which des-  

c r i b e  t h e  h e i g h t  and r a d i u s  of  a  c y l i n d e r i c a l  c o r e  which s a t i s -  

f i e s  t h e  observed g r a v i t y  anomaly on t h e  s u m m i t  of Mount Hood. 

The heavy curve  which c r o s s e s  t h e  f ami ly  of  c u r v e s  of  d i f f e r e n t  
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density contrasts is the smoothed topography of Mount Hood; 

therefore, any cyl inderical  model postulated is limited in 

radius and/or he igh t  by the topography. The dotted line illus- 

trates one poss ible  model: the cylinder has a radius of 3 . 5  km, 

a height of 1.2 km (above an assumed base for Mount Hood of 

3 
3500 ft), and a density contrast of 0.6 gm/cm . Smaller den- 

s i t y  contrasts y i e l d  larger cylinders but the  minimum density 

contrast, l imited  by the topography, is s l i g h t l y  greater than 

3 0 .4  gm/cm . 
Figure 14 shows a cylinder plus cone model of Mount"F3ood 

which satisfies the observed gravity anomaly, and topography. 

This model implies that the higher dens i ty  rock of the volcanic 

core extends to the  surface at the summit of the mountain. T h i s  

is consistent w i t h  the resistant rocks which are visible near 

the summit and which are probably m o r e  dense than most of t h e  

rock on the flanks of the mountain. Figure 12 illustrates the 

size of the core when a density contrast of 0.5 grn/cm3 is 

assumed. In this model the base of t h e  cylindrical core rests 

on Columbia  River Basalt at an elevation of 3500 ft; however, 

it could extend much deeper without significantly altering the 

gravitational effect of the model.  Changes in t h e  dimensions 

05 the model near the summit cause the larger changes in the 

gravitational attraction of the  cylinder and cone model. Fig- 

ure 15 shows a graph of the changes in radius of the cylinder 

and core models versus the density contrast between the cylin- 

der and core and the surrounding mountain. The curve assumes 

the d e n s i t y  of the surrounding rock is 2.27 qm/crn3 and the 

observed Complete Bouguer anomaly is 7.6 mgls. A large 



CYLINDER AND CONE MODEL FOR 
CENTER OF MT. HOOD 

Sea Level S 
0 1 2 3 4 5 6 7 

Kilometers 
2.5 to I Vertical Exaggeration 

Columbia 
Basalt 

River 

Figure  14 



CYLINDER AND CONE MODEL 
CENTER OF MT. HOOD 

DENSITY CONTRAST AND RADIUS 
REQUIRED FOR A g = 7 . 6  MGALS 

T + I MGAL 
T 

k 2 MGAL 

Radius in kilometers 

Figure 15 



u n c e r t a i n t y  i s  a s s o c i a t e d  wi th  t h e  t e r r a i n  c o r r e c t i o n  of t h e  

summit anomaly on Mount Hood; hence,  e r r o r  b a r s  of + and + 2 - - 

mgls a r e  shown on t h e  curve  t o  i n d i c a t e  t h e  u n c e r t a i n t i e s  i n  

t h e  r e s u l t i n g  models. 



ELEVATION OF THE COLUMBIA RIVER BASALT 

The 2 .27  gm/crn3 density of t h e  rocks which form the topo- 

graphy of and about Mount Hood is considerably less dense t h a n  

3 the density of 2.7 to 2.9 gm/m generally associated with the 

Columbia River Basalts. Therefore, the gravity anomalies of 

the area contain information on the structure or the shape of 

the interface between the Columbia River Basalts and the over- 

l y i n g  rocks. To estimate the elevation of the Columbia River 

Basalt (Yakima Basalt)  the complete Bouguer gravity anomalies, 
3 computed with a reduction density of 2 .27  gm/cm , were spec- 

trally separated i n t o  regional and residual components. The 

regional components that represent the anomaly f i e l d  caused 

by the Columbia River Basalts were determined, after several 

interactions,  to be best approximated by anomaly wavelengths 

longer than 8.1 km. The geologic map of the area indicates 

the Columbia River B a s a L t s  outcrop in several areas about 

Mount Hood. The elevations of the outcrops and the corres- 

ponding gravity anomalies provide a reference point for com- 

putations of the elevation of the Columbia River Basalt.  The 

reference point  selected was an elevation of 1040 meters and 

a gravity anomaly of +4 mgls. The equation to compute the 

elevation at other gravity stations was then 

where 

B = is the elevation in meters of the Columbia River 
Basalt above sea level 

RCB%. 27 = is the complete regional Bouguer anomaly 
at a reduction density of 2 , 2 7  gm/cm3 



= is the assumed density contrast between the 
Columbia River Basalt and the overlying flows 
and pyroclastics. 

-. - 

Elevations were computed for density contrasts of 0.4 and 0.6 

3 3 gm/cm . A density contrast of 0.6 gm/cm yields the best fit 

to the mapped outcrops of the Co1umbia'~iver Basalt. Figure 

16 shows the estimated elevations of the top of the Columbia 

River Basalt (Yakima Basalt) based on computations that used 

a regional gravity field with spatial anomaly wavelengths 

greater than 8.1 km. The contour interval is 100 m with heavy 

- contours shown at an elevation of 1000 m. Undulations in the 

surface range from less than 500 to greater than 1400 m* above 

sea level. The highest elevations occur on the east, north- 

east and southwest sides of Mount Hood. The axis of Mount Hood 

is located approximately on an elevated ridge, oriented approxi- 
1 

mately N75E, that extends from the high elevations of the Colum- 

bia River Basalts on the east side of Mount Hood to the high 
I 

on the southwest side. 

Elevation estimates of the Columbia River Basalt is based 

on gravity measurements, an assumed density contrast between 

the Columbia River Basalts and the post-Miocene pyroclastics 

and' flows of the High Cascade Mountains, and a reference ele- 

vation and gravity anomaly on an outcrop of the Columbia River 

Basalts in the study area. Inherent in these estimates are 

limits on the resolution of the surface configuration and ele- 
, , 

vation imposed by the position and spacing of the primary data 

grid and the continuity or smoothness of potential fields. 

Further, the elevations are computed independently for each 

station. Because of the limitations inherent in the method of 
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estimating t he  elevations many features cannot be resolved. 

For example, features w i t h  edges, such as faults or lava flows, 

are smoothed and included in the undulations of the estimated 

topography. The method also cannot differentiate between flows 

ox changes in the Columbia River Basalt and other high density 

f l o w s  in t h e  area, hence their surface is mapped as Columbia 

River Basalt.  High density intrusions in the material above 

the Columbia River Basalt may be reflected or included ih the 

undulations of the basalt .  

To assess the effectiveness of the elevation estimates the 

computed elevations were compared to topographic elevations to 

generate a map of the "computed outcrops" of the Columbia River 

Basalts .  F i g u r e  17 shows a map of both the observed and com- 

puted outcrops of the Columbia River Basalts ,  The agreement 

between computation and observation is reasonable but  genera l ly  

more Columbia River Basalt is expected to outcrop than is 

actually observed. This discrepancy may be caused by a wrong 

reference elevation for the computations, erosion of the basalt 

in the area of expected outcrops, i n s u f f i c i e n t  geologic mapping, 

or broadening of t h e  surface during computation and contour ing.  

West of Mount Hood relatively high density rocks are associated 

w i t h  Pl iocene  volcanism. 
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POROSITY ESTIMATES 

Laboratory measurements on rocks from Mount Hood by Dr. 

N. Christianson (University of Washington, personal communi- 

ca t ion ,  1978) show porosities of 6 to 7 percent in samples of 

fresh massive andesite. The measured samples have densities 

and p-wave velocities listed in Table 2 .  

Sample 

TABLE 2 

3 Density IgmJcrn 3 Velocity Ikrn/sec) 

2 . 5 6  4 . 4 9  

2 . 5 8  4 .52  

2.60 4 . 6 5  

2 . 6 2  4 - 5 2  

2.62 4 . 9 7  

2.59 4 - 8 4  

The average density of the samples is 2.60 grn/crn3 and the aver- 

age velocity is 4 .67  km/sec. If p2*6 is the density of ande- 

site at 7 percent poros i ty ,  then p,,,, the density at 0 percent 

3 porosity is 2 .80  gm/cm . Recognizing that the rocks which form 

Mount Hood are believed to be more than 90 percent andesite 

(Wise, 1969) the value, pmax, provides a reference p o i n t  to 

compute average porosities fox the r o c k s  of Mount Hood above 

the Columbia River Basalts .  The elevation difference, h, be- 

tween the estimated elevation of the Columbia River Basalt and 

the topographic surf ace, the residual gravity anomalies (RGAS , 

obtained as the difference between the complete Bouguer anoma- 

lies and the regional anomalies and the reduction density 

'2.27' provide the parameters used to compute an average density 



for  the mass column between the Columbia River Basalts  and the 

topographic surface. The equation is, 

- RGA 
pavg 

+ -  
IP2.27 2 ~ a h  

where cr is the gravitational constant. The estimated porosity 

is given by the equation2 

Porosity = 100 ( 2 m 8  - ' a ~ q )  
2.8 

Because the rocks are porous they can contain water, consequently 

the equation above yields a porosity for dry rocks. The equa- 

t i o n  for 100 percent water saturated rocks is: 

Porosity ( % I  = 100 ( 2-8 - Pavq) 
1 . 8  

Figure 18 shows a map of the estimated average porosities 

of the rocks in the Mount Hood area above the  Columbia River 

Basalts based on the assumption that the rocks are water satu- 

rated. Because the computed values have large inherent uncer- 

ta in t i e s  and show a large scatter or range in values they resul t  

in numerous "one-point" anomalies, Consequently, the computed 

values were smoothed and the contours o n l y  separate areas of 

porosities greater than  or less than the average porosity, 

30  percent, of water saturated rocks, The map shows an area 

east of Mount Hood with porosities less than 30 percent that 

corresponds reasonably well to the area where the complete 

Bouguer anomalies suggest the presence of higher density rocks. 

These observations of course, are not independent. A contour 

l i n e  that separates porosities of greater than 30 percent on 

the east side from porosities of less than 30 percent on the 

w e s t  side crosses the summit of Mount Hood from approximately 

sout6 southwest to nor th  northeast. The difference in the 
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p o r o s i t i e s  ind ica ted  by t h e  map suggests  an asymmetry i n  t h e  

average rock, a  composite of flows and p y r o c l a s t i c s ,  t h a t  

forms Mount Hood. A l t e r n a t i v e l y ,  t h e  average poros i ty  of t h e  

rock m a t e r i a l s  may be t h e  same about t h e  summit and f l anks  of 

Mount Hood but  t h e  porous rocks may conta in  more water on t h e  

west s i d e  than on the  e a s t  s ide .  



TRAVEL TIME RESIDUALS 

Empirical relations between rock density and compress- 

ional wave velocity (Ludwig, N a f e ,  and Drake, 1970) provide a 

means to estimate p-wave travel time residuals for the Mount 

Rood area based on gravity measurements, The empirical curves 

of Ludwig and others (1970) ind ica te  a compressional wave velo- 

c i t y  of approximately 3 - 3  krn/sec f o r  rock of density 2.27 grn/cmS. 

Recognizing that the average complete Bouguer anomaly f u r  the 

Mount Hood area is -71.7 mgl then the approximate t ravel  time 

vertically through the material above sea level is given by 

the equation: 

AT = h 
1.45 ( 2 . 2 7  + A  P )  

where h is the elevation in kilometers and 

AP = CBA + 71.7 
2 a ~ h  

Figure 19 shows estimated travel t i m e  residuals f o r  the 

Mount Hood area. The travel time residuals are the time of 

travel from sea level to the surface and the differences are 

caused by variations in topographic elevation and rock density 

along the ray path. The computed travel t h e  residuals are 

estimates only and do not allow for irregular travel paths  

caused by refract ion and diffraction of the seismic waves. 

