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INTRODUCTION

Since 1979, the Geothermal Research Program of the U.S. Geological Survey 
(USGS) has carried out a multidisciplinary research effort in the Cascade 
Range. The goal of this effort is to understand the tectonics, geology, and 
hydrology of the Cascades as a framework for characterizing and quantifying 
geothermal resources. In May 1985, 5 years after the first USGS-sponsored 
Cascades conference (Bacon, 1980), the Geothermal Research Program sponsored a 
workshop on geothermal resources of the Cascades Range. Motivation for the 
workshop came primarily from the feeling within the Geothermal Research 
Program that the Cascades effort had advanced sufficiently so that a forum 
with an explicitly geothermal focus was needed to promote syntheses of ideas 
from diverse research projects. In addition, it was thought that research 
drilling plans being formulated for the Cascades would benefit from 
examination and evaluation such as a workshop could foster. Accordingly, the 
workshop was designed to develop a common understanding of the status of 
various investigations among USGS and other scientists working in the 
Cascades, to stimulate renewed interest in understanding the geothermal regime 
of the Cascades, and to encourage tectonic, geologic, and hydrologic syntheses 
necessary for a quantitative assessment of geothermal resources of the 
Cascades, a major objective of the Geothermal Research Program.

The workshop was held on May 22-23, 1985, at the USGS in Menlo Park, 
California. Approximately 100 people attended, including representatives of 
other Federal and State agencies, academia, and private organizations involved 
in geothermal activities in the Cascades. The workshop was organized in four 
sessions that addressed the following topics: 1) the regional geologic and 
tectonic setting in which geothermal systems of the Cascade Range occur; 2) 
characteristics of magmatic systems as geothermal heat sources; 3) the nature 
of hydrothermal systems and their interaction with underlying magmatic 
systems; and 4) general geologic and hydrologic models that should guide 
drilling programs in the Cascades.

In order to keep the workshop focused and of manageable duration, yet 
also provide an opportunity for consideration of participants' ideas and 
research results, a few people were invited to speak on specific aspects of 
each of the four topics listed above. These talks of twenty minutes each were 
followed by half-hour periods for short, informal communications and group 
discussion. The agenda of the workshop, included in this report, outlines the 
objectives and lists the speakers of each session. It should be emphasized 
that the selection of speakers was made to meet the specific objectives and 
time constraints of the workshop sessions. USGS projects in the Cascade Range 
funded in fiscal year 1985 by the Geothermal Research and Volcano Hazards 
Programs are listed in the appendix at the end of this report.

Extended abstracts of the talks are collected here to serve as a workshop 
proceedings. The abstracts present preliminary results of work in progress, 
in many cases, and reflect diverse points of view about the Cascades. The 
geometry and depth of magma bodies in the crust and their contribution, 
relative to that from regional hydrologic circulation, to high heat flow in 
the Cascades received a great deal of discussion. Although this issue was not 
fully resolved during the workshop, the data and interpretation that bear on 
its solution were examined and clarified.
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AGENDA 
WORKSHOP ON GEOTHERMAL RESOURCES OF THE CASCADE RANGE

May 22 

8:00-8:45

SESSION I

8:45- 9:05 

9:05- 9:35

9:35- 9:55 
9:55-10:25

10:25-10:45

10:45-11:05 
11:05-11:35

11:35-12:00 

12:00- 1:30

L. J. Patrick Muffler   Undiscovered geothermal resources of
the United States 

Marianne Guffanti   Previous estimates by the USGS of
geothermal resources of the Cascade Range

What is the regional geologic and tectonic setting in which 
geothermal systems of the Cascades occur?

Objectives: To describe the Cascades as a regional feature and 
to provide the context in which to discuss specific magmatic/ 
geothermal systems.

Moderator: Robert L. Christiansen

William D. Stanley (for Craig S. Weaver)   Seismotectonics
of the Juan de Fuca Plate
Related short, informal communications and discussion

Norman S. MacLeod   Volcanism in the Cascade Range 
Related short, informal communications and discussion

Break

David D. Blackwell   Heat flow of the Cascade Range 
Related short, informal communications and discussion

Open discussion period 

Lunch

SESSION II What are the characteristics of magmatic systems as heat sources 
in the Cascades?

Objectives: To summarize what is known about the volume, depth, 
age, composition, evolution, and eruptive history of Cascades 
magmatic systems and and relate these characteristics to their 
geothermal potential.

Moderator: Wes Hildreth

1:30- 3:00 Characteristics of Cascades magmatic systems determined from 
geologic studies

Michael A. Clynne: Lassen volcanic center 
Robert L. Christiansen: Mt. Shasta 
Julie M. Donnelly-Nolan: Medicine Lake volcano 
Julie M. Donnelly-Nolan (for Charles R. Bacon): Mt. Mazama 

and Crater Lake



Norman S. MacLeod: Newberry volcano
Edward M. Taylor: Three Sisters to Mt. Jefferson area
Wes Hildreth: Mt. Adams
J. G. Souther: Meager Mountain and Mt. Cayley

3:00- 3:30 Discussion and summary of geologic studies 

3:30- 4:00 Break

4:00- 4:20 H. M. lyer   Characteristics of Cascades magmatic systems
determined from teleseismic-residual studies 

4:20- 4:45 Related short, informal communications and discussion

4:45- 5:05 Carol Finn   Gravity and magnetic studies in the Cascade
Range 

5:05- 5:30 Related short, informal communications and discussion

5:30 Adjourn

May 23

SESSION III What Is the hydrothermal expression of magmatlsm In the Cascades?

Objectives: To discuss the nature of hydrothermal systems in the 
Cascades (i.e., their distribution, geometry, temperature, 
evolution, hydrodynamics) and their interaction with underlying 
magmatic systems, in order to provide a basis for assessing 
hydrothermal resources of the region.

Moderator: Alfred H. Truesdell

8:00- 8:20 Robert H. Mariner   Geochemical features of Cascades
hydrothermal systems 

8:20- 8:50 Related, short informal communications and discussion

8:50- 9:10 Michael L. Sorey -- Types of hydrothermal convection systems
in the Cascade Range of California and Oregon 

9:10- 9:40 Related short, informal communications and discussion

9:40-10:10 Break

10:10-10:30 Norman E. Goldstein -- Mt. Hood geophysical investigations 
10:30-11:00 Related short, informal communications and discussion

11:00-11:20 Adel A. R. Zohdy -- Characterization of geothermal systems
in the Cascade Range from geoelectric studies 

11:20-11:50 Related short, informal communications and discussion

11:50 1:30 Lunch

(continued)



SESSION IV What conceptual models of geothermal resources should guide 
drilling programs in the Cascades?

Objectives: To outline, in general terms, geologic and 
hydrologic models of Cascades geothermal systems, as a basis for 
making recommendations about strategy for geothermal drilling in 
the Cascades.

Moderator: Clayton R. Nichols

1:30- 2:30 Panel on conceptual models of Cascades geothermal resources
L. J. Patrick Muffler 
Robert L. Christiansen 
Wes Hildreth 
Alfred H. Truesdell 
Donald E. White 
Michael L. Sorey 
David D. Blackwell

2:30- 3:00 Break

3:00- 3:20 Marshall Reed -- Department of Energy drilling in the
Cascade Range

3:20- 3:40 George R. Priest -- Possible sites for scientific drilling in
the Cascade Range

3:40- 4:45 Discussion on drilling

4:45- 5:00 L. J. Patrick Muffler -- Closing remarks

5:00 Adjourn
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Undiscovered Geothermal Resources of the United States

by

L. J. Patrick Muffler
U. S. Geological Survey
Menlo Park, CA 94025

Resource assessment can be defined as the broad-based estimation of future 
supplies of minerals and fuels. This assessment includes not only the 
quantities that could be produced under present economic conditions, but also 
the quantities not yet discovered or that might be produced with improved 
technology or under different economic conditions. Resource assessment 
requires (1) estimation of the amount of a given material in a specified part 
of the Earth's crust and (2) estimation of the fraction of that material that 
might be recovered and used under assumed economic, legal, and technological 
conditions. Geothermal resource assessment is thus primarily the estimation 
of the thermal energy in the ground, referenced to mean annual temperature, 
coupled with an estimation of the amount of this energy that might be 
extracted economically and legally at some reasonable future time.

Estimates of geothermal resources of the United States vary by as much as 
six orders of magnitude, from a high of 10 billion megawatt-centuries (MWe-c) 
to several low estimates that cluster around 10,000 MWe-c (Muffler, 1973). 
Part of the reason for the discrepancy in published geothermal resource 
estimates lies in a confusion among the terms resource base, reserve, and 
resource. These terms come from the oil and minerals industries and have been 
defined as follows:

Resource base: "*** the sum total of a mineral raw material present in 
the earth's crust within a given geographic area *** whether its 
existence is known or unknown and regardless of cost considerations and of 
technological feasibility of extraction." (Netschert, 1958; Schurr and 
Netschert, 1960, p. 297)
Reserve: "quantities of minerals *** that can be reasonably assumed to 
exist and which are producible with existing technology and under present 
economic conditions." (Flawn, 1966, p. 10).
Resource: "*** that part of the resource base (including reserves) which
seems likely to become available given certain technologic and economic
conditions." (Netschert, 1958; Schurr and Netschert, 1960, p. 297)
For geothermal energy, the resource base was defined by Muffler and

Cataldi (1979) as all the heat in the Earth's crust beneath a specific area,
measured from local mean annual temperature. Accessible resource base was
defined as the thermal energy at depths shallow enough to be tapped by
drilling in the foreseeable future. The geothermal resource was defined as
that fraction of the accessible resource base that might be extracted
economically and legally at some reasonable future time. The geothermal
resource can be divided into economic and subeconomic categories depending on
present-day economics. This logic can be displayed as the vertical axis of a
McKelvey diagram; this diagram defines the terms resource and reserve.

In the United States, geothermal resource assessment is the responsibility 
of the U.S. Geological Survey. In meeting this responsibility, the USGS has



during the past decade produced three geothermal resource assessments (White 
and Williams, 1975; Muffler, 1979; Reed, 1983). Collectively, these national 
resource assessments evaluated geothermal energy in five categories:

1. Regional conduction-dominated regimes
2. Igneous-related geothermal systems
3. Geopressured-geothermal energy
4. Hydrothermal convection systems at temperatures >90°C.
5. Geothermal regimes at tempteratures 90°C.

Geothermal resources were estimated only for categories 3, 4, and 5. Energy 
calculations made for categories 1 and 2 are not resource estimates, but are 
useful in giving a conceptual framework for the occurrence of geopressured and 
hydrothermal convection systems. In particular, for igneous-related 
geothermal systems, the thermal energy still remaining in silicic intrusions 
and adjacent country rock was calculated by conductive cooling models using 
estimates of the size and age of intrusions (Smith and Shaw, 1979). This 
calculation assumes that cooling of the igneous body by hydrothermal 
convection was offset by the effects of magmatic preheating and additions of 
magma after the assumed time of emplacement (Smith and Shaw, 1975).

The figures estimated and calculated in the 1978 USGS geothermal resource 
assessment of the United States suggest that the energy in igneous-related 
systems to a depth of 10 km is 100 times greater than the energy in all 
identified and undiscovered hydrothermal convection systems to a depth of 3 
km, and nearly 1000 times greater than the energy in all hydrothermal 
convection systems identified to date. From this comparison it can be 
inferred that very large amounts of geothermal energy yet remain to be found. 
The major geothermal questions facing us for the United States in general and 
for the Cascade Range in particular are:
 - What is the true value of this igneous-related energy?
  What is the distribution of this energy among magma, hot dry rock, and 

hydrothermal convections systems
  Where is all this energy located?
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PREVIOUS ESTIMATES BY THE U.S. GEOLOGICAL SURVEY 
OF GEOTHERMAL RESOURCES OF THE CASCADE RANGE

by Marianne Guffanti 
U.S. Geological Survey, Reston, VA 22092

Introduction

As part of a second assessment by the U.S. Geological Survey of geothermal 
resources of the United States (Muffler, 1979), estimates were made of thermal 
energy 1n igneous-related geothermal systems and in hydrothermal convection 
systems with reservoir temperatures >90°C in the Cascade Range. The assessment 
is based on data available July 1, 1978, and is a revision of the first national 
geothermal resource assessment (White and Williams, 1975). This paper 
summarizes results of the 1978 assessment for the Cascade Range, in order to 
provide a starting point for a revised regional assessment of the Cascades. 
Medicine Lake volcano, California, and Newberry volcano, Oregon, are considered 
as part of the Cascades in this discussion, although in the 1978 assessment they 
were not included in that province.

Igneous-related systems

Thermal energy stored in magma, solidified pluton, hot country rock and 
associated hydrothermal convection systems to a depth of 10 km was estimated for 
young igneous centers in the western United States (Smith and Shaw, 1979). This 
thermal energy was calculated using a conductive cooling model based on 
estimates of volumes and ages of presumed shallow silicic magma chambers. The 
primary assumption of the "model is that for a given system a single pulse of 
magma was emplaced instantaneously and cooled conductively from the time 
represented by the youngest age of the system. Another assumption is that 
effects of magmatic preheating and resupply to the system are balanced by 
hydrothermal cooling. As a best guess, it was estimated that about half of 
igneous-related geothermal energy exists as magma and nearly that much as 
solidified intrusion and hot surrounding rock, with only a few percent expressed
by hydrothermal convection systems (Muffler, 1981)./

Thermal energy calculated for 11 igneous-related systems in the Cascades is 
approximately 3900 x 10 18 joules (table 1), an amount about equal to that 
calculated for the Clear Lake volcanic center near the The Geysers geothermal 
field in California. The 11 Cascades systems represent about 8% of the igneous- 
related energy in the United States, excluding the thermal energy in the very 
large Yellowstone-Island Park system. Six igneous-related systems in the 
Cascades were not evaluated for thermal energy -- Mt,. Hood, Mt. McLoughlin, Mt. 
Jefferson, Mt. Baker, Mt. Rainier, and Mt. Adams -- because adequate age or size 
data were not available or the magma chamber was thought to be too small and/or 
at a depth greater than 10 km. Of the 11 evaluated systems, eight appear to be 
at least partially molten and thus may serve as geothermal heat sources. These 
are Lassen Peak, Medicine Lake, and Mt. Shasta in California; Crater Lake, 
Newberry, and South Sister in Oregon; Glacier Peak and Mt. St. Helens in 
Washington.

One aspect of a revised assessment of the Cascade geothermal regime might 
involve a refinement of igneous-related thermal energy estimates. Based on 
detailed geologic mapping and geochronological and geophysical studies at
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several volcanic centers in the Cascades, new age and size data may permit 
revision of existing estimates, as well as calculation of thermal energy at some 
of the previously unevaluated systems. However, the assumptions of the 
conductive cooling model may be poorly approximated in the Cascade Range. 
Although the Cascades has high regional heat flow and extensive Quaternary 
volcanism, substantial magma chambers in the upper crust have not been detected 
in the region by various geophysical techniques (lyer, 1984). What, then, are 
the geometries and depths of crustal magma reservoirs underlying Cascades 
volcanic centers? At what rates is magma supplied to these igneous centers of 
predominantly intermediate composition and how is it stored in the upper 
crust? How efficient is hydrothermal cooling of Cascades magma bodies? What is 
the division of thermal energy among magma, solidified intrusion, and 
hydrothermal systems in the Cascades? What is the nature of magmatic supply and 
storage to areas between the major stratovolcanoes?

Hydrothermal systems

Fourteen hydrothermal systems in the Cascades (including Newberry volcano) 
were estimated in 1978 to contain 84 (+ 18) x 10 18 joules (table 2), about 5% of 
the hydrothermal energy of all identifTed systems in the United States. The 
recoverable thermal energy, or resource in 3 high-temperature systems   Morgan- 
Growler H.S. near Lassen Peak, California; Gamma Hot Springs near Glacier Peak, 
Washington; and Newberry volcano, Oregon   is equivalent to 883 MW of 
electricity for 30 years. As a comparison, the current electrical generating 
capacity at The Geysers is about 1400 MW. Because the Lassen system and 
Ohanapecosh Hot Springs are in National Parks and thus not available for 
exploitation, the resource was not calculated there. Beneficial, or useable, 
heat of 0.5 x 10*° joules was estimated for hydrothermal systems with reservoir 
temperatures between 90° and 150°C.

Determination of the portion of igneous-related energy that is expressed 
hydrothermally for various Cascades volcanoes is a first step in characterizing 
the relationship between magmatic heat sources and hydrothermal systems. Unfor­ 
tunately, assessment data for this purpose are incomplete in the Cascades. Only 
three systems have both igneous and hydrothermal estimates to permit calculation 
of the hydrothermal-to-igneous ratio: Lassen, 5%, Glacier Peak, 4%, and 
Newberry, 11%. These values are fairly high compared to some other systems such 
as Long Valley, Valles, and Yellowstone, where the hydrothermal portion is 1- 
3%. The overall hydrothermal-to-igneous ratio in the Cascade Range is 2%, 
excluding hydrothermal systems not obviously associated with igneous systems.

Undiscovered thermal energy in hydrothermal systems in the Cascades is 
estimated to be very large amount, approximately 20 times the amount stored in 
identified systems. The undiscovered estimate is simply a multiple of the 
identified component, chosen subjectively on the basis of the favorable geologic 
setting. The transport of heat into the upper crust by magma movement, as 
evidenced by the abundance of young volcanic rocks, and the occurrence of 
hydrothermal systems along the Range, coupled with the possiblilty of 
groundwater masking, suggest that a large resource may exist. To confirm the 
large undiscovered estimate would require some combination of the following:

1) Previous thermal energy estimates be revised upward by applying new 
temperature and volume data. For example, drilling results at Newberry 
volcano in Oregon (Sammel, 1981) indicate a higher subsurface temperature 
there than previously thought, 265°C compared to 230°C. Also, the hot-spring
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systems along the Western/High Cascades boundary may represent larger, hotter 
systems at depth. Nominal volumes of 3.3 cu km that were assigned to these 
systems should be re-evaluated in light of new data;

2) Previously unidentified hydrothermal systems be evaluated. For example, 
no hydrothermal resources have yet been quantified at Medicine Lake or Crater 
Lake. Discovery of new Lassen-type systems is unlikely, but more Newberry- 
types might be located at other volcanic edifices beneath hydrologically 
disturbed zones. It also needs to be determined what, if any, concealed 
hydrothermal systems exist at depth away from the major stratovolcanoes.

Certainly, the educated guess made in 1978 should be re-evaluated in light 
of a refined magmatic-hydrothermal model for the Cascade Range. What distin­ 
guishes the volcanic centers that have hydrothermal systems from those that do 
not? To what extent does masking of hydrothermal systems by cool groundwater 
occur? Where are convenient structures for localization of hydrothermal 
activity? Can we apply information gained at a few type hydrothermal reservoirs 
to systems elsewhere in the Cascades? If hydrothermal reservoirs are masked and 
not expressed at the surface, how do we obtain the necessary data on 
temperatures and sizes for energy estimates, short of extensive drilling? If 
the Cascade Range does not have large hydrothermal resources, why not?
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Table 1. Thermal energy calculated for young igneous systems of the Cascade Range. 
Data are from Smith and others (1978).

CA Lassen Peak
CA Medicine Lake
CA Mt. Shasta
OR Crater Lake
OR Newberry
OR South Sister
OR Melvin-3 Crks
OR Cappy Burn
OR Bearwallow
WA Glacier Peak
WA Mt. St. Helens

Age, 
Years

Chamber Chamber Heat Now 
Area, km 2 Volume, km 3 10 18J

61 80
<1000 64-74
<200; 5-9500 ? 50
6600 50
1300,>6600 32
<2000 30-40
400,000 ? 10
2,500,000 ? 8
<1,000,000 ? 8
12,000;<70,000 5
Active 5

400 
300 
300 

>320 
100 
100
40
40
30
12.5 

>12.5
TOTAL

960 
724 
724 

>770 
240 
240

76
26
41
35 

>35 
3906 x 10 18

Table 2. Thermal energy estimates of hydrothermal systems in the Cascade Range. 
Data are from Brook and others (1979). Values of temperature, volume, and 
stored energy are mean values; associated standard deviations are omitted here 
for simplicity of presentation but are given in Brook and others (1979).

>150°C

CA Lassen
CA Morgan-Growler
OR Newberry
WA Gamma H.S.

900-150°C

CA Big Bend H.S.
OR Mt. Hood area
OR Carey H.S.
OR Breitenbush H.S.
OR Belknap H.S.
OR Foley H.S.
OR McCredie H.S.
OR Umpqua H.S.
WA Baker H.S.
WA Ohanapecosh H.S.

Temp. 
°C

237
217
230
165

116
122
104
125
113
99
91

112
134
127

Volume
km,3

71
8.3
47
3.3

3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3

Stored 
Energy 
10 18 J

Recoverable
Energy Electricity or 
10 18 J Beneficial Heat

42
4.5 

27
1.4 75 

ParkNat, 
1.1 
6.9 
0.3

0.23 
0.24 
0.20 
0.25 
0.22 
0.19 
0.17 
0.22 
0.27 
Nat. Park

116 
740 

27 
"S51TMW-30 years

0.055
0.058
0.048
0.059
0.053
0.046
0.041
0.052
0.064

~O~x 10 18 J

TOTAL 84 x 10 18 J
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COMBINED REGIONAL SEISMOTECTONICS AND THE EXTENT OF CENOZOIC VOLCANISM: 
AN IMPROVED FIRST-ORDER GEOTHERMAL ASSESSMENT OF THE CASCADE RANGE?

Craig S. Weaver
U. S. Geological Survey

Geophysics Program AK-50
University of Washington
Seattle, Washington 98195

If the assessment of the geothermal potential of the Cascade Range were a 
straight-forward application of existing techniques, one could argue rather persuasively 
that the gross plate tectonic setting, although interesting, was of marginal use in the 
assessment process. That is, the real world of geothermal assessments deals with the 
nature of magmatic/hydrothermal systems in the shallow crust (0-10 km) in localized 
areas (horizontal scales of at most a few 10's of km). The location of the seismic Benioff 
zone, the dip of the Juan de Fuca plate, and the like, although ultimately responsible for 
the volcanism observed in the Cascade Range, would not be the primary input (and in 
reality would probably not be considered at all) in the geothermal assessment.

On the other hand, during the past seven years, it has become increasingly 
apparent that the Cascade Range does not represent a simple assessment problem that is 
amenable to application of existing methodology. In my view, some of the problems in 
attempting to assess the geothermal potential of the range are the result of the tendency 
to treat the entire range as a single province. This approach fails to recognize the 
significant scale changes that exist throughout the range. As an example, it is widely 
known that the Cascade Range is the volcanic arc associated with the convergence 
between the Juan de Fuca and the North American plates. Thus, in the discussion of 
undiscovered accessible geothermal resources in U.S.G.S. Circular 790, the Cascade 
Range was treated as a single geologic province and the assessment concluded that "Pri­ 
marily because of the favorable geologic setting, we estimate the undiscovered accessible 
resource base in the Cascade Mountains to be twenty times the identified and recognize 
that it may be even greater" (U.S.G.S. Circular 790, p. 33, 1979). In essesence this 
approach assigns a potential to large areas of the range based on the assumption that 
point measurements made in a local area can be extrapolated to the entire range. Treat­ 
ing the entire Cascade Range as a single system, however, ignores the changes in the tec­ 
tonic framework of the range that occur from north to south, and these changes in the 
tectonic setting probably alter the geothermal potential of the range as well.

In this paper I suggest that the changes in the regional tectonic framework, that 
are viewed as the result of changes in the interaction between the Juan de Fuca and the 
North American plates, in conjunction with the distribution of late Cenozoic and 
Quaternary volcanism in the Cascade Range (used as the basis for the assessment in Cir­ 
cular 790), provide an improved method for a geothermal assessment of the Cascade 
Range from the Canadian-American border south to about Crater Lake. This model 
leads to the following first-order geothermal assessment: 1) north of Mount Rainier- zero 
potential, 2) Mount Hood to Mount Rainier- slight potential (but probably not much 
above zero), and 3) Mount Hood to Crater Lake- moderate potential (perhaps some local 
areas with high potential). Although I have not yet modeled the southern portion of the 
range (Crater Lake to Lassen Peak), this area probably should have moderate potential 
(again with some local areas of high potential).

My model is based in part on observations in the Nazca subduction zone that indi­ 
cate that the dip of the Nazca plate as determined from Benioff zone earthquakes 
beneath South America is related to the distribution of seismicity and volcanism in the 
overlying plate, and in part on the assumption that throughout the forearc of a
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subduction zone, crustal stresses in the overlying plate arise from the interaction 
between the brittle portion (ie., the crust) of the subducting plate and the crust of the 
overlying plate. This interaction may be direct plate-plate contact (as has been sug­ 
gested beneath the Olympic Mountains) or may be more complicated and involve 
indirect contact (ie., a sediment wedge between the two plates). Since the Juan de Fuca 
plate is probably in contact with the North American plate offshore, differences in the 
tectonic framework in the Cascade Range could arise if the dip of the Juan de Fuca 
plate changes landward of the coast, the thickness of the overlying North American 
crust changes, the material between the two plates has different physical properties, or 
the mode of coupling at the boundary between the two plates changes.

Because there is as yet no widely accepted model of the interaction between two 
plates and the distribution of crustal stresses and volcanic systems, I make the (admit­ 
tedly superficial) assumption that extended contact between the Juan de Fuca and 
North American plates gives rise to a compressional environment in the forearc region, 
whereas less contact between the plates results in a less compressional regime in the 
forearc. Compressional regimes are viewed as less favorable for the development of 
volcanic/geothermal systems, so portions of the Cascades in a regional compressional 
environment are assigned a lower potential than extensional regimes. Within this tec­ 
tonic framework, surface volcanism (of late Cenozoic age and younger) then is used to 
provide the first order geothermal assessment. Areas of the range with only stratocones 
present are rated as having lower potential than those areas with continuous volcanic 
cover. Combining these considerations in a table form:

GEOTHERMAL ASSESSMENT

CENOZOIC VOLCANISM REGIONAL STRESS

Compression Extension

Stratocones only ZERO ZERO/ 
or none SLIGHT

Stratocones + some ZERO/ SLIGHT/ 
basalt fields SLIGHT MODERATE

Stratocones + extensive SLIGHT/ MODERATE/ 
basalts, andesites, or MODERATE HIGH 
other

Table I

Although the Cascade Range in northwestern Washington has zero potential under 
this model, this portion of the range is of interest in that it is the only area in the range 
where, because of the number of Benioff zone earthquakes, the relation between plate 
geometry and the distribution of crustal seismicity and volcanism in the overlying North 
American plate is clear. Further, refraction studies have indicated that the shallow dip 
of the Juan de Fuca plate and the thick crust beneath the Olympic Mountains provide 
extented plate contact. The high rate of seismicity in the Puget Sound basin presum­ 
ably is the result of crustal stresses generated by this extended plate contact. In addi­ 
tion to the compressional framework found in the crust around the North Cascades that 
is less favorable for volcanism than crustal extension, there are two additional considera­ 
tions of the deeper plate geometry that probably work to limit volcanism: 1) the thick­ 
ness of the continental lithosphere in the North Cascades, and 2) the continuous nature 
of the slab downdip as it subducts to the northeast. The thick lithosphere expected 
under old continental crust like the North Cascades should be considerably colder than
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other crustal blocks in the range, thus it may act as a regional heat sink, and restrict 
magma genesis at depth. Both considerations may also prevent hot asthenosphere from 
coming in contact with the slab at depths where melt is thought to initiate (100-150 
km?). As some melting models propose that asthenosphere material is important in the 
melting process, extended contact between the cold continental lithosphere and the con­ 
tinuous slab should further limit magma genesis. As a consequence of the compression 
in the crust and the deeper geometry, there is little late Cenozoic volcanism in the North 
Cascades, and the geothermal potential is zero.

Between Mount Rainier and Mount Hood, the geometry of the Juan de Fuca plate 
is not as well constrained as it is to the north, but the few Benioff zone earthquakes sug­ 
gest that the dip of the subducting plate (landward of the coast) is greater than to the 
north. The lack of Benioff zone earthquakes has been used to suggest that the Juan de 
Fuca plate may not be continuous downdip to the south of Mount Rainier, but has bro­ 
ken off as a result of repeat thrust events on the interface with the North American 
plate. This breakoff of the Juan de Fuca plate may decrease internal gravitational 
stresses to the point that seismicity ceases within the slab (hence the lack of Benioff zone 
earthquakes from the Columbia River to northern California). However, because the 
slab (oceanward of the proposed break) is still strongly coupled with the overlying North 
American plate, northeast horizontal compression dominates the arc region. Earthquake 
focal mechanisms are largely strike-slip on north-south striking vertical fault planes, and 
the northeast azimuth of the P-axes calculated from the focal mechanisms are in good 
agreement with the direction expected from plate convergence considerations.

The poor geothermal prospects in most of this area are based on the lack of volcan­ 
ism observed at the surface and the compressional nature of the crustal stresses. For 
example, Mount St. Helens is located at a left-stepping offset along a regional strike-slip 
fault zone characterized by right-lateral motion. This location in the left-stepping offset 
leads to significant local north-south compression at Mount St. Helens, and may explain 
both the limited development of secondary vents away from the immediate vicinity of 
the cone and the very small scale of the upper crustal magmatic system (~ 10 km in the 
upper 7-10 km). My designation of a slight potential for this region reflects the existence 
of strike-slip faulting (which may cause a favorable opening geometry in some local 
areas) and the increase in late Cenozoic volcanism southward toward Mount Hood.

Finally, south of Mount Hood, seismic data essentially offer no constraints on the 
geothermal potential of the Cascades. As with the Mount Rainier to Mount Hood seg­ 
ment of the Juan de Fuca plate, the lack of Benioff zone earthquakes beneath Oregon 
may mean that the plate is broken near the coastal thrust zone. The crust beneath the 
Oregon Coast Range is significantly thinner than that beneath the Olympic Mountains 
in Washington; consequently, the area of contact between the Juan de Fuca and the 
North American plates is reduced. Therefore, there is little to counter the development 
of extensional processes within the volcanic arc, and the volume of late Cenozoic volcan- 
ics found in the Oregon Cascades is consistent with crustal extension. Simply because 
the crust is under extension rather than compression, the geothermal potential should be 
higher than to the north in Washington. In addition, local areas with abnormally high 
rates of crustal extension may exist, and these areas would be expected to have the 
highest geothermal potential.

The major point of the model suggested in this paper is that estimates of the 
geothermal resource base in the Cascade Range can be improved by combining regional 
tectonic considerations with the existing geologic data base. This strategy may be useful 
when the range-wide assessment is actually done. Clearly, there are large sections of the 
Cascade Range where no additional data will be collected during the duration of the 
U.S.G.S. work in the region. Thus, in the not to distant future, the question of the pos­ 
sible potential of a 50 km by 100 km area of the northern Washington Cascade Range 
will have to be assigned some "number" relative to a similar sized area in the south
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central Oregon range. Further refinement of the model outlined here may help support 
the final assessment numbers.
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Volcanism in the Cascade Range

N. S. MacLeod and D. A. Swanson, Cascades Volcano Observatory, U. S. 
Geological Survey, Vancouver, WA.

Volcanism in the Cascade Range started about 36 m.y. ago and produced 
such widespread units as the Ohanapecosh Formation in Washington and the 
Little Butte Volcanics in Oregon. Since then, volcanic activity has been 
more or less continuous on a time scale of a few million years, although 
certain segments of the range have apparently had relatively short periods 
of increased or decreased activity. For example, in Washington few volcanic 
rocks were erupted 17-15 m.y. ago at the time of maximum outpouring of the 
Columbia River Basalt Group from fissure vents farther east. In Oregon, on 
the other hand, that period produced voluminous flows and tuffs of the Sar­ 
dine Formation. Despite contrary claims, evidence is weak or lacking for 
regional volcanic episodicity in the Cascades, a concept whose testing is 
beset with sampling problems.

There is no compelling evidence that volcanism formed a narrow linear 
chain before about 3-4 m.y. ago. For example, vents of Oligocene age in 
Oregon extend over a width of more than 100 km from the western Cascades to 
east of the High Cascades. Even since 3 m.y. ago, volcanism has not been 
confined to a narrow belt; Mount Adams is 50 km east of Mount St. Helens, 
Newberry Volcano 60 km east of the Cascade crest, and Medicine Lake 55 km 
east of Mount Shasta. Minor vents are even more widely scattered. 
Nonetheless, most eruptions during the last few million years in Oregon have 
occurred along a very linear chain forming the High Cascades. This chain is 
also exemplified by north-trending linear fissures, normal faults, and 
alignments of cinder cones and widely spaced stratovolcanoes.