The map does indicate,  however, that significant travel t i m e  

differences caused by near-surface effects can be expected. 
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R H L 3  4 5 2 0 . 6 1  
RHL 6  45  1 8  2 8  
UHL 7  4 5  1 8 . 5 0  
RHL 8  45  1 5 . 8 7  
KHS01 45 1 7 . 8 4  1 .  UHS82 U H S B ~  4 5  4 5  2 5 . 4 6  3 8 . 3 9  
RHSOS 45 3 2 . 9 8  
RHS36 45 1 3 . 0 7  
KH 0 1  4 5  1 9 . 9 6  
RH 8 2  45  1 9 . 5 7  

P RH 6 3  4 5  1 9 . 0 1  
NH 8 4  45  1 8 . 5 5  
RH 0 5  4 5  1 8 . 4 3  
RH 86 4 5  1 8 . 7 8  
RH 8 7  4 3  1 8 . 8 5  
KH 8 8  45  18 8 6  
UH 8 9  45 1 8 . 4 6  

' RH 1 0  45  1 5 . 5 5  
R H 1 1  4 5 1 4 . 4 8  
RH 1 2  4 5  1 3 . 5 5  
UH 1 3  4 5  1 1 . 6 5  
RH 1 4  45  1 7 . 3 3  
mn IS 4 s  1 7 . 6 3  
# H  1 6  4 5  1 8 . 0 4  
UH 1 7  45  1 7 . 2 4  
U H  l a  4 s  1 6 . 1 3  
# H I 9  4 5 1 5 . 1 9  
RH 2 0  4 5  1 1 . 3 4  
RH 2 1  85  1 5 . 8 7  
RH 2 2  4 5  1 6 . 0 2  
flH 2 3  45  1 6 . 4 5  

? 
H NH 2 4  2 5  4 5  45  1 7 . 0 4  1 4 . 6 6  
UH 2 6  4 5  1 7 . 8 7  

5 6 .  46  
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4 2 .  1 6  
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INTRODUCTION 

- 
Most of t h e  c u r r e n t l y  a c t i v e  volcanoes a r e  assoc ia ted  with 

C1" 
r ,. J 

volcanic  a r c s  which form over subducting s l a b s  of l i thosphere  

i n  p l a t e  c o l l i s i o n  a reas .  Large s t ra tocone  volcanoes of gen- 

e r a l l y  a n d e s i t i c  composition a r e  t y p i c a l l y  assoc ia ted  with these  

a c t i v e  volcanic  a r c s ,  although ex t rus ions  of b a s a l t i c  composi- 

t i o n  a r e  probably more volurnetrically important. Along the  

western P a c i f i c  t h e r e  i s  an almost continuous s t r i n g  of volcanic  

a r c s  assoc ia ted  with subducting s l a b s  of l i thosphere .  Along 

t h e  western margin of t he  North American Continent t h e  subduc- 

t i o n  i s  more fragmented than i n  t he  western P a c i f i c ;  however, 

t he re  a r e  s eve ra l  d i s t i n c t  regions where volcanic  a r c s  a r e  

developed. These regions a r e  t he  Aleutian a r c  of Alaska, the  

Cascade Range of t he  northwestern United S t a t e s ,  t he  t rans-  

Mexico volcanic  b e l t  i n  Mexico, and the  Cent ra l  American vol-  

can ic  a r c .  Active subduction i s  d e f i n i t e l y  occurr ing a t  t h e  
.- . 

f i r s t  and l a s t  of these  a r e a s ,  a s  evidenced by l a r g e  numbers 

of intermediate  and deep focus earthquakes generated wi th in  

t h e  cold s ink ing  block of l i thosphere .  Along southwestern 

'Mexico t h e r e  a r e  numerous earthquakes of intermediate  foca l  

depth which genera l ly  l i n e  up t o  i nd ica t e  a  s l a b  with a  very 

shallow d ip .  
if 

On t h e  o t h e r  hand, i n  t h e  p a c i f i c  Northwest, t h e r e  a r e  no 

intermediate  o r  deep focus earthquakes,  so  d i r e c t  seismic 

evidence f o r  t h e  ex is tence  of a  subducting s l a b  does not  e x i s t .  

However, t he  deepest  'earthquakes i n  t h e  conterminous United 

S t a t e s  ( 6 0  km) a r e  assoc ia ted  with  t h e  Puget Sound area  of 



1 9  6 

northwestern Washington, and so  apparen t ly  t h e  t e c t o n i c  s i t u a -  

t i o n  must be d i f f e r e n t  i n  some way from t h e  remainder of t h e  

western United S t a t e s .  Moreover, based on t h e  evidence of 

abundant volcanism i n  t h e  Cascade Range, and t h e  present-day 

ex i s t ence  of many l a r g e  s t ra tocone  volcanoes which would be 

r ap id ly  removed by e ros ion ,  it i s  apparent  t h a t  subduction has 

been a c t i v e  i n  t h e  P a c i f i c  Northwest wi th in  t h e  p a s t  few thou- 

sand years .  Subduction may be cont inuing,  bu t  a t  a low l e v e l  

o r  with t h e  block too  ho t  t o  generate  earthquakes.  

Although ex t ru s ive  rocks of b a s a l t i c  composition o f t en  

a r e  vo lumet r ica l ly  dominant i n  t he  vo lcan ic  a r c s  a s soc i a t ed  

with subduction zones, t h e  a s soc i a t ed  i n t r u s i v e  rocks  a r e  domi- 

nan t ly  of g r a n i t i c  composition. Thus, it i s  f e l t  t h a t  geo- 

thermal systems a r e  more l i k e l y  t o  be a s soc i a t ed  with  volcanic  

rocks  of a n d e s i t i c  t o  r h y o l i t i c  composition where t h e  magmas 

a r e  more viscous and more l i k e l y  t o  s o l i d i f y  a s  i n t r u s i v e  rocks 

r a t h e r  than proceed t o  t h e  sur face  and be extruded ( see  Smith 

and Shaw, 1975) .  By cool ing  below t h e  su r f ace ,  more thermal 

energy i s  t r a n s f e r r e d  i n t o  t h e  shallow c r u s t  and hydrothermal 

convection systems a r e  more l i k e l y  t o  be formed. In  f a c t ,  epi-  

zonal p lu tons  probably cool  dominantly, i f  no t  completely,  by 

hydrothermal convection r a t h e r  than conduction. 

Around t h e  world, many geothermal systems a r e  assoc ia ted  
t 

with andes i t e  volcanoes. In  p a r t i c u l a r ,  s eve ra l  of t h e  geo- 

thermal systems i n  Japan, such a s  Matzukawa and Otaki ,  a r e  

a s soc i a t ed  with s t ra tocone  volcanoes. In  Cent ra l  America, t h e  

geothermal f i e l d s  a t  ~ h u a c h a p i n ,  E l  ~ i l v a d o r ;  Mombotambo, 

Nicaragua; and i n  Costa Rica a r e  a l s o  a s soc i a t ed  with s t ra tocone  
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volcanoes and a r e  c u r r e n t l y  produccng o r  w i l l  soon produce 

e l e c t r i c a l  power. Therefore,  t he  Cascade Range of t h e  Pac i f i c  

Northwest r ep re sen t s  an obvious focus f o r  geothermal explora- 

t i on .  However, i n  s p i t e  of t h e  abundant evidence of voluminous 

volcanism of v a r i a b l e  composition i n  t he  Cascade Range, ther-  

mal manifesta t ions  a r e  much more subdued than those t y p i c a l l y  

assoc ia ted  with t h e  i s l a n d  a rc s .  The only thermal manifesta- 

t i o n s  which appear major from t h e i r  sur face  evidence a r e  asso- 

c i a t e d  with M t .  Lassen, i n  nor thern Ca l i fo rn i a .  The remainder 

of the  andes i t e  volcanoes i n  t h e  Cascade Range d i sp l ay  only 

weak evidence of hydrothermal a c t i v i t y ,  al though most of t h e  

volcanoes have vent  fumaroles and have been ' h i s t o r i c a l l y  ac t ive .  

The o v e r a l l  t h r u s t  of t h i s  p r o j e c t  was t o  i n v e s t i g a t e  t he  

. geothermal p o t e n t i a l  of t h e  M t .  Hood volcano a s  a  guide t o  

es t imat ing  the  geothermal p o t e n t i a l  of o t h e r  s t ra tocone  vol- 

canoes i n  t he  Cascades. The assumption was made, t he re fo re ,  

t h a t  M t .  Hood represen ts  a  t y p i c a l  s t ra tocone  volcano and t h a t  

t he  information obtained i n  t he  study of M t .  Hood could be 

t r a n s f e r r e d  t o  o ther  s t ra tocone  volcanoes i n  t h e  western 

United S t a t e s .  A l oca t ion  map showing t h e  Cascade s t r a tovo l -  

canoes i s  given i n  Figure 1. I n  view of t he  g e n e r a l i t y  of t he  

approach, p a r t  of t h e  research  c a r r i e d  ou t  i n  t he  p r o j e c t  was 

a  more general ly-or iented study of thermal e f f e c t s  of magma 
r 

chamber systems assoc ia ted  with s t ra tocone  volcanoes and of 

reg iona l  hea t  flow i n  the  Cascades. 

The r e p o r t  i s  e s s e n t i a l l y  divided i n t o  t h r e e  sec t ions .  

I n  t h e  f i r s t  s ec t ion ,  some examples of si'mple cool ing models 
. . 

of d i f f e r e n t  shapes of magma chambers t h a t  m i g h t  be assoc ia ted  



Figure 1. Location map of Cascade s t ratocone volcanoes (from 
Wise, 1 9 6 9 ) .  



wi th  s t r a t o c o n e  volcanoes  a r e  d i scussed .  These s imple  models 

a r e  c a l c u l a t e d  i n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  d i f f e r e n t  

geometry on t h e  t o t a l  h e a t  t r a n s f e r  of  t h e  system, r a t e  of 

c o o l i n g ,  and v o l c a n i c  r e c u r r e n c e  t i m e s  necessa ry  t o  keep t h e  
i 

c r u s t  h o t .  

I n  t h e  second s e c t i o n ,  a  d e s c r i p t i o n  of  a  d e t a i l e d  s tudy  

of  t h e  Western Cascade-High Cascade boundary i n  t h e  Western 

Cascade p rov ince  i s  d i s c u s s e d  a long  w i t h  t h e  r e s u l t s  of h e a t  

f low s t u d i e s  a long  t h e  e a s t e r n  boundary of t h e  Nor thern  Cas- 

cade  Range of Oregon. These s t u d i e s  a r e  p r e s e n t e d  h e r e  f o r  

completeness and f o r  comparison wi th  t h e  d a t a  o b t a i n e d  i n  t h e  
I 

M t .  Hood reg ion .  

The f i n a l  s e c t i o n  i s  a  d i s c u s s i o n  of t h e  h e a t  f low i n  t h e  

v i c i n i t y  of  M t .  Hood, i n c l u d i n g  nea r - reg iona l  e x p l o r a t i o n  h o l e s ,  

and deep e x p l o r a t i o n  h o l e s  a t  Timber l ine  Lodge and a t  Old Maid 

F l a t  a t  t h e  f o o t  of t h e  M t .  Hood volcano.  

f 



SPECIFIC APPLICATIONS TO STRATOCONE VOLCANOES 

A number of different models for the cooling of magma 

I .4 
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 T where Tm is the melt temperature. This m' 

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 ,  a t  some t i m e  such a chamber must 
i t i. 

e v e n t u a l l y  begin t o  coo l  o f f ,  b u t  t h e r e  i s  geo log ica l  evidence 

t h a t  man9 magma chambers a r e  r e s u p p l i e d  by magma and t h u s  can 

mainta in  a  l i q u i d  zone over  a  long pe r iod  of t i m e  r e l a t i v e  t o  

t h e  coo l ing  p e r i o d  of t h e  ins tan taneous  model. 

I f  t h e  magma chamber i s  maintained f o r  an extreme pe r iod  

of t i m e ,  t h e  thermal  e f f e c t s  e v e n t u a l l y  r each  a s t e a d y - s t a t e .  