Most volcanism in the Cascades during the last few million years has been 
south of Mount Rainier. Only a few volcanoes occur farther north, and all of 
these fall along a northwest-trending linear belt between Glacier Peak, Wash­ 
ington, and Meager Mountain, British Columbia, that is strongly discordant to 
the chain that trends south from Mount Rainier. The Glacier Peak-Meager 
Mountain belt projects southeastward through several known Tertiary struc­ 
tures to the western Snake River Plain and thus may be partly controlled by 
an old crustal weakness. The belt is nearly perpendicular to the direction 
of plate convergence, and moderately high seismicity outboard of the belt has 
been interpreted to define a Benioff zone with.low dip. In contrast, the 
area west of the Oregon and northern California Cascades has low seismicity 
except along spreading ridges and related transform faults, and no Benioff 
zone. In that area the Cascade crest is oblique to the convergence direc­ 
tion, normal faults and fissure vents indicate east-west extension, and vol­ 
canism is much more voluminous than farther north.

More than 2,000 volcanoes of late Pliocene or Quaternary age have been 
identified in the Cascade Range; many others lie buried by younger flows. 
About 50 percent of the volcanoes are in Oregon, 35 percent in California, 
and 15 percent in Washington and British Columbia. The vast majority of 
these volcanoes are monogenetic cinder cones or fissure vents that erupted 
basalt or basaltic andesite flows. In some parts of the range the cinder 
cones and fissure vents are randomly dispersed, but in other parts they occur 
in distinct clusters. One such cluster of late Holocene basalt and basaltic- 
andesite vents occurs between the Three Sisters and Three Fingered Jack in 
Oregon, and another somewhat older cluster occurs in the -Indian Heaven area 
between Mount St. Helens and Mount Adams, Washington.
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Small stratovolcanoes and relatively steep-sided lava shields form per­ 
haps 5 to 10 percent of the total vents. Many appear to be of basaltic 
andesite composition, with lesser basalt and andesite, and they rise as much 
as 500 m above the surrounding lava fields. Most of these volcanoes are 
probably short-lived, perhaps being formed in a few years to as much as a 
few thousand years.

Large stratovolcanoes form only about 1 percent of the total volcano 
population, yet their imposing size leads to popular identification of the 
range with stratovolcanoes. The largest volcanoes, Mount Rainier in Wash­ 
ington and Mount Shasta in California, lie near the ends of the chain of 
greatest volcanism in the Cascades. The deeply eroded remains of several 
large Pliocene and Pleistocene stratovolcanoes have been identified along 
the chain; few stratovolcanoes persist long as imposing edifices because of 
erosion, especially by glaciers.

Clusters of stratovolcanoes occur at Three Sisters, Crater Lake, and near 
Lassen Peak. These clusters represent long-lived volcanic systems that have 
produced relatively large volumes of intermediate and silicic magma; the 
cluster at Crater Lake was largely destroyed by the cataclysmic eruption 
that formed Crater Lake caldera.

Large shield-shaped volcanoes or volcanic fields lie in a north-trending 
belt along the east side of the Cascade Range. These include Newberry vol­ 
cano in Oregon and Medicine Lake volcano in northern California. Similar 
volcanoes or volcanic fields several million years older occur along this 
same alignment in the Simcoe area of Washington, at Yamsay Mountain and Bald 
Mountain, Oregon, and near Caribou, California. All of these eastern vent 
areas have erupted silicic as well as mafic lava, and several have summit 
calderas.

The petrochemistry of many of the stratovolcanoes has been studied, but 
most of the lava fields between stratovolcanoes have received no such atten­ 
tion and few generalizations can be made about them. Basaltic andesite and 
basalt appear to dominate in areas between stratovolcanoes, and even some 
of the stratovolcanoes consist mainly of basaltic andesite rather than an­ 
desite; calc-alkaline rocks dominate, but tholeiitic types also occur. An­ 
desite is locally abundant, especially on some of the stratovolcanoes, and 
in a few areas dacite, rhyodacite, and rhyolite are common. With the pos­ 
sible exception of youthful Mount St. Helens, most areas in which silicic 
rocks are abundant appear to be products of long-lived magmatic systems from 
which eruptions have occurred over periods of hundreds of thousands of years. 
These include Lassen Peak, Shasta, and Medicine Lake in California, Crater 
Lake, Newberry Volcano, arid the Three Sisters-Broken Top highland in Oregon, 
possibly Glacier Peak in Washington, and Mount Garibaldi and Meager Mountain 
in British Columbia. Local centers of silicic volcanism that have generated 
voluminous pyroclastic flows occur at Crater Lake, Medicine Lake, and New- 
berry Volcano, all of which have calderas; a caldera may lie buried in the 
Three Sisters-Broken Top highland, judging by the distribution of ash-flow 
tuffs around that area. This paucity of Quaternary calderas suggests that 
large high-level silicic magma bodies are not common.

A large geothermal system occurs in the Lassen Peak area, geothermal 
resources have been identified at Meager Mountain, B. C., high temperatures 
have been encountered in shallow holes on Newberry volcano, and several of 
the volcanoes have fumaroles. Geothermal resources are presumed to be most 
likely to occur at long-lived volcanic systems that have produced silicic 
rocks. Some andesite and basaltic-andesite stratovolcanoes may have 
geothermal resources, although drilling at Mount Hood was not encouraging. 
A background of relatively high heat flow in the Cascades as a consequence 
of long-lived volcanism throughout most of the chain may indicate an 
extensive deep resource.
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HEAT FLOW OF THE CASCADE RANGE; D. D. Blackwell and J. L. Steele, 
Department of Geological Sciences, Southern Methodist University, Dallas, TX 
75275

The heat flow pattern in the Cascade Range has been studied in quite great 
detail compared to other island arc terrains and even compared to any other 
areas of regionally focused heat flow studies in the United States. These 
heat flow studies have been summarized in very brief form by Blackwell and 
Steele (1983). A heat flow map of the Cascade Range and adjoining areas taken 
from that report is shown as Figure 1.

Between 45° and H3° north latitude, there is a 200 km long N-S zone of the 
Cascade Range which has been most intensly studied and the geophysical 
characteristics of that area are summarized in idealized form on Figure 2. 
The characteristics of the heat flow pattern are low heat flow values in the 
western part of _the western Cascade Range and in the Coastal Provinces 
(averaging HO mWm ) and exceptionally high values throughout most of the 
eastern part of the western Cascade Range and the adjoining part of the High 
Cascade Range (averaging 10 mWm~2 ). The transition from low to high values 
occurs over a distance of about 20 km.

Between H5° and H7° N latitude heat flow values aJLong the axis of the 
Cascade Range are lower and average between 70 to 80 mWm . The data are very 
sparse north of H7°, but some values in the Cascade Range between Snoqualmie 
Pass and Mt. Rainier suggest values of 40-60 mWm . Heat flow in the Puget 
Sound and Vancouver Island regions is considerably less than HO mWm . 
Closely spaced heat flow values in a fjord in British Columbia across the 
province boundary suggests a heat flow problem similar to that found in 
southern Washington and a similar transition zone width of about 20 km. Values 
in the high heat flow terrain are greater than 60 mWm~2 . Data south of ^3° N 
are sparse; the low heat flow coastward is well documented, but the regional 
heat flow along the Cascade Range axis is not well determined.

The significance of the heat flow data in central Oregon has been dis­ 
cussed in detail by Blackwell et al. (1982). The data require a large heat 
source with a width of HO to 60 km at a depth of 7 to 10 km below the 
surface. Interpretation of the data are permissive of the occurrence of a 
locally partially molten zone or "magma chamber" throughout this whole region. 
Confirmation of the significance of the heat flow data is provided by 
interpretion of gravity data (see Blakeley et al., 1985), depth to Curie point 
aeromagnetic analyses (Connard et al., 1983), and regional magnetotelluric 
studies (Stanley, 1982). These results are summarized in Figure 2. Interpre­ 
tations of the gravity data are permissive of the existence of a body at a 
depth of between 7 and 10 km with a negative density contrast of 0.15 gms/cnP 
with respect to the country rock. A density contrast of this magnitude would 
require at least partial melting within this zone. Further to the north the 
data are not so easily interpreted and the heat source zone, although it still 
must be at a depth of approximately 7 to 10 km may have a mean temperature of 
about 500°C, or significantly below the solidus of any likely crustal material 
at those depths.
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Drilling of intermediate depth holes (1-2.6 km deep) confirms the inter­ 
pretation of regional gradients based on the heat flow studies in the 
shallower holes (100 to 600 m deep). In particular, holes over 2 km deep near 
Mt. Hood and west of Mt. Jefferson near Breitenbush Hot Springs, confirm that 
regional gradients are in the range of 60 to 70° C/km to depths of at least 2+ 
km. The results from the Breitenbush hole further indicate that at least some 
of the hot springs are related to lateral outflow at relatively shallow depths 
from thermal aquifers originating beneath the axis of the High Cascade Range. 
Therefore only drilling studies which give a true picture of the thermal 
structure along the axis of the Cascade Range will allow a precise evaluation 
of the geothermal characteristics and the ultimate crustal significance of the 
observed high heat flow.

Blackwell, D.D., and Steele, J.L., 1983. A summary of heat flow studies in the 
Cascade Range. Geothermal. Resources Council Trans., 7_, 233-236.
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Quaternary Volcanism in the Southernmost Cascade Range, California

Michael A. Clynne
U. S. Geological Survey

345 Middlefield Road MS 910
Menlo Park, CA 94025

Volcanism in the southernmost Cascade Range can be characterized on two 
scales. On the regional scale volcanism is predominantly basaltic to 
andesitic, and hundreds of coalescing volcanoes have small volumes (10~3 to 
10^ knP) and relatively short lifetimes (10^ to 10^ years). 
Individual centers range from monogenetic basalt and basaltic andesite cinder 
cones to larger lava cones and shields of basaltic to andesitic composition. 
Rocks with greater than 60 per cent Si02 are sparse. Superimposed on this 
regional mafic volcanism are a few long-lived, much larger volcanic centers 
that have erupted products spanning a wide range of composition, from mafic 
andesite to rhyodacite or rhyolite.

Each of the larger centers consists of an andesitic composite cone and 
flanking silicic domes and flows. Three such centers younger than about 3 Ma 
have been recognized in the Lassen Volcanic National Park area. Each had a 
similar history, consisting of three stages: (1) an initial cone-building 
period of mafic andesite and andesite lava flows and pyroclastics; (2) a later 
cone-building period characterized by thick andesite and silicic andesite lava 
flows, and (3) silicic volcanism flanking the main cone. The silicic magma 
chamber of the third stage provides a heat source for a hydrothermal system 
that develops within the core of the main cone. Alteration of permeable rocks 
of the cone facilitates glacial and fluvial erosion of the central part of the 
volcano. The result is selective preservation of a resistant rim of thick 
later cone-building lava flows and flanking silicic rocks around a central 
depression, which replaces the altered and eroded core of the composite cone.

The two older volcanic centers in the Lassen area, the Dittmar and Maidu 
volcanic centers (Clynne, 1984) have reached this stage, and their 
hydrothermal systems are extinct. The youngest, here called the Lassen 
volcanic center (LVC) however, hosts active silicic volcanism and a well 
developed hydrothermal system, including the thermal features in Lassen 
Volcanic National Park (LVNP) and Mill Canyon.

LVC has evolved through the three stages outlined above. The distribution 
of rock units is shown in Figure 1, a generalized geologic map of Lassen 
Volcanic National Park and vicinity. For more detailed stratigraphy see 
Clynne (1984). Stages I and II produced the Brokeoff Volcano, an 80 km3 
andesitic stratocone. The bulk of Brokeoff Volcano consists of Stage I 
deposits which are olivine-augite and olivine-hypersthene-augite andesite lava 
flows and stratified pyroclastic deposits that erupted from a central vent 
during the period from about 0.65 to 0.55 Ma ago. Stage I culminated in 
eruption of a small volume of hornblende-pyroxene dacite lava, and was 
followed by an interval of erosion lasting 0.075 Ma. During stage II, which 
lasted about 0.1 Ma, thick flows of porphyritic augite-hypersthene silicic 
andesite, generally lacking interbedded pyroclastic material, were erupted. 
Volcanism then shifted to the north and east and became more silicic. 
Eruption of at least of 50 km3 of rhyolitic magma at 0.35 Ma as the Rock land 
air-fall tephra and ash flows initiated stage III. This eruption is thought 
to have produced a caldera that is now filled by a dacite domefield, which 
consists of two groups of rocks totaling about 30-50 km3. During the period
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from 0.25 to 0.2 Ma ago 2-pyroxene-hornblende dacite magma produced a group of 
six domes and flows. The second group consists of hornblende-biotite 
rhyodacite erupted as domes, lava flows and pyroclastic flows in at least ten 
episodes during the past 0.1 Ma. In addition, hybrid andesite totaling about 
10 km^ and consisting of thoroughly mixed mafic and silicic magma has been 
erupted from the east and west margins of the dacite domefield during Stage 
III.

Porphyritic andesite and dacite with high A1203, low Ti02, and 
medium l<20 contents and FeO/MgO ratios of 1.5-2.0 are the most abundant rock 
types in LVC. Early mafic andesite, late rhyodacite, and hybrid andesite are 
subordinate in abundance. Rocks of LVC resemble other calc-alkaline volcanic 
rocks emplaced on continental margins overlying sialic crust. Major-element 
Harker variation diagrams for the LVC show smooth trends from 55-73 per cent 
Si02 (Clynne, 1984). The general compositional evolution is from mafic to 
silicic with time. However, the evolution is not strictly sequential (see 
Figure 2). Smooth geochemical trends, increasing silica content with time, 
and isotope data all suggest the origin of LVC magmas by crystal fractionation 
of a mafic parent (Clynne, 1984). However, partial melting of young mafic 
crust may play a role in the origin of the silicic magmas at LVC. The long 
span of activity at LVC and the presence of a hydrothermal system imply the 
presence of an evolving magma chamber.

The LVC differs from other Cascade volcanoes by having a larger volume of 
silicic rocks. The stress regime in the southern Cascades is moderate 
east-west extension, which favors retention of mafic magma by mixing with more 
differentiated magma in the crust (Eichelberger and Gooley, 1977). Systematic 
geochemical variation of the rocks of the LVC and the mineralogic and 
geochemical homogeneity of the youngest rocks suggest derivation from a single 
source (Clynne, 1984). The magma system of the Lassen volcanic center can be 
envisaged (Figure 3) as -an evolving pluton-sized body of magma in the middle 
crust (10-20 km depth). The pattern of young vents suggests that a magma body 
5-8 km in diameter underlies the northwestern corner of LVNP. The hybrid 
andesites are produced by mixing of mafic magma intruded into silicic magma 
and may indicate a sill-like projection of the magma chamber or isolated 
pockets of silicic magma beneath the central plateau of LVNP. Alternatively 
the hybrid andesites may be erupted by tapping the main chamber at depth.

The upper portion of the chamber contains crystal-rich rhyodacite, which 
has varied little in composition, over at least the last 50,000 years. The 
system is probably zoned to more mafic compositions at depth. Regional bisalt 
provides heat and material input to maintain the system in its partially 
molten state. Hybrids and ubiquitous mafic inclusions provide abundant 
evidence for the interaction of mafic and silicic magma. A small 
volatile-rich cap has periodically developed at the top of the magma chamber, 
but since the Rockland Tephra .35 Ma ago, it has vented before increasing to 
substantial volume. Assuming that the vertical extent of the magma chamber is 
10 km results in volume estimates of 250-500 km^. -

Despite the volcanologic and petrologic evidence of a magma system, 
teleseismic (Monfort, 1980) and seismic refraction (P. A. Berge, USGS, oral 
communication) studies have failed to show the presence of a magma chamber 
beneath LVC. However the resolution of these studies is such that magma 
chambers smaller than 5 km in diameter could not be detected. A compilation 
of local seismicity shows that most earthquakes occur at shallow depth (3-6 
km) beneath Brokeoff Volcano in the upflow zone of the Lassen hydrothermal 
system (Muffler and others, 1982; Walter and others, 1984). However, an 
adjacent area beneath Chaos Crags lacks crystal earthquakes in the same depth 
range. Thus the juxtaposition of the hydrothermal system and the youngest
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volcanic vents may indicate the position of a cupola on the magma chamber 
(Figure 3). A 25 km, oval -50 mgal gravity anomaly is centered on the dacite 
domefield and central plateau (hybrid andesites) of LVC. The gravity low is 
probably an expression of near-surface low-density volcanic rocks and the 
presence of Quaternary plutonic rocks beneath the volcanic field. Future 
geophysical studies will have to be of higher resolution if magma bodies are 
to be detected beneath LVC.
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The Mount Shasta Magmatic System

Robert L. Christiansen 
U.S. Geological Survey 
Menlo Park, California

The still active compound stratocone of Mount Shasta, 14,162 feet high 
and more than a half a million years old, has grown mainly during several 
distinct episodes of cone building from single central vents, each of which 
was active only briefly - possibly only a few hundred years (Christiansen and 
Miller, 1976; Christiansen and others, 1977; Christiansen, 1982). Four such 
cone-building episodes younger than about 250,000 years have been recognized, 
two of them Holocene; major cone building was separated by longer, 
predominately erosional periods during which smaller volumes of lava were 
added to the cones. In addition, an older but similar edifice at the site of 
Mount Shasta was largely destroyed by a huge volcanic sector avalanche about 
300,000 years ago (Crandell and others, 1984). The oldest exposed rocks of 
Mount Shasta, on its west flank and having a K/Ar age of about 590,000 years 
(G.B. Dalrymple, written commun., 1979), probably are a remnant of that 
earlier edifice.

The bulk of the stratocone consists of silicic andesites to mafic 
dacites, probably averaging just over 60% Si02» More or less uniform silicic 
2-pyroxene andesites constitute most of each cone of the compound volcano, 
probably aggregating about 80-85% of the whole. More silicic rocks, including 
hornblende-bearing andesites, dacites (mainly 63-66% SiOo), and rare 
rhyolites, occur principally as domes or relatively small lava flows, erupted 
both within the earlier central craters and on the flanks of the edifice. 
Significant volumes of dacitic pumice occur largely as fallout to the 
northeast. Numerous pyroclastic flows were emplaced during early Holocene 
time, especially on the west flank of the volcano (Miller, 1978); older 
pyroclastic flows occur on all sectors. In the past few thousand years the 
system has erupted every few hundred years (Miller, 1980).

Mount Shasta also has erupted relatively small volumes of more femic 
magma, generally as calc-alkalic b'asalts to mafic andesites, from cinder-cone 
or small-shield vents on its flanks. The highest such vent was noted by 
Anderson (1974) on the south side at about 9,000 feet elevation. No magmas 
similar to regional high-alumina olivine tholeiites (Hart and others, 1984) 
are known to have vented from Mount Shasta. Preliminary petrologic studies 
suggest that much of the range of compositions constituting the bulk of the 
volcano may have evolved by fractional crystallization and mixing of variously 
evolved magmas from a calc-alkalic basaltic parent like some of those erupted 
from Mount Shasta's flank vents (Baker and others, 1984).

Both the andesite-dacite stratocone of Mount Shasta and the more or less 
bimodal shield volcano of Medicine Lake, probably at least a million years ol^ 
(Donnelly-Nolan, this volume), are voluminous long-lived systems near the 
margins of a large negative gravity anomaly. This gravity low extends across 
the High Cascade axis, Mount Shasta lying distinctly on the west and Medicine 
Lake on the east side of the nearly north-south axis at the ends of a linear 
system of young vents that trends east-northeast, suggesting a locally 
anomalous stress-field control. Between the Klamath and McCloud Rivers, the
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Pliocene to Quaternary volcanoes of the main Cascade axis are predominantly 
rather simple mafic-andesite shields. Within this sector of the chain, 
substantial volumes of silicic andesites to dacites have been produced only 
near the intersection of this main axis with the Shasta-Medicine Lake trend.

Taken together, the foregoing relationships suggest a tentative view of 
the Mount Shasta magmatic system. The areally extensive gravity anomaly, 
local stress-field control of adjacent volcanic systems, and the systematic 
relation of two major long-lived and highly evolved systems to the main 
Cascade axis suggest that the Shasta-Medicine Lake zone represents an anomaly 
in this sector of the Cascade subduction zone, perhaps related to excess 
production of femic magma in the mantle. Growth of the Mount Shasta system in 
this excess-production region during a few rapid increments may represent 
distinct upper-crustal emplacements of magma that had evolved at deeper levels 
to silicic pyroxene andesite from parental compositions like the common mafic 
calc-alkalic lavas of the region. During the intervening much longer times 
between these major emplacement events continued mantle magmatism probably 
drives relatively slow evolution of the Shasta magmas in upper-crustal 
chambers by open-system differentiation processes, including fractional 
crystallization accompanied by wallrock assimilation and mixing of variously 
evolved magmatic batches.

It is during these extended periods of upper-crustal magmatic evolution, 
during which dacitic and even rhyolitic magmas are produced, that any 
extensive hydrothermal convection might develop in the vicinity of the 
magmatic system. Based on both the slow eruptive rate and the lack of major 
cone building during the past several thousand years and on the abundance of 
dacites among its Holocene volcanic products, Mount Shasta may now be in such 
a magmatic state. No evidence is known for the existence of a cryptic 
hydrothermal system beneath Mount Shasta, but the high downward flux of cold 
water through the volcanic edifice from heavy winter snowpack and extensive 
summer melting could mask hydrothermal convection at shallow crustal depths.
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GEOTHERMAL POTENTIAL OF MEDICINE LAKE VOLCANO
Julie M. Donnelly-Nolan, U. S. Geological Survey
Mail Stop 910, 345 Middlefield Road, Menlo Park CA 94025

Medicine Lake Volcano (MLV) lies east of the main Cascades trend about 
50 km ENE of Mt. Shasta. The volume of MLV is estimated to be 600 km3 , 
larger even than Mt. Shasta which is the largest of the Cascade 
stratovolcanoes. Several lines of reasoning suggest that MLV has geotherraal 
potential. Several late Holocene silicic units are present across the top of 
the volcano. Two of these, the rhyolite of Glass Mountain on the east side of 
the 7x12 km central caldera and the rhyolite of Little Glass Mountain and 
Crater Glass flows 16 km further west, have nearly identical major- and 
trace-element compositions. This close similarity has suggested to some that 
a single large silicic magma body could be the source for both units 
(Eichelberger, 1981). Heiken (1978)j for example, proposed that the Glass 
Mountain-Little Glass Mountain chemical similarity could be explained by the 
tapping of a small central magma body by ring dikes.

Other silicic units have erupted throughout the history of the volcano, 
but their total volume appears to be small. The earliest such unit is a 
rhyodacite ash-flow tuff about 1.2 million years old (Donnelly-Nolan, 1983a) . 
Growth of the large compound shield volcano apparently followed eruption of 
large volumes of high-alumina basalt that form the principal rock type of the 
Modoc Plateau. No obvious patterns have been discerned in the chemical 
evolution of the volcano except that higher silica eruptions occur on higher 
parts of the volcano, concurrent with persistent eruption of primitive 
high-alumina basalts around the lower flanks. Medicine Lake Volcano consists 
in large part of these parental tholeiitic basalts and their calc-alkaline 
derivatives. The total volume of silicic lavas is far less than that of mafic 
lavas. During Holocene time, the volume ratio of mafic to silicic lavas is in 
the range of 5 or 10 to 1. An even higher ratio, perhaps 10 or 20 to 1, 
characterizes latest Pleistocene time when only one rhyolite is known to have 
erupted.

The average composition of Medicine Lake Volcano is andesitic, and 
andesitic lavas are especially abundant on the upper slopes of the volcano. 
Anderson (1941) suggested that the caldera formed by eruption of these 
voluminous andesite flows. Ande'sitic lavas at Medicine Lake Volcano are 
typically crystal-poor and fountain-fed, both characteristics suggesting that 
they were very hot when erupted. Most of the volcano's lavas are crystal-poor 
suggesting relatively high temperatures and rather short residence times in. 
crustal reservoirs before eruption. Rather than a single large magma body, 
this suggests small, short-lived bodies of magma that erupt relatively soon 
after they form.

Geophysical evidence provides no support for a;-large silicic magma body, 
although a large mafic intrusive complex can be inferred from seismic 
refraction and gravity studies. Electrical and teleseismic data are not 
definitive about the presence of magma at depth; small bodies less than 2 k:a 
across could be present. As a working model, primitive basalt appears to be 
intruded to shallow crustal levels beneath the volcano, followed by fractional 
crystallization and assimilation (Grove and others, 1982), resulting in stoall, 
intermediate bodies of magma. Rhyolitic magma is probably produced by 
fractional crystallization of such andesitic magma (Grove and Donnelly-Nolan,
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1983). Given similar bodies of andesitic magma, derivative rhyolites of 
essentially identical composition might be produced by the same set of 
processes. Thus, nearly identical rhyolitic products seen at Glass Mountain 
and Little Glass Mountain might have different but parallel parentage. Both 
lavas contain a variety of inclusions, which range from granitic (possible 
country rock), to quenched mafic magmas of varying compositions from basalt to 
andesite, to cumulate hornblende gabbros. The variety and abundance of these 
inclusions argues against the presence of a single large silicic magma 
chamber. The granites would have been quickly digested, and the cumulate 
hornblende gabbros should represent material from the floor or walls of the 
chamber. Moreover, none of the young silicic lavas are high-silica 
rhyolites. None contains more than 74% SiC>2, whereas the older rhyolites at 
Medicine Lake Volcano contain 75-77% SiC>2 and are inclusion-free. Eruption 
of the younger rhyolites may have been triggered by intrusion of mafic magma 
before the small silicic magma bodies had fully evolved or had a chance to 
coalesce into a large chamber. Small silicic magma bodies are apparently 
produced and then erupted to the surface along dikes (Fink and Pollard, 1983).

Medicine Lake Volcano lies in an E-W extensional environment. It is 
located at the intersection of a major ENE-trending lineament with the 
westernmost N-S trending normal faults of basin-and-range type. One of these 
faults forms Gillem Bluff at the northern edge of the volcano. Farther south, 
this fault is buried by younger lavas of Medicine Lake Volcano, but alinements 
of vents as well as the relatively abrupt eastern topographic margin of 
Medicine Lake Volcano strongly suggest that the fault bends SSE and continues 
S at least 35 km beneath the vents for the Glass Mountain flow and domes. A 
strong NE structural trend is manifested high on the NW side of the volcano by 
open ground cracks, by the Little Glass Mountain-Crater Glass flows and doces, 
and by late Holocene basaltic eruptions. A similar trend is evident at a set 
of Holocene andesitic pit craters on the SE side of the caldera. This, 
together with the E-W extension, the dominant N-S alinement of vents for over 
50 km on Medicine Lake Volcano, the ring faults of the volcano's caldera, and 
other alinements of vents and open ground cracks, provide evidence of fracture 
permeability at depth.

Is there enough fluid for power production? Although springs are rare en 
the volcano, very large volumes'of cold water emerge near the southern edge of 
Medicine Lake Volcano lavas to form the Fall River, suggesting that adequate 
sources of water are available. Whether water is stored and heated directly 
under Medicine Lake Volcano is unknown. Hot springs are absent, but this does 
not preclude the existence of hot water at depth.

Whether or not a large silicic magma body exists under Medicine Lake 
Volcano, the volcano still has the potential to be a significant geothermal 
resource. Sufficient heat could be supplied by coptinued intrusion of mafic 
magma into shallow crustal levels. The geologic evidence favors shallow 
magmatic processes that repeatedly produce rhyolitic magma at shallow depth 
through time. The numerous Holocene silicic eruptions and intermittent 
rhyolitic volcanism for at least 1.25 m.y. make Medicine Lake Volcano a priae 
target for geothermal energy exploration, and several companies are actively 
engaged in exploration. One hole about 2.7 km deep was drilled during the 
summer of 1984 and more deep holes are planned. Results of the drilling by- 
private companies are proprietary, but the amount of interest shown suggests 
that the companies believe there is geothermal potential at Medicine Lake 
Volcano.
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Outflow of hot water from Medicine Lake Volcano is also possible, 
particularly in the dominant N-S structural direction. Only 30-50 km N of 
Medicine Lake Volcano, geothermal fluids in and near Klamath Falls, Oregon, 
are used for low-temperature applications such as space heating. Klamath 
Falls is equidistant between Medicine Lake Volcano and Crater Lake Volcano, at 
the lowest point in the Klamath graben that extends between these two major 
young volcanoes. The Klamath Falls geothermal system is unrelated to any 
recent volcanism at the surface, and may be at least partly supplied by hot 
water from Medicine Lake Volcano (Donnelly-Nolan, 1983b).
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Mount Mazama and Crater Lake Caldera

Charles R. Bacon 
U.S. Geological Survey
345 Middlefield Road 

Menlo Park, California 94025

Geologic mapping and K-Ar dating (Bacon and Lanphere, 1983) provide data 
that define the eruptive history of Mount Mazama (Bacon, 1983). Events that 
led up to the catastrophic, caldera-forming eruption have been reconstructed 
through detailed field studies of late products (Bacon, 1983, 1985), including 
paleomagnetic determinations (Champion, 1983). Chemical analyses of rocks 
from all periods in the growth of Mount Mazama and microprobe analyses of 
phenocrysts in late products (C. R. Bacon and T. H. Druitt, unpub. data, 1985) 
help to suggest models for the magmatic system beneath the volcano.

Mount Mazama was composed of overlapping mafic andesitic short-lived 
shields and andesitic stratocones and thick lava flows, constructed west and 
north of a voluminous field of rhyodacite domes and flows. The rhyodacite 
evidently was extruded in a few pulses, probably of short duration, at various 
times between ^750 and 'x/SOO ka (thousand years B.P.). It seems likely 
that basalt lies beneath the rhyodacite, the thickness of which is unknown.

The oldest exposed stratovolcanoes of the Mount Mazama cluster are Phantom 
Cone and Mount Scott, '\/420-395 ka. These are overlapped by andesitic and 
dacitic lavas erupted 055-230 ka. Mafic andesitic shields were built near 
Cloudcap ^290-220 ka and near Llao Rock ^185-110 ka. Andesitic to dacitic 
lavas were erupted near Llao Rock '\/130-110 ka, followed by rapid growth of a 
complex andesitic stratocone near Hillman Peak ^70 ka. Shortly after the 
Hillman Peak cone was constructed, dacite pyroclastic flows descended the 
southwest flank of Mount Mazama, and dacite airfall pumice was erupted from 
vents near Llao Rock and Cloudcap. Provisional Fe-Ti oxide equilibration 
temperatures for the three sets of dacitic pyroclastic rocks are ^930, 990, 
and 960°C, respectively. Dacite lava flows, one of which is dated at ^70 
ka, were associated with the pyroclastic activity. Although there is no 
evidence preserved for caldera formation, several km^ of dacite magma must 
have been erupted. Following these eruptions, the existing evidence suggests 
that Mount Mazama reverted to producing only andesite for ^20 ka.

About 50 ka the dacitic Watchman flow was erupted from a vent now exposed 
in the west caldera wall, adjacent to the south side of Hillman Peak. Like 
many earlier dacite and silicic andesite flows of Mount Mazama, the Watchman 
flow contains inclusions of andesite that were largely molten when 
incorporated into the host lava. Their presence indicates that the underlying 
magmatic system was compositionally zoned, containing magma at least as mafic 
as andesite that was incompletely mixed into the more silicic magma before 
eruption. Similar inclusions are present in dacitic blocks found in 
monolithologic avalanche breccias or lithic-pyroclastic-flow deposits on the 
south and southwest flanks of Mount Mazama. These deposits were formed by 
collapse of lava domes near the summit of the volcano ^40 ka. Stratigraphic 
evidence and K-Ar dating indicate that andesitic lava flows on the north and 
west caldera rims were erupted between 'x/SO and 40 ka. Known younger 
precaldera lavas were almost exclusively rhyodacitic in composition.