Ul t ima te ly ,  of course ,  t h e  magma must s t a r t  t o  c o o l  o f f .  Yuhara 

(1974) has  p resen ted  some s t e a d y - s t a t e  models of a  l i n e a r  vol-  

cano with a  p lane  ( v e r t i c a l )  source magma chamber. H e  i l l u s -  

t r a t e s  t h e  tempera ture  f o r  such a model f o r  d i f f e r e n t  dep ths  

t o  t h e  p lane  source.  

I n  g e n e r a l ,  t h e  g e o l o g i c a l  evidence i n d i c a t e s  t h a t  most, 

i f  n o t  a l l ,  magma chambers emplaced i n  t h e  ep izona l  r eg ion  of 

a  c r u s t  (1-5 km) a c t u a l l y  coo l  dominantly by convect ion of 

heated  ground water through t h e  c o o l i n g  rock i n  a  hydrothermal 

system. Very seldom i s  it l i k e l y  t h a t  a  l a r g e  magma chamber 

would c o o l  conduct ive ly .  However, a n a l y s i s  of t h e  r a t e  of 

h e a t  t r a n s f e r  i n  t y p i c a l  geothermal systems sugges t s  t h a t  t y p i -  

c a l  e f f i c i e n c y  of convect ive  coo l ing  i s  n o t  p a r t i c u l a r l y  g r e a t ;  . 

t h e  h e a t  t r a n s f e r r e d  by a convect ion system being on t h e  o rde r  

of two t o  t e n  t i m e s  t h e  r a t e  of h e a t  l o s s  by conduct ive  coo l ing  

a lone .  So t h e  average h e a t  l o s s  f o r  convect ive  c o o l i n g  a s  con- 

t r a s t e d  wi th  conduct ive  coo l ing  of an a c t i v e  magma chamber might  

b e  es t ima ted  t o  be on t h e  o r d e r  of f i v e .  

J 

Basic Model Shapes 

Figure  2 shows a topographic  c r o s s - s e c t i o n  a long an 
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approximately east-west  l i n e  through M t .  Hood. This  c ross -  

s e c t i o n  has  equal  h o r i z o n t a l  and v e r t i c a l  s c a l e s .  Also shown 

on t h e  volcano a r e  t h e  l o c a t i o n s  and s c a l e d  depths  of two r e l a -  

t i v e l y  deep exp lo ra to ry  h o l e s  which have been d r i l l e d  f o r  geo- 

thermal  s t u d i e s .  

M t .  Hood i s  a t y p i c a l  s t r a t o c o n e  volcano. I t  has  a r e l i e f  

of about  1 .5  km and a r a d i u s  of 5 km, g i v i n g  an approximate sur-  

2 3 f a c e  a r e a  of 80 km and a volume of 40 km . The geology of t h e  

volcano has  been d i scussed  by W i s e  (1968).  Most of t h e  volcano 

was formed i n  l a t e  P l e i s t o c e n e ,  and a major e r u p t i o n  which 

formed most of t h e  south  f l a n k  of t h e  volcano occurred  about  

1,600 y e a r s  ago. The most r e c e n t  major a c t i v i t y  has  been dated  

a t  about  220 y e a r s  ago (Crandel l  and Rubin, 1977) .  'The volcano 

was i n  minor e r u p t i o n  between 1848 and 1865, according t o  

' newspaper accounts .  There i s  an a c t i v e  fumarolic  system near  

t h e  t o p  of t h e  volcano,  b u t  only  a " s i n g l e "  thermal s p r i n g  

wi th  s e v e r a l  o r i f i c e s  i s  a s s o c i a t e d  wi th  t h e  volcano (Swim 

S p r i n g ) .  The s p r i n g  i s  a long t h e  southern  edge of M t .  Hood. - * 

I n  t h e  d i scuss ion  of t h e  conductive coo l ing  of magma cham- 

b e r s ,  two b a s i c  shapes w i l l  be cons idered  (F igure  3 ) .  The 

f i r s t  is  a p a r a l l e l e p i p e d  wi th  i n f i n i t e  e x t e n t  i n  t h e  Y d i r -  

e c t i o n ,  a width equal  t o  2A, and a t h i c k n e s s  equa l  t o  L ,  

emplaced a t  a c o n s t a n t  i n i t i a l  temperature (T 1 ,  and a t  a depth 
0 

D below t h e  s u r f a c e .  This  p a r t i c u l a r  model might apply t o  a 

l i n e a r  magma chamber, such a s  might e x i s t  i f  s e v e r a l  s t r a t o -  

cone volcanoes coalesced,  o r  t o  a d ike  o r  s h e e t - l i k e  magma 

chamber. T h i s  s o r t  of model might apply i f  t h e r e  i s  a l a r g e  

r e g i o n a l  magma chamber a s s o c i a t e d  wi th  t h e  e n t i r e  Cascade Range, 



I N F I N I T E  (SLAB) C Y L I N D E R  
RECTANGLE 

B A S I C  M O D E L  S H A P E S  

Figure 3 ,  B a s i c  model shapes for two-dimensional magma cham- 
ber models, A = half-width or radius; L = th ick-  

- ness; 0 = depth f r o m  surface to top of body; To - 
in i tia 1 emplacement temperature . 



r a t h e r  than  i n d i v i d u a l  magma chambers a s s o c i a t e d  wi th  each 

s t r a t o c o n e  volcano. 

The o t h e r  b a s i c  shape i n v e s t i g a t e d  i s  a c y l i n d e r  t h a t  

i s  cons idered  t o  be bu r i ed  a t  a  dep th  D ,  t o  have a r a d i u s  A,  

and a t h i c k n e s s  L. Th i s  model would be  more t y p i c a l  of a 

s i n g l e  magma chamber a s s o c i a t e d  wi th  a volcano,  a vo l can ic  

p i p e ,  o r  a very  l a r g e  c i r c u l a r  magma chamber which might 

u n d e r l i e  s e v e r a l  a d j a c e n t  volcanoes .  For  example, it has  been 

suggested by LaFehr (1965) t h a t  a  s i n g l e  magma chamber may 

u n d e r l i e  t h e  Medicine Lake Highland and M t .  Shas t a  a r e a  i n  

C a l i f o r n i a .  

Comparing t h e  two geomet r ies ,  A i s  t h e  ha l f -wid th  of t h e  

s l a b ,  o r  t h e  r a d i u s  of t h e  c y l i n d e r ;  L i s  t h e  t h i c k n e s s  of t h e  

body; D i s  t h e  dep th  of t h e  t o p  of t h e  body from t h e  s u r f a c e ;  

To i s  t h e  i n i t i a l  t empera ture  (assumed c o n s t a n t )  of t h e  body. 

I n  a l l  t h e  s o l u t i o n s ,  t h e  medium i s  assumed t o  be homogeneous 

and t o  have c o n s t a n t  thermal  c o n d u c t i v i t y  n o t  dependent on tem- 

p e r a t u r e .  I n  t h e  s o l u t i o n ,  t h e  magma i s  assumed t o  have t h e  

same thermal  c o n d u c t i v i t y  a s  t h e  coun t ry  rock.  I n t r i n s i c a l l y ,  

a l though bo th  a r e  two-dimensional,  a  s l a b  w i l l  have a l a r g e r  

h e a t  c o n t e n t  than  a c y l i n d e r  f o r  equa l  v a l u e s  of A and D ,  and 

t h e r e f o r e  w i l l  t end  t o  c o o l  more s lowly .  

I n  a d d i t i o n  t o  t h e  two t y p e s  of geometry, two d i f f e r e n t  

models of magma chamber behav io r s  were c a l c u l a t e d .  The f i r s t  

of t h e s e  i s  t h e  i n s t an t aneous  model d i s cus sed  above, where 

emplacement of t h e  magma a t  a  g iven  tempera ture  t a k e s  p l a c e  a t  

a c e r t a i n  t ime and conduc t ive  c o o l i n g  occu r s  subsequent t o  

t h i s  emplacement. For t h e  second set of models, t h e  cont inuous  



models, the magma is assumed to be emplaced at a constant t e m -  

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

remain at t h i s  temperature for  subsequent time so that the 

whole half-space is heated by the magma chamber. 

In cer ta in  of t h e  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 t h e  volcano on top of the magma chamber can 

be examined. In these models, the results have been illus'trated 

f o r  certain characteristic locations along the surface such as 

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

toe (TI, 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 rec tangular  case have been discussed 

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

w e l l  and Baag, 1974;  Lachenbruch and others, 1976). Some results 

f o r  a spherical source and for a cylindrical source have been 

discussed in t h e  l i terature (Carslaw and Jaeger, 1959; Riti- 

taki, 1959; BLackwell and Baag, 1 9 7 4 ) .  The object of this s e t  

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

of burial, and cooling time. All solutions in t h i s  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 
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Figure  4 .  Magma chamber model s i z e s  i n  r e l a t i o n  t o  s u r f a c e  
ha l f - space .  P = p lane  s u r f a c e  ha l f - space  boundary; 
V = volcano ha l f - space  boundary. Loca t ions  of 
d e t a i l e d  s t u d i e s  a r e  i n d i c a t e d  by A ( a p e x ) ,  S ( s l o p e ) ,  
T ( t o e ) ,  and F ( f l a t )  of t h e  volcano.  



given t h e  dimensions of k i lometers ,  b u t  they  can be sca l ed  by 

t h e  conduction l eng th  parameter (Lachenbruch and o t h e r s ,  1976) .  

The assumed va lues  of t h e  parameters a r e  shown i n  Table 1. 

Some sample r e s u l t s  f o r  t h e  ins tan taneous  models a r e  shown i n  

Figure  5. In  a l l  of t hese  models t he  h e a t  flow a t  t h e  time of 

maximum su r face  h e a t  flow over t h e  apex of t h e  magma chamber 

i s  i l l u s t r a t e d .  Resu l t s  f o r  both t h e  r ec t angu la r  and t h e  

c y l i n d r i c a l  models a r e  shown. The d i s t ance  i s  measured from 

t h e  c e n t e r  l i n e  o r  c e n t e r  p o i n t  of t h e  body. 

The assumed emplacement temperature f o r  t h e s e  models i s  

800°C. This temperature i s  approximately t y p i c a l  of r h y o l i t i c  

maghas. The a c t u a l  temperature a s soc i a t ed  wi th  an a n d e s i t i c  

magma might be somewhat higher  (lOOO°C), p a r t i c u l a r l y  i f  t he  

e f f e c t  of l a t e n t  h e a t  were included. I t  i s  a  simple mat te r  t o  

s c a l e  t h e  hea t  f low t o  any assumed To, however, a s  it i s  merely 

. a mat te r  of mul t ip ly ing  t h e  hea t  f low shown on t h e  o rd ina t e  by 

t h e  r a t i o  of t h e  assumed To t o  800°C. 

Some p o i n t s  of i n t e r e s t  from t h e s e  s o l u t i o n s  a r e  t h a t  i n  

t h e  ca se  of t h e  neck model, where t h e  magma chamber approaches 

wi th in  100 m of t h e  su r f ace ,  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  

between t h e  hea t  flow as soc i a t ed  with t h e  c y l i n d r i c a l  neck 

model and t h e  rec tangular  neck model. This  d i f f e r e n c e  i s  p r i -  

mar i ly  because of t h e  much l a r g e r  volume a s soc i a t ed  wi th  t h e  
P 

r ec t angu la r  chamber. I t  i s  a l s o  apparent  t h a t  t h e s e  anomalies 

a r e  q u i t e  l i m i t e d  i n  l a t e r a l  e x t e n t .  The width of both bodies  

i s  assumed t o  be 500 m and t h e i r  depth of b u r i a l  i s  assumed t o  

be 100 m. The time of maximum fieat flow as soc i a t ed  with t he  

bodies  i s  approximately 2,000 yea r s  i n  both cases .  