A small hornblende rhyodacite dome on the north caldera rim was emplaced 
^30 ka. Similar lava domes of the Sharp Peak group northeast of the caldera 
may be of similar age. Williams Crater, formerly called "Forgotten Crater",
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west of Hillraan Peak may be also approximately the same age. Williams Crater 
and a vent about 1 km to the west erupted basalt and caused the emplacement of 
an extensive lava flow and several domes of commingled andesite and dacite. 
Thus, Williams Crater probably marks the west margin of .the silicic magma 
reservoir at this time. The Redcloud Cliff flow, a thick hornblende 
rhyodacite flow on the east caldera wall, evidently is latest Pleistocene in 
age, and may be as old as the *\»30 ka dome on the north rim. There is no 
evidence preserved for any volcanic activity after eruption of the above units 
and before Holocene volcanism began.

About 7,000 ka the shallow chamber began to leak significant volumes of 
rhyodacitic magma in the form of three lava flows: Llao Rock, Grouse Hill, and 
Cleetwood. Other rhyodacitic flows may have been present within the area that 
collapsed to form the caldera. Paleomagnetic evidence suggests that the Llao 
Rock and Grouse Hill flows were erupted in short succession. About 140 yr. 
later, the Cleetwood flow was erupted (Bacon, 1983). The bulk composition (on 
a volatile-free basis) and Fe-Ti oxide phenocryst equilibration temperature 
( \»940°C) of this lava are virtually identical with those of the pumice of 
the climactic eruption, except that the Cleetwood lava had a much lower water 
content upon eruption. Surprisingly, the climactic eruption began before the 
Cleetwood flow had totally solidified. Although most, if not all, of the 
precursory lava eruptions began with an explosive phase, flow of magma to the 
surface apparently was sufficiently sluggish to allow the magma to de-gas 
during ascent so that conduits eventually were plugged with viscous 
rhyodacite. Only the Llao flow was preceded by a voluminous pyroclastic 
phase, but this spread tephra over parts of several western states. Loss of 
several knH of magma from the top of the chamber over a comparatively short 
period to form the lava flows and related pyroclastic rocks may have have 
resulted in a decrease in load pressure on the system, without accompanying 
loss of volatile pressure, so that vapor saturation occurred at greater depth 
than before and the climactic eruption could be sustained.

The climactic eruption took place in two steps: (1) a single-vent phase 
and (2) a ring-vent phase. The first phase began with eruption of the 
widespread airfall deposit from a high Plinian column, which later collapsed 
to produce pyroclastic flows as the vent became enlarged. The pyroclastic 
flows deposited the Wineglass W,elded Tuff in valleys north and east of the 
caldera, its distribution being limited by the summit of Mount Mazama which 
lay south of the vent. Phase (1) ended when the caldera began to collapse, 
initiating phase (2) which produced much more mobile pyroclastic flows from 
higher eruption columns. These flows deposited nonwelded to partly welded 
tuff in the valleys all around Mount Mazama and left a lag deposit of lithic 
breccia near the rim and on high ground, including even the summit of Mount 
Scott. These deposits show spectacular compositional zonation of homogeneous 
rhyodacite (70-71% SiO£) below andesite that decreases fairly regularly in 
silica content with stratigraphic height (^62-51% SiC^). Equilibration 
temperatures for Fe-Ti oxide phenocrysts in the silicic part of the eruption 
group tightly near -\,950°C and, like other "climactic" rocks, are more 
oxidized than the ^70 ka dacites. Over 50 km-* of magma were erupted in 
the climactic eruption, most being rhyodacite. Although the exact depth is 
unknown, the existence of the caldera suggests that the top of the magma 
chamber must have been only a few km below the surface.

A provisional model of the magmatic system beneath early Holocene Mount 
Mazama suggests that prior to the climactic eruption relatively differentiated 
(up to <v72% Si02) and cooler (>870°C) porphyritic magma overlay

38



well-mixed, convecting rhyodacite magma, which was in turn underlain by 
crystal-rich andesite. Presumably, basalt underlay the entire reservoir, 
because basaltic eruptions from monogenetic cones and small shields took place 
beyond and on the lower flanks of Mount Mazama thoughout its history. Such a 
long-lived crustal magmatic system no doubt generated a near-surface 
hydrothermal system. The uppermost deposits on the caldera rim were formed by 
phreatic explosions that took place when this hydrothermal system was 
disrupted by caldera collapse. Postcaldera volcanism, consisting of andesitic 
activity outboard of rhyodacitic eruptions, suggests that the remains of the 
old magmatic system or a new one are still viable. High heat flow in the 
floor of Crater Lake, elevated chloride concentration in the lake water, and 
the well mixed nature of the lake suggest that hydrothermal convection 
continues beneath the lake floor (Williams and Von Herzen, 1983). 
Conceivably, lateral flow of thermal waters might produce geothermal 
reservoirs beyond the boundaries of Crater Lake National Park where they might 
be utilized for extraction of geothermal energy.

Beyond the potential for geothermal resources, Crater Lake caldera 
provides a natural laboratory in which to study not only the evolution of a 
crustal magma body, but also hydrothermal alteration within an andesitic 
stratovolcano. Alteration of the older rocks of the caldera walls is 
ubiquitous, and the lithic breccias of the climactic eruption contain 
partly-fused plutonic rocks and highly altered fragments from deep within 
Mount Mazama. These may offer clues to the precaldera hydrothermal history of 
this long-lived volcanic system.
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The Magmatic System of Newberry Volcano, Oregon

N. S. MacLeod, Cascades Volcano Observatory, Vancouver, WA 
D. R. Sherrod, U.S. Geological Survey, Menlo Park, CA

Newberry Volcano, 60 km east of the crest of the Cascade Range in 
central Oregon, has been active for more than 500,000 yr and erupted most 
recently about 1350 yr ago. The surfaces of its flanks are formed mostly 
of basaltic-andesite and basalt flows, which issued from hundreds of 
cinder cones and fissure vents. Widespread ash-flow tuffs exposed on 
some flanks probably underlie the basaltic flows; dacite to rhyolite 
domes and flows are common on the flanks. The summit caldera is filled 
by rhyolitic ash-flow and air-fall tuff, by rhyodacite and rhyolite domes 
and flows, and by a few mafic flows and vent deposits. Drill cores show 
that fragmental debris fills the caldera to about 500 m below the surface 
and overlies rhyodacite to basalt flows that extend to at least 932 m. 
The caldera resulted from several periods of collapse during voluminous 
eruptions that formed the ash-flow tuffs on the flanks.

The most recent eruption cycle was 10,000 to 1350 l^C yr ago. 
Widespread basaltic andesite flows on the flanks, estimated to be about 
10,000 to 8000 yr old, are approximately coeval with several rhyolitic 
flows and domes in the caldera and on the upper southeast flank. 
Rhyolitic eruptions in the caldera produced domes, flows, and tephra 
deposits between 6845 l^C yr (approximate age of Mazama ash, a regional 
stratigraphic marker) and 6100 J-^C yr ago. Numerous basaltic andesite 
flows issued from vents on the northwest and southeast flank about 6100 
l^C yr ago; eruptions since then have been rhyolitic. Eruptions 
4000-3000 yr ago produced obsidian flows and pumice deposits, and 1350 yr 
ago air-fall tuff, ash-flow tuff, and an obsidian flow were erupted. 
Although 10,000-8000 yr and 6100 yr basaltic flows are common on the 
flanks, they are nearly absent in the caldera; those that are present 
were erupted from fissures on the caldera walls. Mixed basalt-rhyodacite 
lavas that erupted from near the top of the east wall suggest that 
basaltic magma may have intercepted silicic magma beneath the caldera.

Analysed rhyolitic rocks younger than about 10,000 yr are chemically 
similar. They are readily distinguished from abundant older silicic 
rocks at Newberry by their relatively evolved major- and trace-element 
composition, especially their higher Rb/Sr ratio (Rb/Sr = 2 in young 
rhyolitic rocks, compared to 1 or less in older rhyolitic rocks). The 
young rhyolites are all very low in phenocryst content, and successively 
younger rocks have fewer phenocrysts; the youngest obsidian flow contains 
less than 0.01 percent phenocrysts. The chemical similarity of the young 
rhyolites suggests they are from the same magma chamber and the very low 
phenocryst content indicates the magma was near the liquidus and that the 
magma did not crystallize significantly between about 10,000 and 1,350 
years ago. We attribute the decrease in phenocryst content to increasing 
water content in the magma or to influxes of heat owing to underplating 
of a silicic magma chamber by hot basaltic magma 10,000-8000 and 6,100 yr 
ago. The basaltic flows erupted during the last 10,000 yr are presumed 
to be from .a source much deeper than the inferred silicic magma body.
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The silicic body beneath Newberry (whether still magma or a 
solidified pluton) appears to be a single body, because the chemical 
compositions and petrography of the young rhyolites are so similar. The 
restriction of the vents for the young rhyolites to the eastern part of 
the caldera and the absence of mafic vents there (a "shadow effect") 
suggest that the magma body was centered under the eastern half of the 
caldera. A 932-m-deep hole drilled by the USGS in the caldera 
encountered temperatures as high as 265°C and high heat flow, such as 
would exist above a magma body or a hot but solidified intrusion. 
Hydrothermal convection beneath the drill hole, however, could extend an 
unknown distance downward to a deep hot body. If magma is still present, 
the body apparently is small, deep, or complex in shape inasmuch as it 
has not been definitely detected by geophysical methods.
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THREE SISTERS TO MOUNT JEFFERSON, OREGON: MAGMATIC SYSTEMS AS HEAT SOURCES

E.M. Taylor, Oregon State University 
Corvallis, OR 97331

A summary of central High Cascade volcanism, magmatism, and tectonism 
between Three Sisters and Mount Jefferson, as related to sources of geothermal 
heat, should include their pre-Pleistocene antecedents because modern heat 
flow is probably influenced by structural features produced prior to 
development of the modern High Cascades and by the long-continued evolution of 
a few isolated silicic magma systems in a mafic volcanic province. The most 
complete records of early High Cascade volcanism are found in the Deschutes 
Formation on the east flank of the range and in correlative deposits exposed 
in the Western Cascades. An episode of crustal tension and production of 
associated mafic lavas was initiated over a broad part of the eastern 
Cascades, 8-10 M.a. A combined tholeiitic and calc-alkaline volcanic arc was 
constructed in the position of the modern High Cascade axis. Shields and 
composite cones of basalt and basaltic andesite predominated. However, many 
of the volcanoes produced silicic lavas; in the distal deposits there is a 
record of hundreds of discrete eruptions of air-fall pumice and pyroclastic 
flows ranging in composition from mafic andesites to rhyolite. Tensional 
stresses in the crust apparently increased to a maximal condition by 4-5 M.a., 
at which time the early High Cascade volcanic arc subsided along discontinuous 
north-south normal faults, leading by intermittent stages to a broad, graben- 
like depression of the volcanic axis. Explosive volcanism was enhanced at 
this time and was characterized by the appearance of andesitic ash-flow tuffs 
and abundant, inhomogeneous, mixed magmas of diverse compositions. Much of 
the volcaniclastic output was probably trapped within segments of the 
subsiding graben.

After 3 M.a. the intensity of volcanism decreased and the magmas brought 
to the surface were almost entirely basalt and basaltic andesite. 
Consequently, the modern central High Cascade Range is a broad platform of 
mafic volcanoes ranging from large composite cones and shields such as North 
Sister, Mount Washington, and Three Fingered Jack, to small cones and cone 
groups with associated lava flows such as Belknap Crater, Sand Mountain, and 
South Cinder Peak. Late High Cascade silicic volcanism has been restricted to 
the vicinity of Three Sisters and Mount Jefferson. The Three Sisters volcanic 
group has been intermittently active for several hundred-thousand years and 
has produced basalt, basaltic andesite, andesite, dacite, and rhyodacite in 
the form of lavas, domes, and volcaniclastic deposits representing three 
clearly distinct magmatic series. All of these compositional types have been 
erupted during Holocene time; the most recent example is the 1900-year-old 
rhyodacite of Rock Mesa at the southwest base of South Sister. The 
development of Mount Jefferson is less well known; it is a composite cone of 
basaltic andesite surmounted by younger andesite lavas and dacite domes. The 
most recent eruptions produced dacitic air-fall pumice and pyroclastic-flow 
deposits that appear to have issued from vents on the northeast flank, while 
late Pleistocene glaciers were retreating.

The central High Cascade province has been a locus of intrustion by mafic 
dikes, sills, and plugs during the last 9 million years; this has probably 
contributed to a regional background of geothermal heat. Perturbations in
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this background are to be anticipated where hydrothermal circulation is 
influenced by buried graben faults and thick accumulations of volcaniclastic 
material. Of particular significance in this context is the prolonged 
localization of silicic volcanism in the vicinity of Three Sisters and Broken 
Top. Ash-flow tuffs were produced from source volcanoes near the sites of 
modern Three Sisters 4-5 M.a. Later, an extensive highland of silicic domes 
was constructed and several late High Cascade ash-flow sheets spread as far 
east as Bend, Oregon. The modern Three Sisters group is the latest 
manifestation of a long-lived source that has been contributing silicic magmas 
to the shallow crust. It would be surprising indeed if young, hot, plutonic 
bodies were not present beneath this area.
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MOUNT ADAMS: ERUPTIVE HISTORY OF AN ANDES ITE-DACITE STRATOVOLCANO AT THE 
FOCUS OF A FUNDAMENTALLY BASALTIC VOLCANIC FIELD.

Wes HILDRETH and Judy FIERSTEIN
U.S. Geological Survey, Menlo Park, CA 94025

Mount Adams (3742 m) is a late Quaternary stratovolcano 50 km due E of 
Mount St. Helens, 75 km SSE of Mount Rainier, and 90 km NNE of Mount Hood. At 
350 km3 , its volume is exceeded in the High Cascades only by Mount Shasta, 
but the Simcoe, Newberry, and Medicine Lake back-arc systems are all larger. 
Mount Rainier is higher but, perched on its pedestal of unrelated Miocene 
granodiorite, it is barely two-thirds as voluminous. Mount Adams stands upon 
the Cascade crest and is drained radially by many streams fed by glaciers 
radiating from its summit icecap. Only 2.5% of its 650-km2 area is 
glacier-mantled today, but as much as 90% was ice-covered in latest 
Pleistocene time.

There have been no recorded eruptions of Mount Adams and probably just one 
in the past 3500 years (Hildreth and others, 1983), but at least 7 Holocene 
eruptions and the persistence of sulfurous summit fumaroles indicate that the 
volcano remains potentially active. The 7 Holocene eruptions on the 
stratocone took place at flank vents 2000-2500 m in elevation and produced a 
wide range of compositions, 49-61% Si02-

Nearly all of the high cone above 2300 m in elevation was constructed 
during latest Pleistocene time, probably between 20 and 10 Ka, explaining the 
abundance of late-glacial till and the scarcity of older till. Products of 
this eruptive episode range from 54 to 62% Si02 on the main cone. 
Contemporaneous and younger peripheral vents yielded lavas and scoriae in the 
range 48-57% Si02, and, along with Mount Adams, they define a recently 
active N-S eruptive alignment 40 km long and only 5 km wide. Basalts within 
this zone are extremely varied compositionally , ranging from quartz- to 
nepheline-nonnative and containing, e.g., 0.16 to 1.6% K^O at 48-48.5%

Beneath the young edifice, deeply eroded elements of a long-lived compound 
stratovolcano are as old as 500 Ka, representing several eruptive episodes and 
an unbroken spectrum of rock compositions from 52 to 69% Si02. Peripheral 
to and beneath the stratovolcano complex, coalescing shields of basalt (49-53% 
SiO£) underlie and interleave with lavas erupted from the andesite-dacite 
focus of the overall magmatic system.

Mount Adams is the most potassic, petrochemically most intracontinental , 
stratovolcano in the Cascades. Its products contain «\,2.5 wt% K£0 at 60% 
Si02 (and 4% at 68% Si02), which is twice the equivalent values of Mount 
St. Helens (Fig. 1; Hildreth and Fierstein, 1983). In the Quaternary Cascades 
(s.l.), only the back-arc Simcoe volcanic field (Sheppard, 1967), immediately 
inboard of Mount Adams, is still more potassic. Sr-isotopic ratios (0.7030 to 
0.7036) for Mount Adams and its peripheral basalts (Hildreth and Fierstein, 
1983) exhibit no correlation with Si02, Rb/Sr, */Sr, age, or location; the 
ratios do, however, support the chemical data in suggesting variable 
assimilation of heterogeneous, low Rb/Sr, continental crustal components, 
perhaps similar to those exposed 50 km north of the volcano (Mattinson, 
1972).

Persistent eruption of peripheral mafic shields and cinder cones 
throughout the lifetime of the stratovolcano suggests their fundamental role 
in transport of heat and magma into the crust. The term "parasitic" should be
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abandoned for such vents, as it promotes the view that mafic flank eruptions 
are leaks from a central chamber and implies dependence on the main cone. For 
large andesite-dacite systems, nearly the opposite is true: the stratocones 
are the more derivative features, built up of magmas that evolve by concurrent 
fractionation, crustal melting, assimilation, and recurrent internal mixing 
among countless, variably evolved pods, dikes, and sills within the foci of 
the still larger domains that are injected by the spectrum of mantle-derived 
basalts that yield the variable arrays of peripheral eruptions (Hildreth, 
1981, Fig. 15C, D).

Dacitic lavas and a few block-and-ash flows (63-69% Si02) erupted 
several times from the focal area, but probably none are younger than 100 Ka. 
A single rhyolite (72% SiC^), as yet undated, is also old. The antiquity of 
all known silicic units, in conjunction with the andesitic compositions of the 
late Pleistocene summit cone and of the Holocene lavas that erupted high 
around that cone, make it appear unlikely that Mount Adams is now underlain by 
a magma reservoir large enough to support either a major hydrothermal 
convection system or fractionation of voluminous silicic differentiates. The 
wide compositional ranges of young andesites and basalts that vented near or 
upon the stratocone further supports the unlikelihood of an integrated, 
replenishable, fractionating chamber beneath Mount Adams.

The high precipitation on the stratocone, estimated to be a.3500 mm/a, 
makes Mount Adams an important site of ground water recharge. The high 
permeability of its rubbly lava flows suggests that much of this ground water 
moves rapidly downward and outward from the stratocone, failing to remain in 
the warmer central region of the volcano long enough to develop a hydrothermal 
convection pattern but, instead, dispersing and dissipating whatever heat is 
supplied from depth to the fumarolically altered core (Fierstein and Hildreth, 
1983). The weak and diffuse fumarolic emissions on the summit are the only 
manifestations of possible hydrothermal activity anywhere on the stratocone. 
The warmest spring that we have found on the stratovolcano measured 3°C, on a 
summer day. Nonetheless, in surrounding areas, springs as warm as 24°C and 
gradients of 50°C/km in heat-flow holes (Schuster and others, 1978) offer some 
hope that ground water sufficiently warm for local space heating or 
agricultural uses might be found by exploring the lowland periphery of the 
volcano.
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Figure 1. ^0 vs SiC>2 in weight percent for the eruptive products of
Mount Adams (dots) and Mount St. Helens (crosses), including peripheral 
vents. Also shown are trends of CaO and (Na20 + K20) for the two 
volcanoes, and a subsidiary lower-K20 trend for the products of a few 
vents at Mount Adams. The alkali-lime (Peacock) index of the main trend 
for Mount Adams (58) is the least calcic of any Cascades stratovolcano and 
is only slightly less alkalic than that of the back-arc Simcoe volcanic 
field east of Mount Adams. The index for Mount St. Helens, only 50 km due 
west, is far more calcic (61.5).

47



-P
* 

C
»

9 8 7 6 5

. 
4

C
aO

S
I 

H
E

LE
N

S

IA
lk

a
lie

s

" 
 
 

A
D

A
M

S

48
 

5
0

 
52

54
 

56
 

58
 

6
0

S
iO

,
62

 
6
4
 

66
 

68
 

70
 

72



Figure 2. Evolutionary model of Cordilleran calc-alkalic magtnatism adapted 
from Hildreth (1981; Fig. 15). (A) Early stage: Percolation of 
mantle-derived magmas through the crust leads to progressive feedback, 
within the injection zone, between crystallization, wall-rock partial 
melting, and internal mixing of variably evolved batches, producing a 
focal zone of hybridized and fractionated andesitic magma, which is 
surrounded by a halo of secondary centers and monogenetic cones that are 
variable but more primitive in composition (owing to simpler ascent paths) 
than those in the focus. Many High Cascades centers are in this stage at 
present.
(B) Intermediate stage. Transition to crustal mobilization and silicic 
magroatism, due to protracted heating by injection of mafic forerunners. 
Lowered viscosity of wall rocks (in the focus) suppresses fracture 
propagation of magmas and promotes coalescence of modest reservoirs that 
fractionate to dacitic magmas, which commonly produce explosive 
pyroclastic eruptions. Mazama, Lassen, South Sister, and possibly Shasta 
have reached this stage.
(C) Batholithic stage (not shown; see Hildreth, 1981, Fig. 12). Wholesale 
mobilization of the focal zone, partial remelting of forerunners, and 
integration of a large reservoir. Sustained high rate of injection of the 
crust by mafic magma provides the power supply that culminates in enormous 
silicic magma chambers, which (if shallow enough) can produce calderas 
like Long Valley, Toba, Atitlan, Calabozos, or Aira. Changes in the 
mantle magma supply may abort or accelerate this evolution, promoting 
either crystallization or more rapid growth of magma reservoirs waning or 
waxing of the system. No High Cascades centers have reached such an 
advanced stage.
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GEOTHERMAL POTENTIAL OF THE GARIBALDI BELT 
Mount Meager and Mount Cayley

J.G. Souther 
Geological Survey of Canada, Vancouver B.C.

The Garibaldi Volcanic Belt of southwestern British Columbia is a northern 
extension of the High Cascades. It comprises 18 Pliocene and younger eruptive 
centres that lie within a narrow northwest-trending zone that includes Glacier 
Peak and Mount Baker but diverges from the main Cascade trend. Within this 
zone, volcanoes of the Garibaldi Belt are aligned along three short, north- 
trending, en echelon segments. The most easterly segment includes Mount 
Garibaldi, the central segment includes Mount Cayley, and the western segment 
includes the Meager Mountain Complex.

Each segment of the Garibaldi Belt includes calc-alkaline and alkaline 
rocks. The calc-alkaline assemblage is dominant, and ranges in composition 
from basaltic andesite, through andesite and dacite to rhyodacite. The 
alkaline suite (alkali olivine basalt, mugearite) forms less than 5% of the 
lava volume and is confined to relatively small monogenetic centres.

Petrogenetic modelling has been done only for the volcanoes of the eastern 
segment. There, the alkaline basalts are believed to be fractionation 
products of an alkali picrite magma derived by partial melting of mantle 
pyrolite at cal400°C and 25 kb. Major- and trace-element abundances indicate 
that the alkaline basalt is not parental to andesites of the calc-alkaline 
series. The latter are believed to be the product of multistage fractionation 
of water-undersaturated tholeiite magma generated by partial melting of 
hydrous mantle peridotite at 60-85 km depths. Ascent of this magma to the 
surface was interrupted at several different depths where it underwent crystal 
fractionation leading to the dacite and rhyodacite magmas.

Geothermal exploration in the Garibaldi Belt has focused on Meager 
Mountain and Mount Cayley - the only two volcanoes that are associated with 
thermal springs.

Meager Mountain, with a total volume of about 70 km3, is a composite of at 
least nine overlapping volcanic assemblages that display a regular age 
progression from 1.9 Ma in the south to 2400 years B.P. in the north. 
Andesite flows and associated explosion breccia constitute most of the older 
units which are overlain and intruded by younger dacite flows and domes. The 
volcanic complex rests on a surface of high relief eroded into metamorphic and 
plutonic rocks of the late Mesozoic to early Tertiary Coast Plutonic Complex 
and late Miocene (7.9 Ma) epizonal plutons of the Pemberton Belt.

Pebble Creek hotspring (59°C) issues from basement north of the volcanic 
complex, and Meager Creek hotspring (58°C) issues from thick alluvial fill 
south of the complex. Chemical geothermometry on these waters predicts a 
range of subsurface temperatures from 78 to 168°C. The absence of tritium 
indicates a residence time in excess of 25 years. Oxygen isotope studies show 
that Pebble Creek water lies on the meteoric line whereas Meager Creek water 
has shifted toward the heavy isotope.
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Resistivity anomalies of 10 to 100 -m were defined along the north and 
south flank of the Meager Mountain Complex in crystalline basement rocks with 
normal background values of 1500 to 6000 -m. Diamond drilling in the 
northern anomaly encountered extensive zones of argillic alteration but failed 
to identify an active hydrothermal system. Diamond drilling in the south 
anomaly encountered temperatures above 200°C and confirmed the presence of a 
near-surface outflow plume of hot saline water issuing from basement fractures 
near the south slope of the complex. Subsequent drilling of three, 3000 m 
pre-production holes recorded a maximum temperature of 270°C. Low porosity 
and permeability precluded any production from two of the holes but the third 
has sustained a flow of more than 20 tonnes of mixed steam and water with an 
inflow temperature of 194°C for periods of 4 to 6 months. Production is from 
the Meager Creek fault zone which defines the southern edge of the 
hydrothermal system and dips north beneath the volcanic complex.

Large-array D.C. resistivity and A.M.T. surveys in the south reservoir 
indicate a strong east-west polarization to depths of 1 to 4 km that probably 
reflect saline fluid and alteration along fractures that mimic the Meager 
Creek Fault. Low-frequency M.T. soundings record a strong N-S anisotropy that 
extends to 30 km and runs parallel to the alignment of eruptive centres. This 
may be interpreted as evidence of crustal rifting or dyke swarms. An apparent 
MT resistivity of 300 to 600 -m at a depth of 25 km may define a magmatic 
heat source. The mechanism of heat transfer from such a source to the near- 
surface hydrothermal system is unresolved. Geothermometry of spring and 
borehole waters suggests that circulation never penetrated significantly below 
the 200° isotherm. However, mixing models suggest that small amounts of brine 
have leaked from a deeper and much hotter hydrothermal system that is 
transferring heat from a magmatic source.

Mount Cayley, the largest volcano in the Central Garibaldi Belt, is a 
composite pile of dacite, rhyodacite and minor andesite that formed during at 
least three distinct stages of activity between 3 to 0.3 Ma. The main 
edifice, with a volume of about 15 km3, is a multiple plug dome underlain by a 
thick pyroclastic unit and overlain by remnants of a once extensive 
pyroclastic cone. The volcano rests on a steep, west-dipping surface 
underlain by crystalline rocks of the Coast Plutonic Complex. Deeply incised 
valleys were eroded through the central pile and into underlying basement 
rocks prior to eruption of two small exogenous domes on the south flank. Low 
resistivity anomalies appear to be associated with alteration and seeps of 
warm saline water in the vicinity of these domes. Diamond drilling has 
confirmed conductive gradients of about 100°C/km. The hydrothermal system 
appears to be controlled by north-trending regional fractures and porous 
breccia zones surrounding glass-rimmed dacite cupolas in basement rock beneath 
the central edifice.

Recoverable energy from Meager Mountain is estimated to be 9000 Mw-years 
and from Mount Cayley 4000 Mw-years.
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Characteristics of Cascades magmatic systems determined 
from teleseismic-residual studies

H. M. lyer

Introduction
The seismic techniques of refraction, reflection, seismicity mapping, and 

velocity and attenuation measurements using seismic waves from local 
earthquakes, regional earthquakes, and teleseisms, have been used to delineate 
magma chambers in several silicic volcanic centers in western U.S.A. (lyer,
1984). To date, such techniques have only been marginally successful in 
detecting magma chambers in the Cascade volcanoes. Seismic refraction and 
seismicity data have provided valuable information on the volcano-tectonic 
setting of the Cascades (California: Berge and Stauber, 1985; Zucca et al., 
1985; Oregon: Leaver et al., 1984; Washington: Rohay, 1979; Taber and Smith,
1985). The most exciting result from teleseismic residuals is the detection 
of the subducting Juan de Fuca plate beneath Washington and Oregon (Michaelson 
and Weaver, 1985; Michaelson, personal communication). Teleseismic-residual 
data recorded at the cascade andesitic stratovolcanoes Mt. Hood, Mt. Shasta, 
and Mt. Lassen, do not reveal detectable magma chambers. However, the Shield 
volcanoes, Newberry volcano in Oregon, and Medicine Lake volcano in 
California, both of which are to the east of the High Cascades, show evidence 
for massive high-velocity intrusions in the crust.

In this report, I discuss P-wave residual modelling of the subducting Juan 
de Fuca plate beneath the Cascades, and results from teleseismic-residual 
experiments in Cascade stratovolcanoes and shield volcanoes. I also present 
preliminary results from a high-resolution experiment at the Newberry volcano 
to detect small (diameter 1 km or more) magmatic intrusions.

Subduction Zone
Unlike other major subduction zones of the world, due to the lack of deep 

earthquakes it has been difficult to delineate the subducting lithosphere 
beneath the continental margin in western north America. In Washington and 
northern California intermediate depth earthquakes vaguely define a zone that 
looks like the shallow segment of the subducting plate, but in Oregon 
subduction currently seems to occur aseismically.

Michaelson and Weaver (1985) used teleseismic P-wave arrivals from 
earthquakes recorded by a dense network of seismic stations in Washington and 
northern Oregon, and using inverse and forward modelling techniques, 
delineated an eastward dipping high-velocity anomaly in the upper mantle, 
inferred to be the subducting plate. It is about 50 km thick, has P-velocity 
higher than the surrounding region by 3-7%, and extends from 45 to 300 km 
depth. Its dip angle is of the order of 60-70°. Michaelson and Weaver also 
found evidence for segmentation of the plate into three different 
configurations between northern Washington and northern Oregon.
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Evidence for the slab beneath Oregon comes from the inversion of 
P-residual data from a USGS seismic network operated for two years in the 
Oregon Cascades (lyer, et al., 1982) and from a linear, northwesterly, profile 
of stations in the southern part of the state. Both data sets reveal the 
presence of an east-dipping, tabular, high-velocity anomaly in the upper 
mantle. The inversion and forward modelling of residual data from the profile 
(Caryl Michaelson, personal communication), show an eastward dipping 50-km 
thick slab in the depth range of 40-200 km. The dip angle is about 50 degrees 
and the velocity contrast in the slab from the surrounding rock is about 10% 
at the top and about 4% at depth.

Stratovolcano
We have looked at the three-dimensional crustal structure of three 

stratovolcanoes in the Cascades, Mt. Hood in Oregon (Weaver et al., 1982), and 
Mt. Shasta (Stauber and Berge, 1985) and Mt. Lassen (Patricia Berge, Personal 
Communication) in California, using teleseismic residuals collected by dense 
seismic networks. In all these cases the results show only regional 
heterogeneities in crustal structure with no clear evidence for the presence 
of magma chambers of horizontal or vertical dimensions greater than about 5 
km, the resolution limit of the teleseismic technique.

Shield Volcano
Seismic and gravity data show the presence of high-velocity intrusions in 

the crust in the Newberry volcano, Oregon (Stauber et al., 1985a; Griscom and 
Roberts, 1983), and in the Medicine Lake volcano (Evans, 1982; Finn and 
Williams, 1982), California. Three-dimensional modeling of teleseismic P-wave 
residuals measured using a dense seismic array over Newberry volcano delineate 
a column of high-velocity material extending from within 10 km of the surface 
below the volcano summit to mid-crustal depths near 25 km (Stauber et al., 
1985a). The P-wave velocity in the column is about 6-14% higher than in the 
surrounding crustal rocks. Stauber et al., interpret this intrusive body to 
be an expression of a swarm of predominantly sub-solidus gabbroic dikes and 
sills which were intruded as the volcano was built. A similar high-velocity 
body has been tentatively identified beneath the Medicine Lake volcano by 
Evans (1982).

High-resolution experiment
The results from the teleseismic and gravity modeling in the Newberry 

volcano cannot explain the high temperatures encountered in two shallow 
drill-holes drilled in the caldera. To investigate if magma intrusions 
undetectable due to the limited resolution of the teleseimic method are 
responsible for these high temperatures, we carried out a high-resolution 
version of the teleseismic-residual experiment by recording 8 large shots 
using a dense array of 120 seismographs deployed over a 12 km diameter area 
centered on the caldera. Preliminary interpretation of the traveltime 
residuals reveals a ring of high velocity material coinciding with the inner 
ring fault system of the caldera in the upper 2 km and a zone of lower 
velocity extending deeper than 2 km in the center of the caldera (Stauber et 
al., 1985b).
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GRAVITY AND MAGNETIC STUDIES IN THE CASCADE RANGE

Carol Finn

U.S. Geological Survey 

P.O. Box 25046, Denver, Colorado 80225

ABSTRACT

From a gravity data set for the entire Cascade Range, a series of color 
gravity maps were prepared and included a free air anomaly map, Boueuer 
anomaly map at a principle (2.67 g/cm ) and an alternate (2.43 g/cm ) 
reduction density, and filtered and derivative versions of the Bouguer anomaly 
map. The set is accompanied by a color terrain map at the same scale.