TABLE 1 

VALUES OF PARAMETERS FOR 

THERMAL MODELS OF MAGMA CHAMBERS 

Magma Chamber Type 

Neck Shallow Deep 

Radius (A) 0 . 2 5  km 1.5 km 2 5 . 0  km 

Thickness (L) 10.0 krn 3.0 km 10.0 ]an 

Depth 
I ID1 0.10 krn 1.0 h 10.0 km 

Thermal conductivity = 5 mcal/cm-sec-OC 

2 Thermal diffwsivity = 0.01 cm /sec 



PLANE SURFACE 
I N S T A N T A N E O U S  

M O D E L S  

T Y P E  M O D E L  TIME(YRS) 

1 N E C K  2,O 0 0 

C Y L I N D E R Z S H A L L O W  9,000 

3 DEEP 

4 NECK 2,000 

I N F I N I T E  5 SHALLOW 9.000 

RECT. 6 DEEP 1,300,000 

TCU = 5 
2 

OC = . O 1  CM I S E C  

D I S T A N C E ,  K M  

Figure 5 .  Surf ace heat f low-versus-distance curves for plane 
surf  ace instantaneous models. Maximum su r f  ace heat 
flow over the apex of the volcano corresponds to 
time (yrs. ) shown at r i g h t  of figure; curves are 
labeled by number of respective models, 



A s  t h e  magma chamber becomes deeper and l a r g e r ,  t h e  d i f -  

f e r ence  i n  hea t  f low, a t  t h e  t i m e  of maximum h e a t  f low, between 

t h e  c y l i n d e r  and t h e  r ec t angu la r  model chambers becomes l e s s ,  

u n t i l  i n  t h e  ca se  of t h e  l a r g e s t  magma chamber modeled (where 

. t h e  depth of b u r i a l  i s  10 km and t h e  half -width,  o r  r a d i u s ,  

i s  25 km) t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  two 

anomalies. Also i l l u s t r a t e d  i s  t h e  dramat ic  e f f e c t  of t h e  

depth of emplacement on t h e  maximum h e a t  flow va lue .  Obviously, 

t h e  cool ing  t imes a r e  q u i t e  d i f f e r e n t ;  t h e  coo l ing  t i m e  f o r  

t h e  l a r g e  deep magma chamber i s  increased  by a  f a c t o r  of over 

100 compared t o  t h e  shallow magma chamber, and over 500 com- 

pared t o  t h e  neck model. In  gene ra l ,  t h e  cool ing  t i m e s  a r e  

r a t h e r  s h o r t  geo log i ca l l y  and, f o r  deep chambers, t h e  i nc rea se  

i n  hea t  f low i s  r a t h e r  modest. For t h e  r ec t angu la r  p lane  sur-  

f a c e  model, a  more complete s e t  of h e a t  f low-versus t i m e  

curves  a r e  given by Lachenbruch and o t h e r s  (1976) .  

More R e a l i s t i c  Models 

I n  o rde r  t o  ob t a in  s o l u t i o n s  f o r  magma chamber models i n  

a d d i t i o n  t o  t h e  simple a n a l y t i c a l  s o l u t i o n s  a v a i l a b l e ,  a  f i n -  

i t e  d i f f e r e n c e  program was w r i t t e n  f o r  t r a n s i e n t - r a d i a l  h e a t  

conduction problems. Using t h i s  f i n i t e  d i f f e r e n c e  model, solu-  

t i o n s  were ob ta ined  t h a t  included a  model su r f ace  shap6 based 

on t h e  topographic  p r o f i l e  of M t .  Hood (F igure  2 and F igure  4 ,  

boundary V). The h e a t  f low e f f e c t s  were c a l c u l a t e d  a t  t h e  

s u r f a c e  f o r  both ins tan taneous  and cont inuous models f o r  "neck" 

and "shallow" magma chambers under t h e  apex of t h e  volcano, of 

t h e  c h a r a c t e r i s t i c  dimensions shown i n  Table  1. A s o l u t i o n  



was c a l c u l a t e d  f o r  both c y l i n d r i c a l  and re i tangular  coord ina te  

geometry volcanoes and magma chambers, a l though t h e  r ec t angu la r  

r e s u l t s  a r e  n o t  d i scussed  here .  These t ypes  of s o l u t i o n s  a r e  

i l l u s t r a t e d  schemat ica l ly  i n  F igure  6 f o r  t h e  "shallow" magma 

chamber model. The boundary l abe l ed  V i n  F igure  4 was used 

wi th  t h e  magma chambers placed held; V according t o  t h e  values  

of parameters given i n    able 1. 
--e' 

Because t h e  deepes t  magma chamber (Table  1) gene>ates a  

more r e g i o n a l  anomaly, r a t h e r  than a  l o c a l  anomaly, d i scuss ion  

i s  focused i n  t h i s  and subsequent s e c t i o n s  of t h i s  chapte r  on 

t h e  two smal le r  magma chamber models c a l c u l a t e d .  The "shallow" 

model might correspond t o  a  s i n g l e  magma chamber a s soc i a t ed  

G i th  an i n d i v i d u a l  a n d e s i t e  volcano. The second s o l u t i o n  

("neck" model) might be more c h a r a c t e r i s t i c  of cond i t i ons  

a s s o c i a t e d  wi th  emplacement of a  narrow neck o r  c e n t r a l  magma 

chamber a long t h e  condui t  of a  volcano. 

Shallow Magma Chamber 

The dimensions of t h e  magma chamber assumed ii t h i s  d i s -  

cuss ion  a r e  given i n  Table 1. A l l  models a r e  assumed t o  be 

c y l i n d r i c a l ,  except  f o r  model 2 i n  F igure  6 ( t h e  s l a b  model) .  

The two c o n t r a s t i n g  types  of hea t  conduction s o l u t i o n s ,  ins tan-  

taneous and cont inuous,  a r e  shown f o r  t h e  shallow magma cham- 

b e r  model wi th  both t h e  volcano-surface and t h e  plane-surface 

topography.  h he r e s u l t s  'for ' h g a t  fbl~w-versus-dis tance a t  t h e  
. ,* * . - -* 

t ime of maximum su r f ace  hea t  flow f o r  t h e  models a;e shown i n  
"1 

Figure  6 .  In  F igure  6 ,  t h e  "plane"  and "volcano" s u r f a c e  
. <  . 

models r e f e r  t o  s o l u t i o n s  us ing  a  c y l i n d r i c a l  magma chamber. 
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On the other  hand, the slab model refers to a solution w i t h  a 

plane surface and an i n f i n i t e  rectangular magma chamber. The 

times indicated in the figure are the times of maximum surface 

heat flow associated with the instantaneous magma chamber and 

' t h e  maximum run time for  the continuous magma chamber model, 

The h o r i z o n t a l  distance shown in Figure 6 is measured from the 

apex of the volcano and/or the  center of the m a g m a  chamber. 

Curve 1 (Figure 6 )  is the maximum heat f l o w  curve for the 

instantaneous plane magma chamber discussed previously, and 

curve 4 represents the heat flow far the continuous plane'magma 

chamber at an age of 25"000 years,   he continuous magma cham- 

ber has essentially reached its equilibrium heat flow in the 

center p a r t  05 the anomaly, although the solution has stil l  

n o t  reached equilibrium at distances of 2-4 km away f r o m  t h e  

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

opposed to t h e  instantaneous) model differs by a factor of 

slightly over two. Similarly, the continuous plane solut ion  

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

magma chamber because of the continuous heat i n p u t  of the 

replenished or convecting magma chamber, Thus, at any given 

period of time, the t o t a l  heat output of the continuous magma 

chamber will exceed by a minimum 0 2  two times the maximum heat 

output of the instantaneous solution. Over the area of the 

magma chamber, this heat output m i g h t  average a maximum of 

approximately 10 RFU for the ins tantaneous  model, and 20-30 

HFU for  the cont inuous model illustrated. 

The slab solution is essentially equivalent in dimensions 

to the instantaneous plane solution, except that the magma 



chamber is assumed to be i n f i n i t e  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 di f ferent  

for models 1 and 2 (Figure 6 ) .  

Very different results are obtained for the heat fLow 

associated w i t h  conduc t ive  cooling of a magma chamber bkneath 

a volcanic edifice, In this particular s o l u t i o n  (curves 3 

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

layed because of the  &eater 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 t h e  plane surface magma chamber. For these models, the 

maximum heat flow is associated w i t h  the edge of the volcanic 

edifice, Even f o r  the continuous magma chamber, heat  flow 

values are relatively modest compared t o  t h o s e  associated w i t h  

t h e  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, 

0 5  course, if the magma chamber were larger or shallower than  

that assumed, t hen  higher heat flow valves would be associated 

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

t h e  volcano. There are many different solutions that m i g h t  

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

cal  examples, 

Heat flow-versus-time curves are shown in Figure 7 f o r  
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F igure  7 .  Heat flow-versus-time curves  f o r  t h e  shal low c y l i n -  
d r i c a l  cont inuous  model. The curves  a r e  shown f o r  
v a r i o u s  p o s i t i o n s  a long t h e  s u r f a c e  of t h e  volcano,  
keyed t o  t h e  l e t t e r s  i n  F igure  4 .  The s c a l e  on t h e  
l e f t  s i d e  of t h e  f i g u r e  corresponds  t o  t h e  p lane  
s u r f a c e  ha l f - space ,  and t h e  s c a l e  on t h e  r i g h t  s i d e  
of t h e  f i g u r e  corresponds  t o  t h e  volcano s u r f a c e  
ha l f - space .  



the continuous shallow cyl indr ica l  magma chamber model. Heat 

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

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

the instantaneous model, the  heat flow bui lds  up rapidly and 

decays over a longer period of t i m e .  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 f i r s t  10,000-50,000 years of the existence of the  

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

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- 

i l y  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 t h e  volcano. 

F i g u r e  8 shows isotherms associated with the continuous 

and t h e  instantaneous shallow cylindrical magma chambers a£ ter 

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

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

tween the temperatures f o r  the instantaneous cooling solution 

and the continuous so lu t ion ,  No regional background gradient 

has been added to these temperature data, so the actual t e m -  

perature would be s l i g h t l y  higher in proportion to the depth 

and the background geothermal gradient. After this period of 

time, temperatures in t h e  volcanic edifice have essentially 
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Figure  8 ,  Isothermal cross-section map of the volcanic edi-  
fice f o r  t h e  shallow magma chamber model. The 
continuous model isotherms are on the left side 
of the volcano apex, and the ins tan taneous  model 
isotherms are on t he  right side of the volcano 
apex. A po r t i on  of t h e  shallow magma chamber is 
indicated by t h e  shaded area at the bottom of the 
figure. 



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 con£ iguration discussed is the solution for a 

small neck type of magma chamber associated w i t h  a plane sur- 

face or w i t h  a volcano. The heat flow as a f u n c t i o n  of t h e  

at characteristic pos i t ions  along t h e  surface is shown in 

Figure 9, The s o l i d  l i n e s  are the heat flow values associated 

w i t h  the neck beneath a plane surface, while the dotted l i n e s  

are the heat flow values associated w i t h  emplacement of t he  

neck within  a volcanic edi f ice  (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 w i t h  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 f o r  the magma chamber w i t h i n  the volcano, be- 

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

some time for t h e  effect to build up along t h e s l o p e o f  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. 
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Figure 9 .  Heat flow-versus-time c u r v e s  for  t h e  cylindrical 
ins tan taneous  and c o n t i n u o u s  neck models, The 
curves are shown for  various positions along the 
surface of the volcano, keyed to the letters in 
Figure 4 .  T h e  scale on the l e f t  side of the figure 
corresponds t,o the plane surface half-space, and t h e  
scale on t h e  right side of the figure corresponds to 
the volcano surface half-space. The subscript le t -  
ters on t h e  letters labeling the curves indicate  the 
ins tantaneous ( I) or the continuous (C) solutions. 



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. so lu t ions ,  it would appear that the recurrende of extru- 

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

the axis of t h e  volcano is to be kept at near-magma ternpera- 

tures, 

Discussion 

The magma chamber models herein presented are highly  ideali- 

zed and the purpose of the following discussion is to briefly 

summarize t h e i r  applications to the problem of geothermal 

resources associated with a stratacone volcano. In order to 

have a commerciaLly attractive geothermal prospect, t w o  t h i n g s  

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

cient to allow generation of economic amounts of power. The 

minimum heat loss that might be associated w i t h  an economic 

geothermal system is somewhere between 5 x lo6 and 10 x 10 6 

cal/sec. For a volcano such as Mt, Hood, w i t h  a radius of 

approximately 5 km and a total basal area of approximately SO 

2 
lun , a mean heat flow, or thermal ex t r ac t i on  rate, of 10-20 

HFU would be required to maintain such a geothermal system. 