The regional gravity anomaly pattern and gradients outline the various 
geological provinces adjacent to the Cascade Range and delineate major 
structural elements in the range. The more local anomalies and gradients may 
delineate low density basin and caldera fill, faults, and shallow plutons.

The aeromagnetic data are dominated by the topography of individual 
volcanoes. In some places like Mt. Hood, Great Rocks Volcano and Mt. St. 
Helens the magnetic data show older underlying volcanic cones, plutons and 
large zones of alteration within the plutons.

Introduction

The U.S. Geological Survey (USGS) has supported gravity studies as part 
of its Cascades Geothermal Program. Gravity data are particularly useful in 
volcanic regions where there are large lateral density contrasts. These 
density contrasts cause variations in the earth's gravity field which can 
often be related to subsurface geologic features such as faults, intrusions, 
ore bodies, etc.

The purpose of this paper is to provide preliminary interpretations of 
some of the local gravity and magnetic features in the Cascades.

The Pacific Northwest, the location of the Cascade Range, has a complex 
tectonic history involving changes in plate tectonic setting from a passive 
Atlantic-type margin to an active subduction zone (Dickinson, 1976; Hamilton, 
1978; and Hammond, 1979), changes in the location of the subduction zone and 
its asscociated magmatic arc, accretion of exotic terranes and micro-plate 
rotations. The Cascade Range is a volcanic arc extending from Lassen Peak, 
California to Mt. Garibaldi, British Columbia and is related to subduction of 
the Juan de Fuca and Gorda plates. The Cascades consist of a wide range of 
rock types and ages ranging in composition from basalt through rhyolite and in 
age from Miocene to recent (they do, however, overlie Mesozoic and Paleozoic 
rocks in Washington and Canada). The diversity of rock types results in 
numerous density contrasts that produce a wide variety of gravity anomaly 
patterns.
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Local Gravity Anomalies

Local gravity anomalies in the Cascades are generally caused by sediment 
filled basins (gravity lows), an incorrect Bouguer reduction density (can 
cause either gravity highs or lows, but lows are more common when a Bouguer 
reduction density of 2.67 g/cm-* is used), intrusions (gravity highs) and 
caldera fill (gravity lows). Since the Cascades south of Mt. Rainier are 
mantled by a layer of low density volcanics, gravity anomalies in this region 
usually delineate rocks which differ from the density of these volcanic 
rocks. Although the correct Bouguer reduction density for much of the High 
Cascades is between 2.67 and 2.43 g/cm , most of the young, recently active 
volcanoes in the range have a bulk density of 2.2 g/cm . When this latter 
density is used to reduce the gravity data for most individual volcanoes, 
gravity highs, not lows, are commonly observed (Finn and Williams, 1982; 
Williams and Finn, in press [a]) These positive anomalies are due to shallow, 
dense intrusions that probably range in composition from intermediate to 
mafic. Many other local gravity highs have been identified with old, eroded 
volcanic centers. Examples are the Goat Rock volcano in the Goat Rocks 
Wilderness, Washington (Williams and Finn, in press [b]) and the Still Creek 
and Laurel Hill plutons just southwest of Mt. Hood.

Aeromagnetic Data

Aeromagnetic surveys have been flown over all of the stratocone volcanoes 
in the Cascades. Studies of the data from Mt. Shasta (Blakely and 
Christiansen, 1978), Mt. Hood (Flanigan and Williams, 1982), Medicine Lake 
(Finn, 1982), Newberry (Griscom and Roberts, 1984), Goat Rocks Volcano 
(Williams and Finn, in press [b]), and Mt. St. Helens have been made. At 
Medicine Lake, Newberry, and Mt. Shasta, the magnetic anomaly has been 
interpreted to be soley due to the terrain. At Mt. Hood, an old reversely- 
magnetized volcano upon which the present mountain was built was delineated 
with the magnetic data. Preliminary results from a combined gravity and 
magnetic study of Mt. St. Helens indicate the presence of a magnetic and 
gravity high, unrelated to the terrain. They may be related to a pluton 
under the volcano. More interesting results, in terms of delineation of 
geothermal resources, come from a study of gravity and magnetic data from Goat 
Rocks Volcano (Williams and Finn, in press [b]). Two and one-half-dimensional 
modeling of the positive gravity and magnetic anomalies delineated a shallow 
pluton. In most places both the gravity and magnetic anomalies coincide. 
There are places however where a magnetic low occurs where there is the 
gravity high associated with the pluton. These lows correspond to mapped 
areas of alteration, indicating that the zones of alteration is not just 
surficial, but must be kilometers thick. Other areas of mapped alteration do 
not have magnetic lows associated them, showing that the alteration is 
surficial.

Geothermal Resources

The delineation of structural features like faults and local features 
such as dikes and local plutons is useful for geothermal exploration. Faults 
can be zones of increased permeability and conduits for circulating 
hydrothermal systems. Intrusions under active volcanoes are often asymmetric 
to the volcanic cone and could be reached at a shallow depth if drill holes 
are sited with the benefit of gravity interpretations.
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GEOCHEMICAL FEATURES OF CASCADES HYDRO-THERMAL SYSTEMS

By Robert H. Mariner 
U.S. Geological Survey, Menlo Park, CA

Thermal waters of the Cascade Range include at least 4 distinct types: 
Na-Cl, Na-SO,, CO.-charged, and dilute Na-HCO.. The most interesting, from 
a geothermal point of view, are the Na-Cl waters which occur in the Oregon 
Cascades and at Lassen Volcanic National Park. For some of these waters, 
such as Belknap Springs, some dissolved calcium must be used to electri­ 
cally balance the chloride in the chemical analysis because insufficient 
sodium is present. These are referred to as "Ca-Cl component" waters.

Belknap Springs
t°jC £H SiO Ca. M& Na K HCO SCl, £1 

mg/L 86 7.64 91 210 .34 600 15 20 150 1200 
meq/L 10.5 28.7 33.8

Although Ca-Cl thermal waters do not occur in the Cascades, several Ca-Cl 
mineral springs and wells occur in the Willamette Valley'and Coast Range of 
Oregon, and the Puget Lowland of Washington.

Ca-Cl waters develop from Na-Cl waters by extensive albitization of 
plagioclase (Hardie, 1983). In the albitization of plagioclase, sodium and 
silica are consumed, and calcium is released:

anorthite component albite
CaAl2 SiOg + 2 Na +4 H4Si04 = 2 NaAlSi^g + Ca + 8 H20.

A secondary reaction, brought about by the increase in calcium concentra­ 
tion is precipitation of anhydrite:

anhydrite
Ca + SO, = CaSO,. 4 4

Provided that little or no water-rock reaction has taken place after the 
thermal water left the aquifer at depth, and that mixing of thermal and 
cold groundwater are not important, we can estimate the aquifer-tempera­ 
ture at depth by increasing the water temperature until saturation with 
respect to anhydrite is achieved.

Testing the "Ca-Cl component" waters of the Oregon Cascades for 
equilibrium with anhydrite, produces temperatures similar to those 
estimated from the SO,- H^O isotopic geothermometer (table 1). Quartz 
geothermometry does not work in this environment, probably because 
silica is being removed from solution by low temperture water-rock 
reaction. With the exception of Breitenbush Hot Spring, tN _K_C

indicates temperatures within 25 C of the measured spring temperatures.
Albitization of plagioclase and attendant anhydrite saturation 

should be a common process in volcanic terranes such as the Cascades. 
However, before the temperature of saturation with respect to anhydrite is 
determined for other springs, the effects of dilution with a low TDS water 
should be discussed. The apparent temperatures of equilibrium of Belknap 
Springs water with anhydrite were calculated, assuming dilution with 10%, 
25%, and 50% distilled water.
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Percent dilution of Belknap water: 0% 10% 25% 50%
t , , .. 152 158 166 185 anhydrite

Dilution increases the apparent anhydrite saturation temperature but 
not preciptitously.

At Lassen, Growler and Morgan hot springs have anhydrite saturation 
temperatures which range from 197 to 202 C. SO,- HO isotopic equilibrium

temperatures indicate 225 or 210 C, depending on whether conductive or 
adiabatic cooling is assumed. Gas geothermometer calculations indicate 
possible equilibrium temperatures of 242 C (Muffler and others, 1982).

Na-SO. waters of the Modoc Plateau and Klamath Falls are also low in 
magnesium. In the Modoc Plateau, t. , gives temperatures of 163 to

to 200°C, generally slightly cooler than the 190 to 205°C indicated by
tor* v n' At Klamath Falls, t. , indicates 165 to 175 C, while t or.   n DU, n,jU Anhy oU, n_U

indicates 185 to 200 C. This may indicate that chemical equilibrium 
last occurred in an aquifer at about 170 C but that SO.-H.O isotopic

compositions preserve evidence of a hotter aquifer at about 190 C.
Na-SO, waters (up to 88 C) occur at Mt. St. Helens (M. J. Thompson, unpub.

data) and have t fc and t.T __ _ , values up to 183 C. The anhydrite quartz Na-K-Ca v J
saturation temperatures are cooler, about 130 C probably due to dissolution 
of a sulfate mineral after the water left the thermal aquifer but before it 
discharged at the spring site. Magnesium concentrations are about 15 mg/L 
indicating that low temperature water-rock reaction has taken place. 
Na-SO, waters were also encountered in the Pucci well on Mount Hood

(Robinson, unpub. data), where t. , indicates 140 to 150 C.
The springs near Meager Mountain, British Columbia, Gamma and 

Ohanapecosh hot springs in Washington, and Umpqua Hot Springs in Oregon 
discharge waters of the C09-charged type. These waters are generally of 
moderate to low discharge temperature. Most carry several hundred mg/L 
chloride and up to a hundred mg/L magnesium. Except for springs in the 
Meager Mountain area, none have high SO.-H.O isotopic equilibrium 
temperatures. It appears that anhydrite saturation temperatures are 
meaningless in C0.,-charged waters. The cation geothermometer (Na-K-Ca +. 
magnesium correction) gives temperatures near the spring temperature for 
most CO^-charged waters.

Discharge rates for individual spring systems in the Oregon Cascades 
were determined from the chloride content and discharge rates of the 
streams at U.S.G.S. gaging sites. Total discharges (L/s) for individual 
spring groups, in the Oregon Cascades, correlate with the maximum spring 
temperature at the respective sites (figure 1). This correlation indicates 
that conductive cooling is the primary factor which determines spring 
temperature. A major entry of chloride water not associated with a hot 
spring occurs at Oakridge on the North Fork of the Middle Fork of the 
Willamette River. Both a cool saline well (22 C) and a saline spring 
(18°C) occur in Oakridge (Brown and others, 1980).

Chloride data for streams on the east side of the Cascades in central 
Oregon indicate that two areas contribute most of the chloride. The 
headwater area of the Metolius River contributes about 30,000 mg-Cl/s, 
while the headwater, of the Spring River carry about 12,000 mg-Cl/s.

Deuterium compositions of thermal waters of the Oregon Cascades match 
the composition of cold springs along the crest of the Cascade Range. 
Development of "Ca-Cl component" waters is though to be a very slow 
process, so circulation times of the "Ca-Cl component" thermal waters could 
be longer than for most thermal waters.
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Gases discharged from the "Ca-Cl component" waters are principally 
nitrogen (>92%). High He/Ar ratios in the exsolved gases, up to 0.19/1, 
require large dissolved helium concentrations, and apparently, circulation 
times of 100,000 years or more. However, the volume of water being 
discharged require circulation times of less than 5,000 years. Possible 
explanations for the differences in apparent circulation time include: (1) 
a large volcanic helium component; (2) unusually high concentrations of U 
and Th in the aquifer; (3) diffusion of helium from adjacent low 
permeability rock; (4) presence of a connate water component; or (5) 
membrane filtration.
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Table 1. Estimated Aquifer-Temperature ( C) - Central Oregon Cascades.

Name
t°c

S04- H20 'Anhy 'Qtz "Na-K-Ca

N Austin Hot Springs 	86

Breitenbush Hot Springs 84

Bigelow Hot Springs 59

Belknap Hot Springs 86

Foley Hot Springs 79

Rider Creek Hot Springs 46

Wall Creek Hot Springs 40

McCredie Hot Springs 74

S Kitson Hot Springs 44

181

176

157

152

136

118

186 

-174 

155 

152 

100 

135 

160 

130 

134

126

166

120

132

113

99

115

120

96

84

148

83

82

45

49

69

78

82
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Figure 1. Measured spring temperature as a function of calculated 
discharge rate.
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TYPES OF HYDROTHERMAL CONVECTION SYSTEMS IN THE 
IN THE CASCADE RANGE OF CALIFORNIA AND OREGON

Michael L. Sorey 
U.S. Geological Survey, Menlo Park, California

Three general types of hydrothermal convection systems can 
be delineated within the Cascade Range of California and Oregon. 
For the purposes of this abstract, they are termed summit-crater 
systems, caldera systems, and lateral-flow systems. Hydrothermal 
systems at most major Quaternary volcanic centers within this 
part of the Cascade Range can be identified with one of these 
types on the bases of test drilling, geophysical surveys 
(including heat flow), and the distribution and chemical charac­ 
teristics of waters from thermal springs and fumaroles.

Summit-crater systems occur at Mt. Shasta and Mt. Hood and 
include surficial discharge of sub-boiling point fumaroles and 
steam-heated hot springs. Calculations based on empirical gas 
geothermometers applied to fumarolic samples yield subsurface 
temperature estimates in excess of 200 C at both areas (C.J. 
Janik and R.H. Mariner, oral communication, 1985). Similar 
thermal manifestations have not been detected at other andesitic 
composite cones within the High Cascades of Oregon, possibly 
because of an absence of hot rocks at shallow depths. Summit- 
crater systems may include zones where lateral flows of thermal 
water cool conductively and mix with nonthermal ground water 
before discharging in warm springs on the volcano flanks, as for 
example at Swim Springs south of Mt. Hood.

Caldera systems occur at Newberry Volcano, Medicine Lake 
Volcano, and Crater Lake. At these locations, ring fractures 
associated with caldera subsidence may provide conduits for deep 
fluid circulation. In addition, long-lived silicic volcanism and 
Holocene eruptions suggest the presence of relatively shallow 
magmatic heat sources at each area. Test drilling at Newberry 
has provided temperature measurements and fluid samples that 
suggest that permeable strata containing water at temperatures 
near 265 C exist within the volcanic section at depths of 1-2 km. 
At Crater Lake, heat flow and geochemical investigations indicate 
the presence of hydrothermal convection to depths of 1-2 km 
beneath the lake floor and thermal-spring discharge at the lake 
floor at rates of 30-150 L/s. No clear evidence is yet available 
that hydrothermal circulation extends outside the caldera 
structures at these three locations, although attempts to 
delineate such circulation by test drilling and geophysical 
surveys are currently planned or in progress, and areas of 
anamolous soil mercury have been detected along a northeast- 
trending fissure/fault system on the southeast flank of Newberry 
Volcano (Priest and others, 1983).
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A lateral outflow system occurs at Lassen Park and in the 
Known Geothermal Resource Area to the south. This system 
includes interconnected zones of vapor-dominated conditions and 
steam discharge beneath the summit region of the Lassen volcanic 
center and zones of lateral outflow of hot water that discharges 
in hot springs at lower elevations. Two such outflow zones have 
been delineated from test drilling and spring chemistry; one is 
fault-controlled and the other may occur along the contact 
between rocks from the Lassen volcanic center and underlying 
rocks from an older andesitic cone-building period. Water in the 
outflow conduits originates in a central upflow zone in which 
boiling occurs at temperatures near 240 C and above which a 
parasitic vapor-dominated zone exists at pressures near 34 bars 
(Sorey and Ingebritsen, 1984). Hydrothermal systems associated 
with hot springs located along the High Cascade - Western Cascade 
province boundary in Oregon may be similar in some respects to 
the Lassen system. Heat flow considerations (Blackwell, this 
volume) and stable isotope relationships (Mariner, this volume) 
are consistent with a conceptual model for these Oregon hot 
springs systems involving regional circulation of meteoric water 
at depth from the High Cascade axis westward. If this is true, 
then Austin, Breitenbush, Belknap, Foley, and other lower 
temperature springs along or near the province boundary would 
represent discharge points for lateral outflow from the High 
Cascade volcanoes.