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

chambers associated with hydrothermal convection are probably 

greater by a factor of t w o  to t en  times than those associated 

w i t h  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 su f f i c i en t  to 



generate a very long-lived hydrothermal system, and the cool- 

ing af a magma chamber associated w i t h  a stratocone volcano 

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

than a f e w  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 

themal 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, w i t h  a large h o r i -  

z o n t a l  permeability. Furthermore, these volcanoes are typi- 

cally large topographic features and thus are subject to 

relatively high r a i n f a l l .  Large amounts of meteoric w a t e r  

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, t h e  bottom of the aquifer could be treated as an upper 

boundary condition of constant temperature in the conductive 

s o l u t i o n ,  instead of treating the volcano surface itself as a 

constant temperature boundary. Therefore, t h e  heat flow for 

the plane boundary model might approximate the amount of heat 

input f r o m  a magma chamber beneath the volcano into the cir- 

culating groundwater system, 

I t  would appear, then, tha t  if significant geothermal. 



systems a r e  a s soc i a t ed  with  a n d e s i t e  volcanoes,  then e i t h e r  

l a r g e r  ins tan taneous  magma chambers than those  modeled a r e  

requi red ,  o r  volcanism must r ecu r  over a cons iderab le  per iod 

of t ime, so t h a t  t h e  continuous s o l u t i o n s  g ive  a b e t t e r  e s t i -  

mate of p o t e n t i a l  hea t  t r a n s f e r  i n t o  t h e  hydrothermal system. 

While a neck type of magma chamber i s  capable  of t r ans -  

m i t t i n g  a l a r g e  amount of hea t  i n t o  t h e  volcanic  e d i f i c e ,  it 

i s  r e l a t i v e l y  shor t - l ived  and a recur rence  t i m e  of a f e w  hun- 

dred yea r s  would be requi red  f o r  enough hea t  i npu t  from a neck 

type magma chamber t o  d r i v e  a hydrothermal system of any s ign i -  

f i cance  wi th in  t h e  e d i f i c e  of t h e  volcano. 

A somewhat more deeply bur ied  magma chamber t y p i c a l  of 

t h e  shallow magma chamber model could,  i f  rep len ished  over 

per iods  of a few thousands of yea r s ,  e a s i l y  impart  t h e  amount 

of h e a t  requi red  t o  d r i v e  s i g n i f i c a n t  geothermal systems. The 

presence of t h e  volcano su r f ace ,  a s  wel l  a s  t h e  probable f l u x  

of groundwater a s soc i a t ed  wi th  t h e  topographic f e a t u r e s  of t h e  

volcano, se rve  t o  i n d i c a t e  t h a t  whatever t h e  shape of a magma 

chamber beneath a s t r a tocone  volcano, t h e  maximum hea t  l o s s  

w i l l  probably be loca t ed  along t h e  lower s lope  of t h e  volcano. 

Unless a magma chamber a c t u a l l y  p e n e t r a t e s  i n t o  t h e  volcano 

i t s e l f ,  it i s  u n l i k e l y  t h a t  s i g n i f i c a n t l y  high temperatures 

w i l l  be a s soc i a t ed  with  t h e  upper p a r t  of t h e  e d i f i c e .  The 

genera l  l o c a t i o n s  of thermal mani fes ta t ions  a s soc i a t ed  wifh 

s t r a tocone  volcanoes a r e  u sua l ly  nea r  t h e  o u t e r  edges of t h e  

vo lcan ic  carapace.  The l o c a l i z a t i o n  of t h e  mani fes ta t ions  may 

be c o n t r o l l e d  by s e v e r a l  d i f f e r e n t  mechanisms, such a s  r i n g  

s t r u c t u r e s ,  e t c .  However, it appears  t h a t  both t h e  hydrologic 



and the conductive heat loss models are consistent with such a 

localization, except in cases where the volcano has been act ive  

enough to thoroughly heat up its cone, 



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 t h e  geother- 

mal character of the NoPthern Cascade Range in Oregon. The 
6 

studies have included location and logging of free holes in 

the Willamette Valley-Western Cascade Range areas during 19 76 ; 

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 t h e  Deschutes-Umatilla Plateau pro- 

vince in 1977; and regional investigation of heat flow around 

Mt. Hood in 1978, In addi t ion,  during 1977-79, a heat flow 

evaluation of deep holes drilled in the v i c i n i t y  of, and on, 

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

al heat flow in the Nor the rn  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 (19781, and updated using the 

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



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

Avg. Thermal 
Conductivity 

[standard error1 
Corrected Corrected 

~t Gradient Heat FIOW 

46.0 1.7 

28.0 1.1 

34.0 1.3 

37.0 1.0 

3 ** 

Collar 
Elevation 

Depth 
Interval Quality 

B 

B 

A 

B 

Location 

3N/12E- 32cd 

2N/12E- 6bb 

ZN/12E-16cba 

ZN/llE-2Oab 

2N/ 9E-29ad 

N Latitude 

45O41.8' 

45-41.4' 

45O39.5' 

45O38.8' 

45'37.8' 

W Longitude 

121'20.7' 

121°22.6' 

121°19.8' 

121°28.1' 

121°42.8' 

2N/13E-31cd 

1N/ 9E- lac 

1N/ 2E-24da 

1N/ 1W-25bc 

1N/ 2E-29da 

1N/ 3E-33ad 

1N/ 6E-31cd 

lS/lOE- 9bc 



Avg. Thermal 
Conduc t iv i ty  

[ s tandard  e r r o r ]  N Locat ion 
C o l l a r  Depth 

E l eva t i on  I n t e r v a l  

1161.00 m 95.0 - 150.0 

Correc ted  Correc ted  
Grad ien t  Heat Flow N L a t i t u d e  

45'25.7' 

W Longitude 

121'27.7' 

Qua l i t y  

A 3.80 5  
[O. 151 

3.8 

4.33 
t0.211 

4.30 
[O. 801 

3.8 2S/13E-36cd 

3S/ 6E- 3a 

3S/llE- l a a  

3.8 

5.22 
[O. 151 

4.53 
[O. 261 



Avg. Thermal 
Conductivity 

[standard error] 
Collar 

N Latitude W Longitude Elevation 
Depth 

Interval 
Corrected 
Gradient 

Corrected 
Heat Flow Location Quality 

C 6.32 
[O. 441 

4S/13E- lca 

: 4S/12E-l0dd 

4S/ 9E-28dd 

4S/13E-32dc 

4S/14E-33cb 

5S/16E-20cb 

5S/12E-31aa 

6S/15E- 5ba 

6S/ 7E- 4dc 

6S/ 1E-13da 

6S/14E-l3dd 

6S/ 7E-21cd 3.52 
[O. 171 

3.95 
[O. 191 

3.91 
[O. 091 

3.50 



A v g .  Thermal 
Conduct ivi ty  

[ s tandard  e r r o r ]  Location 
C o l l a r  

E l eva t i on  
Depth 

I n t e r v a l  
Corrected 
Gradien t  

Corrected 
Heat Flow 

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 

* * 

Qual i ty  

A 

A 

N L a t i t u d e  

44'50.3' 

44'49.9' 

W Longitude 

122'50.4' 

122'14.8' 4.30 
[O. 801 

3.8 

3.20 
[O. 301 



Avg. Thermal 
Conduc t iv i ty  

[ s t a n d a r d  e r r o r ]  g 
C o l l a r  

E l e v a t i o n  
Depth 

I n t e r v a l  
C o r r e c t e d  
Grad ien t  

96.4 

123.5 

81.7 

181.8 

38.0 

73.8 

27.3 

25.0 

33.0 

37.0 

32.0 

30.6 

51.1 

34.4 

38.0 

29.0 

82.5 

Cor rec ted  
Heat  Flow 

* * 

>2.9 

>3.7 

3.39 

>5.5 

1 .6  

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 L a t i t u d e  Q u a l i t y  

B 

C 

A 

C 

B 

A 

Loca t ion  W Longitude 

121'58.4' 

120°58.0'  

120'59.6' 

122' 3 .0 '  

19S/ 2W-load 

* 19S/16E-l6dc 

* 19S/llE-25ba 

* 20S/14E-25aa 

20S/ 3E-26da 

20S/ 3E-26cd 

* 21S/17E- l a d  



Location 

21S/ 3E-load 

* 21S/15E-l6ab 
* 21S/llE-25bb 
21S/ 4E-28ad 

* 22S/19E- 5cc 
22S/ 3E-lOcd 

22S/ 5E-26bc 

N Latitude 

43'45.6' 

43'45.2' 

43'43.9' 

43'43.2' 

43'41.4' 

43'40.3' 

43'38.2' 

W Longitude 

122'25.9' 

120'56.2' 

121'21.7' 

122'20.0' 

120'28.7' 

122'27.0' 

122'11.3' 

Collar 
Elevation 

548.80 m 

1476.00 

1515.00 

533.50 

1450.00 

490.70 

975.40 

1520.00 

1550.00 

Depth 
Interval 

22.5 - 100.0 
70.0 - 150.0 
27.5 - 35.0 

10.0 - 150.0 

10.0 - 37.5 

20.0 - 90.0 

30.0 - 150.0 

Avg. Thermal 
Conductivity 

[standard error] - N 

7.6 1 

4.2 6 

3.6 2 

4.54 13 

2.4 1 

3.76 

4.72 13 
[O. 141 

1.60 1 

3.90 1 

Corrected 
Gradient 

35.0 

55.0 

65.3 

58.0 

83.0 

39.4 

53.0 

118.0 

50.9 

Corrected 
Heat Flow 

f 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. 

Quality 

B 

C 

C 

A 

B 

B 

A 

B 

A 

* Hull et al., 1977. -- 

** Considered unsuitable for heat flow calculations. 



HEAT FLOW, HFU 
( 0 4 7  0 0 . 9 6 -  1.42 @ 1.91- 2.38 * W2.87 

A 0 . 4 8 -  0 .95  r 1.43- 1.90 * 2.39-2.86 



d a t a  discussed i n  t h i s  r e p o r t  a r e  l i s t e d  i n  Table 2 .  Included 

i n  t h i s  Table a r e  a l l  of t h e  p e r t i n e n t  thermal and loca t ion  

d a t a  inc lud ing  l a t i t u d e  and longi tude ,  township and range,  

e l e v a t i o n ,  i n t e r v a l  of g rad ien t  c a l c u l a t i o n ,  average thermal 

conduct iv i ty ,  geothermal g r a d i e n t  and hea t  flow. A l l  appro- 

p r i a t e  reduc t ions  have been performed t o  t h e  d a t a  s e t ,  includ- 

i ng  t e r r a i n  co r r ec t ions .  The da t a  va lues  a r e  ranked by q u a l i t y  

a s  discussed by Blackwell and o t h e r s  (1978) ,  and Sass  and 

o t h e r s  (1971) .  

I t  i s  apparent  from Figure  10 t h a t  t h e  northern p a r t  of 

t h e  High Cascade Range i n  Oregon r ep re sen t s  an a r e a  of higher  

h e a t  flow than t h e  Willamette Valley-Western Cascade Range 

provinces  t o  t h e  west and t h e  ~ e s c h u t e s - ~ m a t i l l a - ~ l h e  Mountains 

provinces t o  t h e  e a s t .  The boundary between t h e  High Cascade 

Range hea t  flow provinces  i s  wel l -def ined on the  b a s i s  of t h e  

a v a i l a b l e  d a t a .  The boundary between t h e  High Cascade Range 

and t h e  Deschutes-Umatilla-Blue Mountain provinces does no t  

appear t o  be a s  wel l  def ined,  and a d d i t i o n a l  da t a  a r e  needed 

i n  o rde r  t o  completely d e l i n e a t e  t h e  l o c a t i o n  of t h e  hea t  flow 

boundary and t h e  magnitude of t h e  h e a t  flow c o n t r a s t .  
-. 

Northern Oregbn Cascade Range Heat Flow 

The hea t  flow da ta  i n  t h e  v i c i n i t y  of t h e  nor thern  Cascade 

Range of Oregon a r e  shown i n  g r e a t e r  d e t a i l  i n  F igure  11. Avail- 

a b l e  hea t  flow d a t a  from southern Washington, (Schuster  and 

o the r s ,  1978; Blackwell, unpublished) a r e  a l s o  shown. Only 

t h e  da t a  south of M t .  Hood a r e  discussed i n  t h e  s e c t i o n  (Box A ,  

Figure 10)  . 



Figure 11. Beat flow map of the Northern Cascade Range area of 
Oregon [ d e t a i l  of area enclosed by heavy dashed 
l i n e s  i n  Figure 10). Heat f l o w  v a l u e s  (in HFU) are 
p l o t t e d  over their locations, w i t h  the decimal point  
of each value being the actual  hole location. Holes 
drilled for h e a t  f l o w  studies, but considered unsuit- 
able for  heat f l e w  calculations, are ind icated  by 
open t r i a n g l e s .  Wells logged which are a s s o c i a t e d  
with regional aquifer disturbances are also shown 
by open t r i a n g l e s .  Physiographic province boundaries 
a r e  shown by solid lines. Locations of major vol- 
canoes are ind icated  by the  asterisks, and locations 
of major h o t  springs are ind icated  b y d s .  



The h e a t  flow d a t a  i n  t h e  Western Cascade Range w e s t  of 

t h e  high h e a t  flow boundary a r e  very  homogeneous. A histogram 

of t h e  h e a t  f low d a t a  from F igure  11 i n  t h e  Western Cascade 

Range and Willamette  Valley provinces  i s  shown i n  Figure  12. 

Also shown i n  t h i s  f i g u r e  i s  a his togram of t h e  h e a t  flow 

a s s o c i a t e d  wi th  t h e  Western Cascade Range-High Cascade Range 

boundary south  of 450101N a s  w e l l  a s  a  his togram of h e a t  flow 

va lues  a long  t h e  e a s t e r n  boundary of t h e  High Cascade Range. 

The h e a t  flow d a t a  i n  t h e  Western Cascade Range-Willa- 

met te  Valley average 1.1 HFU. Heat f low va lues  a long t h e  

Western Cascade Range-High Cascade Range boundary average 2 .5  

HFU, whi le  h e a t  flow va lues  a long t h e  e a s t e r n  boundary of t h e  

High Cascade Range average approximately 2.0 HFU, and t h e  aver-  

age has a l a r g e  s t andard  e r r o r .  The average g r a d i e n t s  asso- 

c i a t e d  wi th  t h e s e  h e a t  f low v a l u e s  a r e  30°C/km, 60°C/km and 

50°C/km r e s p e c t i v e l y .  

Typica l  temperature-depth curves  observed i n  domestic 

water-supply w e l l s  i n  t h e  Western Cascade Range-Willamette 

Val ley  provinces  a r e  shown i n  Figure  13. The h o l e s  a r e  gen- 

e r a l l y  a long major d ra inages  where development i s  t a k i n g  p lace .  

In  g e n e r a l ,  t h e  h e a t  f low regime i s  completely conduct ive  with- 

i n  t h e  bedrock u n i t s  of t h e s e  two provinces  wi th  only  occa- 

s i o n a l  evidence of l o c a l  water  c i r c u l a t i o n  and no evidence of 

r e g i o n a l  water  flow. The bas ic- to- in termedia te  composition 

vo lcan ic  and v o l c a n o c l a s t i c  rocks  t y p i c a l  of t h e s e  provinces  

L 
seem t o  be pe rvas ive ly  a l t e r e d  t o  c l a y  and z e o l i t e  minera l s ,  

r e s u l t i n g  i n  r e l a t i v e l y  impermeable rocks.  The s t a i r c a s e  tem- 

pera ture-depth  p a t t e r n s ,  t y p i c a l  of water  flow wi th in  d r i l l  
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province boundaries. Values for the histograms are 
shown in Figure 11. 



TEMPERATURE, "C 
10 15 2 0  

w o n ,  
3 C r J l  
a s *  
o an, 
1 w w  
1 3  
w 

30 0 

WESTERN CASCADE RANGE - 
WILLAMETT E V A L L E Y  

0 6 S / I E - I 3 D A  

A 6S / IE -3SCb  

0 8S / IW-32BB 

0 8S/IE- BDB 

13S/2W-I8CB 

18S/IW- 3 2 C C  

. A 1 9 S / 2 W - 2 A C  

2 0 S / 3 E  - 26DA 

0 8 S / S E - 3 I C C  



holes, which are typically noted in relat ively high relief 

areas and i n  more brittle acidic s o c k s  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 

v i c i n i t y  of e x i s t i n g  h o t  springs which are concentrated along 

the physiographic boundary between the Western Cascade ~ a 6 g e -  

High Cascade Range provinces. 

Detailed cross-sections of the heat flow results are shown 

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

thermal gradients and heat flow. From nor th  to south, clusters 

of data are along t h e  Clackamas River i n  the v i c i n i t y  of Austin 

Hot Springs, along the  Santiam River in the v i c i n i t y  of B r e i t -  

enbush H o t  Springs, along t h e  McKenzie River in the vicinity 

of Belknap and Foley H o t  Springs, and along the Middle Fork of 

the Willamette River i n  the v i c i n i t y  of McCredie Hot Springs. 

Each of the cross-sections also inc ludes  heat flow values de- 

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

sections. The zero line for di s tance  scale i s  the mean loca- 

tion of the physiographic boundary between the High Cascade 

Range and the Western Cascade Range ( F i g u r e  11). 

Although many of the values p l o t  w i t h i n  the High Cascade 

Range province (Figure 35 A-B),,rnost of the holes w e r e  actualay 

drilaed in Western Cascade rocks. T h e  province boundary is 

quite irregular with the High Cascade rocks generally ly ing  at 
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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 
-, P 

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 1.8 HFU was noted. The beat 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 seliab2e 

heat flow measurements w e r e  obtained along t h i s  sect ion.  T h i s  

cross-section is primarily along the Santiam R i v e r  and crosses 

Breitenbush H o t  Springs. The data show an almost constant heat 

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

The heat flow rises gradually about'l0 km w e s t  of t h e  physio- 

graphic boundary and a t t a i n s  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 11s and 14s; however, 11 heat flow meas- 

urements w e r e  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 16s to 19s. Holes w e r e  drilled 

just to the west of Belknap Hot Springs and Foley H o t  Springs. 

Ten reliable heat flow measurements w e r e  obtained along t h f  s 

cross- section. Approximately 10 km east of the physiographic 

boundary, a heat flow value of 1.6 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 

H o t  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 20s and 22s. The holes were drilled in the vicinity 

of McCredie H o t  Springs along the Middle Fork of the Willamette 



River. Several free holes were also obtained in th i s  area. 

These data show that the mean heat flow is 1.2 HFU approxi- 

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

of 3 - 0  HFU is obtained only 5 km e a s t  of the b0unda.r~ 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 c l e a r l y  a systematic west-to-east 

increase in heat flow from 1 HFU to greater than 2 . 5  HFU over 

a lateral distance of 10 to 30 km and approximately coinciding 

w i t h  t h e  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 c o n s t a n t  heat flow with a mean 

value of 1 HFU in the High Cascade Range, and a mean heat flow 

of 2 . 6  HFU i n  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 transi t ion zone 

from north to south; although small variations may ex i s t ,  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, T h e  d i f f e r e n t  profiles 

represent di f ferent  half-widths for the heat flow transition 



Figure 16 A-B. Heat flow-gravity t r a n s i t i o n  zone models, In 
16A, gravity curves are indicated by latitude, 
and heat flow curves are indicated by A, B, C. 
The heat flow curves are based on data f r o m  
Figure 15: curve C, from the 6s-7s profile 
(15A) ; curve A, f r o m  the  20s-22s profile 115B) , 
In 16B, steady-state isotherms corresponding 
to curve A are indicated by the s o l i d  lines, 
and those corresponding to curve C are indi- 
cated by the dashed l i n e s .  



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  t see Blackwell and others, 1978) . 
Based on these heat flow transition zone profiles, tempera- 

ture-depth cross-sections were calculated f o r  t w o  extreme cases 

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

perature values are based on a modification of t h e  continua- 

tion of themak data method discussed by Brott (1976) , The 

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

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

a much sharper t r a n s i t i o n  zone lover 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 a y .  BP the Western Cascade Range was the 

locus of intrusive a c t i v i t y ,  and 'because the heat flow now 

observed is low, there is s t rong evidence for a major temporal 

change in heat flow. The temperature sections w e r e  calculated 

assuming steady-state condit ions,  and assuming a unif o m  heat 

flow f o r  the whole region of 2 . 5  HFU up to 6 m.y. ago w i t h  

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 re lat ive ly  



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 

relat ively  i n t ense ,  Because of t h e  uniformity of the heat 

flow data from nor th  to south, it seems unlikely t h a t  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 w a t e r  circulation, effec- 

tively prevented success£ ul heat flow determinations in t h i s  

area at depth of 150 m or less, 

A l s o  shown in F i g u r e  16A are two Bouguer gravity cross- 

sections, one at 4401StN latitude and one at 43O45'N l a t i tude .  

These profiles have been constructed from data discussed by 

Couch and Baker (1977). The profile for  44O15W was extended 

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

gravity associated with (but opposite in s i g n  to) the heat 

flow data. This gravity change is of major magnitude lover 5 0  

milligals) and of relatively short half-width 110-15 km). The 

shor t  half-width implies a crustal source for  the density con- 

t r a s t  which results in the gravity change. The coincidence 

of t h L s  gravity anomaly with the heat flow anomaly is additional 



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 w a s  attempted based 

on the continuation model of crustal temperatures presented in 

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

s i t y  contrast corresponding to the expansion of the rocks, based 

on the calculated temperatures, was assumed. These denhity 

contrast models d i d  not generate a large enough gravity anomaly. 

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

canic rocks, density variations may be related t~ d i f f e r e n t  

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

canic socks  may have a much lower density than the2,67g/cm 3 

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- 

v i t y  anomalies are associated w i t h  this disrupted crustal zone, 

Most of the hot springs in the Cascade Range are located 

near the boundary of t h i s  region of high heat  flow. This loca- 

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

the hydrologic conditions; locat ion of faul t s ,  or fractures , 

along the boundary which focus t h e  circulation of w a t e r ;  



outcrop of some horizontal u n i t  that transmits w a t e r  f rorn higher 

elevations to the  east; the location of permeable 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 detai led 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 (11~115~-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 

f o r  the Columbia Plateau (1.5 + 0.3 HFU) to values greater - 
than 2.0 HFU. On t h e  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 t h e  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- 

re t ica l  study of magma chambers possibly associated w i t h  ande- 

site volcanoes and a heat flow study of t h e  Mt. ~ o o d  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 w e s t  of the Hood River Valley, In 1976, three holes were 

d r i l l e d  specifically by DOGAMI for  heat flow, one near Timber- 

l i n e  Lodge, one near the southern margin of Mt. Hood, and bne 

in the f ine-grained plutonic rocks approximately 10 h 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 Fla t  

along the Sandy River, In addit ion,  eleven 150 m holes were 

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

Mt. Hood in the f a l l  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 d r i l l e d  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 f lio- 

cene or Pleistocene age, characteristic of the High Cascade 
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Range, t h e  h o l e s  do no t  y i e l d  u s e f u l  geothermal g r a d i e n t  d a t a .  

Most of t h e  150 m h o l e s  i n  t h e s e  l a t t e r  rocks  gave i so thermal  

temperature-depth cu rves .  

The h e a t  f low d a t a  a r e  shown i n  F igu re  19 p r o j e c t e d  on to  

a  c r o s s - s e c t i o n  of t h e  Cascade Range i n  t h e  v i c i n i t y  of M t .  

Hood. The major t r a n s i t i o n  zone observed t o  t h e  sou th  appears  

t o  e x i s t  i n  a  somewhat subdued form a t  t h e  l a t i t u d e  of M t .  Hood. 

Regional  va lues  of h e a t  f low away from t h e  vo lcan ic  e d i f i c e  

appear  t o  be on t h e  o r d e r  of 1.5-1.8 HFU, a s  compared t o  v a l u e s  

i n  exces s  of 2.5 HFU i n  l o c a t i o n s  t o  t h e  sou th .  

Only i n  t h e  Old Maid F l a t  e x p l o r a t o r y  h o l e  ( 2 ~ / 8 ~ - 1 5 c d ) ,  a t  

t h e  t o e  of t h e  volcano,  i s  a  va lue  comparable t o  t h o s e  t o  t h e  

sou th  observed.  S i m i l a r l y ,  a  g r a v i t y  anomaly r e l a t e d  t o  t h e  

h e a t  f low t r a n s i t i o n  a l s o  appears  t o  be somewhat subdued com- 

pared t o  t h a t  f u r t h e r  sou th  ( s e e  F igu re  1 6 ) .  The g r a v i t y  d a t a  

c u r r e n t l y  a v a i l a b l e  a r e  much less d e t a i l e d  than  t h o s e  used i n  

t h e  sou th .  More d e t a i l e d  s t u d i e s  soon t o  be  a v a i l a b l e  (Couch, 

pe r sona l  communication, 1979) w i l l  p o s s i b l y  a l l ow b e t t e r  analy- 

s is  of t h e  r e l a t i o n s h i p  between g r a v i t y  d a t a  and h e a t  f low 

d a t a  a t  t h e  l a t i t u d e  of M t .  Hood. 

The c o n t i n u a t i o n  temperature  model u s ing  t h e s e  d a t a  shows 

lower temperatures  (except  i n  t h e  immediate v i c i n i t y  of M t .  

Hood) than  t h o s e  shown i n  F igure  16. T h i s  model ( n o t  shown 

h e r e i n )  i s  l a r g e l y  h y p o t h e t i c a l  due t o  t h e  p a u c i t y  of d a t a  i n  

t h e  immediate v i c i n i t y  of t h e  volcano and t h e  l a r g e  s c a t t e r  of 

v a l u e s ,  e s p e c i a l l y  on t h e  e a s t  s i d e  of t h e  volcano.  



Figure  19.  Heat f low p r o f i l e  of M t .  Hood. Base l ine  r e f e r e n c e  
i s  through t h e  p r o f i l e  of M t .  Hood. Heat f low va lues  
occu r r ing  sou th  of M t .  Hood down t o  L a t i t u d e  4 5 O N  
a r e  r ep re sen ted  by s o l i d  t r i a n g l e s ,  and h e a t  f low 
va lues  occu r r ing  n o r t h  of M t .  Hood up t o  t h e  Oregon- 
Washington border  a r e  r ep re sen ted  by s o l i d  c i r c l e s .  
A l l  h e a t  f low va lues  a r e  from Figure  11. 



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 rn deep geothermal test well 

drilled in the immediate v i c i n i t y o f  the Mt. Hood vdcano.  The 

hole is located at 2S/&E-lScd, along Old Maid F l a t  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 4 8 0  m, and designated Old Maid F l a t  #I. The 

drilling was done in two phases. A s e t  of near-equilibriuh 

temperature measurements w a s  made during a pause in the drill- 

i n g ,  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, t he  gradient is linear, w i t h  a mean value of 6 7 T /  

km . 
Upon completion of the hole ( 4 8 0  m), the temperature log 

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

completi~n of the second phase of the drilling. T h e  log shows 

a somewhat higher temperature at the depths measured in the 

first log, with a uniform gradient of 67OC/krn between 100-300 rn. 

Below 300 m, t h e  gradient decreases and then increases again 

w i t h  a value of approximately 65OC/km observed between 430- 

4 7 5  m. The absolute temperature values between 70-200 rn in 

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

compared in F i g u r e  20. A t  the t i m e  of the 12/20/77 log, there 

was a flow of about 10 L / m i n  from the collar of the  d r i l l  hole. 

The nature of t h e  temperature-depth curves indicates that a 
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Figure 20 .  Temperature-depth curves  f o r  the  Old Maid F l a t  Hole # l / 2 .  D i f f erent  
da te s  o f  logging a r e  represented by t h e  symbols indicated .  The bar 
graph a t  the  r i g h t  s i d e  o f  t h e  f i g u r e  is  from t h e  11/16/78 data.  



fracture zone with  artesian f l u i d  pressure was encountered at 

a depth of 430  rn. A t  the time of the second logging, w a t e r  was 

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

collar.  The temperature of the  w a t e r  column is offset  by about 

4OC by t h i s  upflow in the  borehole; thus, undisturbed tempera- 

tures  in t h e  borehole would agree approximately with the 11/15/ 

77 log. 

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

t o t a l  depth of 1220.4 rn and designated O l d  Maid F l a t  # 2 .  Immed- 

i a t e ly  af ter  completion of the drilling, two temperature 16gs 

were made on 8/17/78. The l ighter  l i n e  on Figure 20 represents 

measurements by a commercial well-logging f i r m ,  while the 

heavier l i n e  represents measurements made with S M U k  ttuck- 

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

The shapes of t h e  temperature-depth curves are essentially the 

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

either to a calibration difference between the two sets of 

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

at the t i m e s  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 rn) is illustrated in the logs made 

immediately af te r  the drilling. A f t e r  completion, a 2"  dia- 

meter observation pipe  was se t  into t h e  hole, but no attempt 

w a s  made to grout the  tubing as the hole is to be used to obtain 

fluid samples. Therefore, na tu ra l  ihter-formation flow in the 

annulus is not  prevented by the completion technique. 

A f t e r  stabilization, t h e  hole was logged on 10/17/78 by 



SMU, to a total depth of LO35 m, and on 11 /16 /70  by USGS,  t o  a 

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

Only the 11/16/78 USGS log is shown in de ta i l ,  as the 10/17/78 

SMU log is not  significantly di f fe ren t .  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 r i g h t  s ide  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 i n t r a -  

borehole f lu id  comunicat ion is  that below 1,100 rn. In this 

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

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

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

central past of the hole appear to be due to f l u i d  f l o w  between 

fracture zones or f l o w  contacts. There appears t o  be no in- 

stance of water flow from a single f ractuse zone all t h e  way 

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

of the sp ikes  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 o f  geothermal gradient cannot be deciphered 



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 detai led  variations 

are not. 

Thermal conductivity measurements w e r e  made on cuttings 

from between 580-1219 m. The measurements w e r e  made at i n t e r -  

vals of approximately 30 rn. porosity values for the various 

depths w e r e  estimated from a neutron log. Most porosity values 

averaged between 1-10 percent, and these values w e r e  taken 

into account when calculating in situ conductivi ty.  The mean 

thermal conduc t iv i ty  f o r  all samples is 4.12 + 0.14 m c a l / c m -  

sec-OC. There are no systematic depth var ia t ions  based on the 

bulk conductivity; however, if porosity is taken into account 

it would appear that slightly lower values of thermal conduc- 

t i v i t y  (approximately 3 . 8  mcal/cm-sec-"C) occur between approxi- 

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

~m-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 

the re  is some flow in the h o l e  around t h i s  point, with the dis- 

turbed conditions only observed below 1070 m. 

The mean gradient f o r  the entire hole is 65"C/km, while 

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

The gradients f o r  the t w o  apparently undisturbed sections of 

the uZjper part of the borehole (25-200 m and 430-475 rn) are 



60°C/km and 65OC/km, r e s p e c t i v e l y .  Taking a l l  t h e s e  d a t a  i n t o  

c o n s i d e r a t i o n ,  t h e  mean t e r r a i n - c o r r e c t e d  h e a t  f low f o r  t h e  

Old Maid F l a t  h o l e  i s  2 . 4  HFU. The s i g n i f i c a n c e  of t h i s  va lue  

wi th  r e s p e c t  t o  t h e  surrounding v a l u e s  has  been d i scussed  i n  

t h e  preceding s e c t i o n  on r e g i o n a l  h e a t  f low i n  t h e  v i c i n i t y  

of M t .  Hood. 

Another h o l e ,  d r i l l e d  t o  completion on 12/13/78 by North- 

west  Geo the rma lCorp . , t o  a  t o t a l  dep th  of 400 m ,  was des igna t ed  

Old Maid F l a t  #3.  This  ho le  ( 2 ~ / 8 E - l 7 c c )  i s  l o c a t e d  about  3  km 

southwest  of Old Maid F l a t  # 1 / 2 .  The g e n e r a l  l i t h o l o g y  en- 

countered i n  t h e  ho le  i s :  r e c e n t  mudflow d e b r i s ,  0-35 m;  

p y r o c l a s t i c s  wi th  v o l c a n i c  d e b r i s ,  35-305 m ;  and an a l t e r n a t -  

i n g  sequence of Columbia River  b a s a l t  and a n d e s i t i c  vo l can ic  

rock down t o  400 m. 

The f i r s t  temperature-depth measurement by DOGAMI (F igu re  

21) was made on 12 /5 /78 ,  when t h e  h o l e  was a t  a  t o t a l  dep th  

of 152 m. The l i n e a r  p o r t i o n  o f  t h e  curve ,  from 75 m t o  t o t a l  

dep th ,  appears  undis turbed  and y i e l d s  a  thermal  g r a d i e n t  of 

50°C/km. The d i s t u r b e d  upper p o r t i o n  of t h e  temperature  curve  

i s  probably due t o  f l u i d  motion and d r i l l i n g  e f f e c t s  i n  t h e  

mudflow and upper p y r o c l a s t i c  sequence of rocks .  

The ho le  was temperature-logged aga in  by DOGAMI on 

12/21/78 a f t e r  be ing  d r i l l e d  t o  completion (F igu re  21 ) .  The 

gap i n  t h e  curve  from 215-325 m i s  due t o  l o s t  paperwork. How- 

e v e r ,  from hand-plot ted f i e l d  r e s u l t s ,  t h e  cu rve  i n  t h i s  i n t e r -  

v a l  i n d i c a t e s  a f l u i d  d i s t u r b a n c e  o r i g i n a t i n g  around 275 m and 

a f f e c t i n g  t h e  e n t i r e  miss ing i n t e r v a l .  Excluding t h e  d a t a  gap, 

t h e  upper p o r t i o n  of t h e  12/21/78 l o g  a g r e e s  i n  g e n e r a l  wi th  



DEPTH, METERS 

Figure 21, Temperature-depth curves for the O l d  Maid F l a t  hole 
# 3  and the Timberline Lodge holes #I and # 2 .  The 
scale on the r i g h t  side of the  figure is for  the 
Old Maid Flat hole 83 curve, and the scale on the 
left side of the figure is for the Timberline Lodge 

: holes #l and # 2  data, 



t h e  12/5/78 log;  t h e  lower por t ion  of t h e  12/21/78 log  g ives  a  

thermal g r a d i e n t  of 63OC/km. 
TI .  

Based on f i v e  measurements of t h e  p y r o c l a s t i c  sequence of 

rocks,  a  thermal conduc t iv i ty  va lue  of 4 . 0 4  + 0.31 mcal/cm- 

sec-OC was obtained. A t e r ra in -cor rec ted  thermal g r a d i e n t  of 

51.2OC/km, wi th  t h e  above thermal conduc t iv i ty ,  y i e l d s  a  cor- 

r e c t e d  h e a t  flow value  of 2.1 HFU. 

Timberline Lodge D r i l l  Holes #1 and #2 

On 9/8/76, a ho le  was completed t o  a  t o t a l  depth  of 1 5 2  m 

on t h e  carapace of M t .  Hood, about 0.2 km e a s t  of t h e  Timber- 

l i n e  Lodge Ski  Resort .  Timberline Lodge #1 (3S/9E-6dd) en- 

countered mostly andes i t i c - type  rocks ,  ranging from scoriaceous 

t o  b a s a l t i c  a n d e s i t e  with f r a c t u r e  zones a t  43 m ,  91 m ,  and 

poss ib ly  a t  1 2 2  m. The f r a c t u r e  a t  43 m had an a q u i f e r  flow 

of about 19 L/m.  

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

. 9/14/76. The 9/14/76 temperature curve (Figure  2 1 )  shows t h e  

e f f e c t  of t h e  a q u i f e r  a t  43 m. The rest of t h e  curve i s  essen- 

t i a l l y  isothermal  and n o t  s u i t a b l e  f o r  h e a t  flow s t u d i e s .  

Two years  l a t e r ,  another  hole  was d r i l l e d  about 0.5 km 

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

t h e  same type  of rocks a s  Timberline #1, t o  a  t o t a l  depth of 

4 2 1  m. The r e s u l t i n g  12/13/78 temperature l o g  (Figure  2 1 )  only 

reached 225 m ,  due t o  caving and d r i l l i n g  problems i n  t h e  hole.  

Again, t h i s  ho le  shows f l u i d  flow problems s i m i l a r  t o  Timber- 

l i n e  Lodge #1, and over a  s i m i l a r  depth i n t e r v a l .  The l i n e a r  

g r a d i e n t  i n  t h e  l a s t  30 m of t h e  hole appears  t o  occur below 



the aquifer zone, but has not yet approached the expected un- 

disturbed gradient. The hole is currently considered unsuit- 

able for heat flow studies. 
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OVERVIEW 

Temperature Gradients 

DOGAMI, in late 1978, successfully completed the drilling 

of eleven temperature gradient holes in the Mt. ~ o o d  area 

(Figure 1) to depths ranging from 76 to 152 m. Temperature 

gradients for the holes are shown in Figure 18 (Blackwell and 

Steele, 1979). Heat flow implications of these holes are dis- 

cussed by the above authors. Those holes that were collared 

in the Columbia River Basalt or the Eagle Creek Formation 

were usable for heat flow determinations (lS/lOE-9bc, 2S/6E- 

24ca, 3S/11E-laa, and 2N/7E-31bd). The remainder of the holes 

that were collared in either andesite, alluvium, Pliocene 

volcanics, or plutonic rocks did not lend themselves to ade- 

quate heat flow analyses. 

Based on the evaluation of the temperature-depth curves 

for the Mt. Hood area, it is apparent that holes collared in 

these materials need to be drilled much deeper than the here- 

tofore depth of 152 m (500 ft). The quality of the data is 

affected by ubiquitous flows of water, lost circulation zones, 

indeterminate number of cinder and ash flows and/or soil or 

deeply weathered horizons. Thus, for holes not collared in 

the Columbia River Basalt or the Eagle Creek Formation, depth 

should be increased to at least a minimum of 305 m (1000 ft). 
C 

The further upslope on the cone, the deeper the holes should 

be. 

In order to better understand the heat flow regime of Mt. 

Hood, additional temperature gradient holes should be drilled 



Figure 1. Location of temperature gradient holes, Mt. Hood 
area, Multnomah, Hood River, Clackamas and Wasco 
Counties. Scale - 1:500,000. 



on the upper flanks of the cone and around the periphery or 

base of the volcano to fill in the gaps from the heat flow 

drilling recently completed. Northwest Geothermal Corp. has 
* 

an ambitious drilling program with holes programmed to 500- 

2000 ft in depth for the southwesterly part of the Mt. Hood 

area. Further, the USGS plans to drill eight (8) hydrologic 

investigatory holes on or around Mt. Hood. Six holes are 

planned for the southern flank of the volcano; two holes on 

the northern flank. These holes, which are to be drilled to 

500-2000 ft in depth, are to be equipped for temperature 

gradient measurements when the hydrologic studies are com- 

pleted. It is entirely possible that the holes to be drilled 

by these two entities may suffice for the additional holes 

recommended. 

The only geothermal anomaly discovered from the tempera- 

ture gradient investigation was from a hole in Hood River 

Valley (lS/lOE-9bc) northeast of Mt. Hood. The temperature- 

depth curve for this hole is shown in Figure 18 (Blackwell 

and Steele, 1979). This curve is characteristic of a shallow 

aquifer flow when the aquifer temperature is much above back- 

ground temperature. Thus, water flowing in the aquifer heats 

the rock above and below the aquifer, resulting in the char- 

acteristic shape shown. Chemical analyses of the water from 

this hole suggest that the water may in fact be a geothefmal 

fluid with a much higher geothermal temperature implied than 

is observed. This hole is immediately west of the Hood River 

fault northeast of the volcano and within a few kilometers 

east of a Holocene basaltic lava flow. Another temperature 
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grad ien t  ho le  drilled approximately 3 mi l e s  t o  t h e  south ( IS /  
3 

10E-29ca), a l s o  a long t h e  Hood River f a u l t ,  d i d  no t  d i sp l ay  

the  same temperature r e l a t i o n s h i p .  Thus, it appears  t h a t  t h e  

low-temperature water  (24OC)  is probably r e l a t e d  t o  t h e  i n t r u -  

s ion  t h a t  r e s u l t e d  i n  t h e  lava  flow. ~ h e s e  r e s u l t s  a r e  of 

s u f f i c i e n t  i n t e r e s t  t h a t  a d d i t i o n a l  geologic-geophysical 
, C  . . . 

s t u d i e s  should be c a r r i d d  out  t o  i n v e s t i g a t e  t h e  geothermal 
Z 

impl ica t ions  of t h e  anomaly. The proximity t o  major energy 

comsumption c e n t e r s  i n  Hood River Val ley and The Dal les  i s  
. . 

a l s o  a  favorab le  f e a t u r e  of t h e  anomaly. 

Temperature-depth r e l a t i o n s h i p s  were a l s o  obtained from 

f i f t y  (50) " f r e e "  ho le s ,  mostly water we l l s ,  a s  p a r t  of t h e  
- r l  i 

M t .  Hood s tudy.  These ho le s  were iogged dur ing  1977-79. The 

d a t a  were submitted t o  David Blackwell f o r  h e a t  f lbw modeling 
.v .. 4 r r  

s t u d i e s .  Several  anomalous temperature g r a d i e n t s  were ob- 
. * 

t a ined  from water w e l l s  near  Powell Bu t t e s ,  no r theas t  of 

Bend, a long t h e  e a s t e r n  margin of t h e  High Cascade Range. 

For example, g rad ien t s  i n  excess  of 100°C/km were measured i n  

two ho le s  (16S/14E-l6aa and 1 5 ~ / 1 4 ~ - 3 6 ' a a )  which a r e  about 1 0  

km a p a r t .  A bottom hole  temperature of 37.5OC a t  166.5 m and 
G, 

31.7OC a t  157 m were measured f d r  t h e  ho le s ,  r e spec t ive ly .  
I J  4 - - #..* 1 

According t o  Blackwell and S t e e l e  (1979) ,  hea t  f low values  
*. ' - t *  

f o r  t h e s e  two ho le s  a r e  i n  excess  of 3.0 HFU. Addi t ional  
I 

s t u d i e s  inc lud ing  geologic  mapping, sp r ing  sampling and asso- 

c i a t e d  water ana lyses  a s  w e l l  a s  o the r  " f r e e "  temperature 
F f  

grad ien t  de te rmina t ions ,  i f  a v a i l a b l e ,  should be i n i t i a t e d  
i t 

i n  order  t o  more f u l l y  i n v e s t i g a t e  t h e  geothermal implica- 
.. , I  Fl :rr- 

t i o n s  of t h i s  apparen t ly  anomalous a r ea .  I n  a l l  p r o b a b i l i t y ,  
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d r i l l i n g  of temperature g r a d i e n t  ho l e s  would be requi red .  

Old Maid F l a t  No. 1 / 2  

The d r i l l i n g  h i s t o r y  of t h i s  exp lo ra to ry  ho le  was made 

a v a i l a b l e  t o  DOE by Northwest Geothermal Corporat ion and repe- 

t i t i o n  i s  n o t  warranted.  The geology of t h i s  ho le  i s  d i scussed  

i n  t h e  r e p o r t  by Beeson and Moran (1979) a s  we l l  a s  by Black- 

we l l  and S t e e l e  (1979).  Geophysical l o g s ,  inc lud ing  dua l  

i nduc t ion ,  compensated d e n s i t y ,  temperature ,  d r i f t ,  f r a c t u r e ,  

and a c o u s t i c  v e l o c i t y ,  a r e  a v a i l a b l e  from t h e  above company 

and from DOGAMI (Open F i l e  Report 0-78-6). Copies of t he se  

l ogs  were prev ious ly  forwarded t o  DOE. 

According t o  Beeson and Moran (1979) ,  t h e  Columbia River 

B a s a l t  has  been o s t e n s i b l y  pene t r a t ed  i n  t h i s  hole .  This  

format ion,  which was t h e  primary exp lo ra to ry  t a r g e t ,  under- 

l i e s  t h e  Old Maid F l a t  s i t e  a t  a depth i n t e r v a l  from 618 m 

(2022 f t )  t o  991 m (3250 f t ) .  Temperature i n  t h i s  i n t e r v a l  

ranges  from about 46.5 t o  79.4OC (Figure  2 ) .  Bottom hole  

temperature i s  approximately 82OC a t  1220.4 m (4003 f t ) .  

Rdcks i n  t h e  i n t e r v a l  from 991 m t o  t o t a l  depth c o n s i s t  of 

a n d e s i t i c  vo l can i c s  which may be t h e  equ iva l en t  of t h e  John 

C%y o r  ~ a g l e  Creek format ions  of lower Miocene t o  upper Oligo- 

cene age.  However, it i s  a l s o  p o s s i b l e  t h a t  t h i s  i n t e r v a l  

may r e p r e s e n t  t h e  lower p a r t  of t h e  Columbia River  B a s a l t  

Group. 

For a d i s cus s ion  of i n t r a -ho l e  f l u i d  movement, s ee  Black- 

we l l  and S t e e l e  (1979) .  To d a t e ,  Northwest Geothermal Corp. 

has  n o t  undertaken any f l u i d  sampling f o r  geochemical ana lyses .  





Because of the heat flow implications (Blackwell and 

Steele, 1979) consideration should be given to the deepening 

of this hole to at least 1830 m (6000 ft). Northwest Geother- 

mal Corp. should be encouraged to do the necessary fluid samp- 

ling as well as flow-testing either prior to or subsequent to 

the recommended deepening. 

Timberline No. 2 

The drilling history of this hole (3S/9E-7ab) was forwarded 

to DOE by others. The geology is discussed by White (1979) 

and the temperature-depth relationship is shown in Figure 21 

(Blackwell and Steele, 1979). A subsequent temperature log 

of the hole by the USGS in late May 1979 indicates the tempera- 

ture-depth relationship to be similar to that shown on the 

aforementioned figure. 

This hole (target depth: 2000 ft) was originally drilled 

to 420.7 m (1380 ft) in depth and because of several re-drills 

due to either stuck drill pipe or twist-offs, the hole was 

completed at 226 m (741 ft). This hole represents the second 

attempt to drill at Timberline Lodge on Mt. Hood. The first, 

drilled in 1977, penetrated less than 100 ft of the planned 
i 

500-foot target depth. 

One of the 2000 ft deep hydrologic holes to be drilled by 

the USGS this year (see above) is sited at Mt. Hood Meadows 

(3S/9E-3cc). This proposed hole is approximately the same 

distance from the center of the cone as is the Timberline hole 

and therefore should provide the data that would have been 

available if the Timberline hole had been drilled to the 

. 



. - 
target depth. Consideration should be given to drilling this 

hole to 3000 ft if conditions permit. 

Notwithstanding the recommendation to deepen the Old Maid 
4 

Flat hole, DOGAMI does not have sufficient data on hand to 

site a deep hole on or near Mt. Hood. Possibly when other 

' 'data are made available from studies completed or in various 

stages of completion by the USGS and Lawrence Berkeley Lab- 

oratory that a firm recommendation can be made. 

Provisions to carry out the several recommendations as 

indicated in the OVERVIEW should be engendered by DOE. 
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