Constraints on the actual circulation systems associated with 
these thermal-spring areas are provided at present by chemical 
data from spring waters and thermal measurements in drill holes. 
Isotopic data from Mariner (this volume) suggest that the systems 
are recharged on or near the flanks of the High Cascade volcanoes 
rather than at lower altitudes along the High Cascade - Western 
Cascade boundary. Chloride flux measurements in streams yield 
estimates of the total flow of thermal water at Austin Hot 
Springs (110 L/s), Breitenbush Hot Springs (12 L/s), and Belknap- 
Foley Hot Springs (33 L/s). Corresponding estimates of reservoir 
temperatures based on sulfate isotope calculations are near 180 C 
for Austin and Breitenbush and 150 C for Belknap-Foley.

Reservoir temperatures of 150° - 180°C would occur at depths 
of about 3 km beneath the High Cascades if the regional heat flow 
and temperature gradient2 in areas unaffected by vertical ground- 
water flow were 100 mWm~ and 65 C/km, respectively. These 
conditions have been postulated for the High Cascades, on the 
basis of conductive heat flow measurements and various 
geophysical anomalies. The underlying cause may be the presence 
of high-temperature, possibly molten rocks, at depths of less 
than 10 km (Blackwell and others, 1982, and Black, 1983). 
Circulation depths of several kilometers would also be indicated 
if the high chloride concentrations in these hot spring waters 
(400-3400 mg/L) were derived from contact with marine rocks
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beneath the volcanics.

Listed below are estimated convective heat flows, assumed 
reservoir areas, and conductive heat inputs required to sustain 
long-lasting regional hydrothermal systems that may be associated 
with each hot-spring area. The assumed reservoir areas 
approximate the areas of surface drainage between the springs and 
the axis of the High Cascades, and as such are probably 
overestimates of actual reservoir areas at depth.

Spring area

Austin

Breitenbush

Belknap-Folei

Convective 
heat flow

MW

83

9

t 21

Reservoir 
area
km2

370

170

345

Conductive 
heat input

mWm""2

220

53

61

If, as implied by the models of Blackwell and others (1982), 
conductive heating of deeply circulating water occurs over about 
half the distance between the hot springs and the High Cascade 
axis, calculated rates of conductive heat input would increase to 
levels comparable to the estimated regional heat flow for two of 
the three spring systems. Only for the Austin Hot Springs system 
are required heat inputs too large to be supplied by regional 
heat flow, suggesting that for this system a more potent 
(magmatic) heat source or deeper levels of fluid circulation may 
be involved. Heat sources for fluid circulation at depth beneath 
the axis of the High Cascades could be restricted to youthful 
volcanoes of intermediate to silicic composition that may be 
underlain by plutonic bodies, like Mt. Hood, Mt. Jefferson, and 
the South Sister.

Temperature data that has recently become available from the 
2.4 km-deep exploration well drilled in 1981 near Breitenbush Hot 
Springs provide some needed detail on the nature of the regional 
hydrothermal systems in the Oregon Cascades. Bottom-hole 
temperature measurements in this well are consistent with the 
regional gradient of 65 C/km and heat flow of 100 mWm . A heat 
flow of 380 mWm~ is indicated above a depth of 750 m; this 
appears to result from lateral flow of water at about 140 C in an 
aquifer within Western Cascade volcanic rocks. Shallow 
temperature-gradient data suggest that this aquifer dips to the 
east from which direction hotter water flows toward Breitenbush 
Hot Springs. The Breitenbush well is located 2 km southeast of 
the springs, whereas temperature measurements in holes as close 
as 1 km to some other Cascade hot springs show no anamolous heat 
flow (Black, 1983).
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The probable existence of regional-scale hydrothermal 
circulation systems within the Oregon Cascades offers promise for 
successful development of geothermal resources. However, several 
critical factors must first be evaluated. Confirmation that 
permeable reservoirs at temperatures near 180 C are present at 
depths of several kilometers is obviously needed. Although fluid 
temperatures signficantly greater than 180 C may exist in these 
systems, such conditions may only occur in close proximity to 
heat sources along the High Cascade axis. The permeability 
distributions within these flow systems must also be delineated. 
Low values for the average or effective permeability of each flow 
system between recharge and discharge areas are indicated by the 
rates of natural throughflow listed above, which are about an 
order of magnitude lower than throughflow rates in high 
permeability volcanic environments such as the Taupo graben in 
New Zealand. Regions of higher permeability may exist within the 
Cascade systems if throughflow rates are much greater than 
detected so far or are limited by zones of low permeability in 
regions of recharge or discharge, or if reservoir areas are 
significantly less than assumed above. Such possibilities can 
only be evaluated by deep drilling.
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Mount Hood Geophysical Investigations

Norman E. Goldstein

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

Introduction

A number of geological, geochemical, and geophysical investigations were conducted 
around Mount Hood, Oregon (Williams et al., 1982) as part of a geothermal resource assess­ 
ment sponsored jointly by DOE, the U.S. Geological Survey, the U.S. Forest Service, and 
the State of Oregon. This particular Pleistocene-Holocene stratovolcano of the High Cascade 
Range was selected for study for several reasons:

(1) evidence for a thermal source beneath the summit,

(2) its proximity to a major city and to nearby potential users of geothermal energy for 
space heating, and

(3) reasonably good road access.

Gravity, aeromagnetic, seismic and electromagnetic surveys were carried out and the 
data interpreted by several research groups. We at LBL conducted (a) controlled-source 
electromagnetic soundings (CSEM), primarily on the accessible south and west flanks of the 
cone (Goldstein et al., 1982) and (b) deeper magnetotelluric and magnetotelluric-telluric 
soundings at station clusters at accessible locations around the cone (Mozley, 1982; Mozley 
et al., 1985). Our objectives were to determine whether we could discern any electrical resis­ 
tivity anomalies, and to relate these to other geophysical anomalies and to possible features 
of geothermal interest. Because we were unable to occupy EM, MT or telluric stations closer 
than 3 km from the summit, we discounted the possibility of detecting an anomaly from the 
region beneath the summit that might arise from a fractured conduit or a shallow melt zone.

Thermal Gradient Drilling

Geothermal data from 25 boreholes in a 20-km radius around the summit were col­ 
lected and analyzed by Steele et al. (1982). They found that the thermal conditions are a 
complicated function of position around the volcano, which is in part related to rock age 
and type. A regional heat flow value of 80 mW/m2 was determined, the heat flow increasing 
towards the apex to a value in excess of 120 mW/m2 . Although holes could not be drilled 
sufficiently close to the apex to detect a neck-type magma chamber, the measured data and 
thermal modeling have placed certain constraints on the depth and size of the heat source. 
Steele et al. (1982) conclude the data cannot be fitted to the thermal anomaly from a large, 
shallow subvolcanic melt zone less than 3 km deep and with a radius greater than 2-3 km.

Aeromagnetics

Flanagan and Williams (1982) found a large, normally polarized magnetic high associ­ 
ated with the mountain. Removing the effects of a uniformly magnetized cone (the topo­ 
graphic anomaly), they found evidence in the residual anomaly for smaller, older volcanic 
cones largely concealed by the later eruptions, one cone under the north flank the other 
under the south flank. In addition, magnetic lows west and southwest of the mountain were
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related to eroded stocks and cupolas of less magnetic Pliocence quartz diorite intrusives.

Subregional Gravity

Couch and Gemperle (1979) found that Mount Hood is superimposed on a gravity low 
that suggests a north-south oriented graben-like structure with more prominent faults on 
the east side. The summit area is associated with residual Bouguer gravity high which is 
believed to be caused by the denser core of the volcanic vent. Other gravity highs around 
the flanks of Mount Hood may represent the effects of concealed vents and shallow plutons.

Detailed Gravity

A detailed analysis of the Bouguer gravity data from the summit area revealed a dense 
body, presumably an intrusive, with a diameter of 5 km near the surface and with the shape 
of an inverted cone (Williams and Keith, 1982). Couch and Gemperle (1979) fitted their 
gravity data to a cylindrical body rising vertically from the top of the underlying Columbia 
River Basalt Group lavas.

Seismic

Results of a teleseismic P-wave study indicated no velocity anomaly that one might 
expect if there were a large, shallow melt zone beneath the volcano (Weaver et al., 1982). 
The absence of a P-wave delay anomaly at Mount Hood and beneath Cascade volcanoes, in 
general, has been attributed to the possible small size of these melts (< 5 km in diameter) 
and the very complex vertical and lateral variations in velocity that makes identification 
difficult (lyer et al., 1982).

On the basis of a refraction survey, Kohler et al. (1982) found high seismic velocities on 
the west side of the volcano, wraping around to the south. The high velocities seem to 
correlate with the magnetic low and an electrically resistive zone believed due to a broad 
area of Pliocene intrusives, only partially exposed by erosion.

Electromagnetics

Several discrete conductive features were discerned after one-, two-, and three- 
dimensional modeling was done on the CSEM and MT data. Although the modeling did not 
produce a totally satisfying electrical model, the discrete anomalies could be assembled into 
a general composite model that seems to be consistent with other geophysical results.

Shallow Conductors

Shallow conductors at depths of about 500 m were mapped on the east and south 
flanks. These conductors are believed due to saturated and porous volcanic units, but it is 
impossible to tell how much of the anomalously high conductivity is due to clays and zeol­ 
ites. There is also some evidence from the several holes drilled on the south flank that the 
conductors are associated with the outflow of meteoric water (mainly snowmelt) heated in 
the summit area (Wollenberg et al., 1979).

Conduit Conductor

Due to the lack of stations near the summit, only weak evidence could be found for a 
neck-type conductor. The presence or absence of a narrow conductor did not influence the 
2-D MT interpretation in a significant way. However, some of the MT parameters, such as 
the "tipper", in the 1 to 5 Hz bandwidth suggested a shallow conductor beneath the
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summit.

Resistive Anomalies

Large areas of resistive rocks, extending from near the surface to 10+ km, were indi­ 
cated on the south-southeast flank and beneath much of the western region of the volcano. 
There is a relatively strong correlation between the resistor, high velocities from a time-term 
analysis of refraction seismic data (Kohler et al., 1982), and quartz diorite outcrops indicated 
both in outcrop (Wise, 1969; Keith et al., 1985) and as aeromagnetic lows (Flanagan and 
Williams, (1982). The resistive nature of the rocks on the west flank and the occurrence of 
the Pliocene intrusives was also confirmed by results from the Old Maid Flat well OMF-7A 
(Blackwell et al., 1982).

Deep Conductors

A detailed interpretation showed an elongate conductor (1 ohm-m) striking approxi­ 
mately NlO° W at a depth of 12 km and with a depth extent of 10 km. The conductor is 
coincident with the trend of the High Cascades, and it may be an enormous zone of partial 
melt. Although this explanation is not confirmed seismically, it is consistent with the 
terrain-corrected conductive thermal gradient of - 65 ° C/km measured in a number of holes 
around the volcano (Steele et al., 1982). It is more likely that the conductor is caused 
mainly by brine-filled microfractures in a zone of crustal extension. There could be pockets 
of melt that are too small to be resolved by teleseismic P-wave delay techniques. Whatever 
its cause, that this conductor was resolved at all by MT came as something of a pleasant 
surprise in view of the limited spatial and frequency window available. However, the length 
of the conductor could not be resolved, and this uncertainty admits another resistivity 
model, one with an additional deeper conductor at - 50 km.
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CHARACTERIZATION OF GEOTHERMAL SYSTEMS IN THE CASCADE RANGE 
FROM GEOELECTRICAL STUDIES

by Adel A. R. Zohdy 

U.S. Geological Survey, Denver, Colorado

Several types of geoelectrical surveys were made by the U.S. Geological 
Survey in the Cascades volcanic terrains. A list of the methods used, the 
areas studied, and the names of the investigators follows:

(a) Magnetotellurics (MT) regional studies over the entire Cascade range, by 
W. D. Stanley.

(b) Audiomagnetotellurics (AMT), near Lassen National Park and Mt. Hood, by JI. 
R. Christopherson and D. B. Hoover.

(c) Telluric Profiling, in Medicine Lake volcano and near Lassen National 
Park, by K. R. Christopherson and D. B. Hoover.

(d) Schlumberger soundings, in Medicine Lake volcano by A. A. R. Zohdy and R. 
J. Bisdorf, in Newberry by R. J. Bisdorf, and south of Lassen by R. J. 
Bisdorf and A. A. R. Zohdy.

(e) Time domain electromagnetic soundings, in Medicine Lake volcano, by W. L. 
Anderson and F. C. Frischknecht, and in Newberry by D. V. Fitterman.

(f) Frequency domain electromagnetic soundings, in Medicine Lake volcano, by 
W. L. Anderson and F. C. Frischknecht.

(g) Airborne electromagnetics (DIGHEM), in Medicine Lake volcano and. near
Lassen National Park, by D. C. Fraser and D. B. Hoover, 

(h) Self potential (SP), in Mt. Hood, by D. B. Hoover.

Two crater volcanoes, namely Medicine Lake and Newberry, were studied 
more extensively by most of these methods. The geoelectric sections in thes '- 
two areas are similar and may be described from top to bottom by four 
geoelectric units: (a) A very high resistivity unit of 15,000 to 150,000 or^i- 
m and of few tens of meters in thickness. This unit is comprised of loose 
pumice and dry volcanic rocks. (b) a medium-high resistivity unit of 500 to 
5,000 ohm-m with thickness of 500 m to 1 km. This unit probably corresponds 
to Quaternary volcanic rocks that may be saturated in part with fresh, cold 
water, (c) A low resistivity unit* of 5 to 30 ohm meters with a thickness of 
500 meters to greater than 1 km. This unit probably represents altered 
volcanic rocks possibly saturated with circulating hot water, and if permeable 
it represents the shallow geothermal resource target, (d) A high resistivit" 
geoelectric basement of greater than 500 ohm-m which is several kilometers in 
thickness. The shallowest depths to its top are about 1.5 to 2 km. It is 
believed to represent Tertiary intrusive rocks.

The exploration of these areas by the direct current resistivity method 
proved to be a challenging task because of very high contact resistances, ne^r 
absence of long straight roads, and off the road dense forest and fallen 
trees. In order to use the existing roads for making Schlumberger-type 
soundings, special formulas were derived for computing the proper geometric 
factors, digitizing the road maps, and correcting the field measurements. T.i = 
mathematical solution to the winding road problem (for a Schlumberger-type 
array) has opened the door to investigating many other areas with little 
concern to the presence of straight roads of sufficient length.

73



In the Medicine Lake area, a DIGHEM airborne electromagnetic survey was 
made to study the areal distribution of electrical resistivity at shallow 
depths of the order of tens of meters. The results showed three low 
resistivity anomalies (10 to 100 ohm-m), possibly representing near surface 
hydrothermal alteration. The anomalies are near the northwest corner of 
Medicine Lake itself, southeast of the Hot Spot, and near Telephone Flat 
(slightly north of Bullseye Lake). The Schlumberger, time domain, frequency 
domain, and MT soundings showed that an extensive low resistivity layer of 
about 5 to 30 ohm-meters underlies a high resistivity cover, and that 
significant low resistivity anomalies are centered near Bullseye Lake and 
northwest of Medicine Lake. The results of 51 Schlumberger soundings are 
illustrated by two cross sections and by four maps of interpreted-true 
resistivity at depths of 250 m, 500 m, 750 m, and 1,000 m.

At Newberry, an east-west geoelectric section constructed from the 
interpretation of Schlumberger soundings shows a low resistivity zone that 
corresponds to the increase in thermal gradient observed in a USGS test well 
which encountered 256°C water at a depth of 930 m. Another low resistivity 
zone about 600 m deep is present just to the west of the topographic 
expression of the caldera boundary. A map of interpreted-true resistivity at 
a depth of 750 m shows that this western low resistivity zone has an areal 
extent of about 16 km . This zone is interesting enough that at least one 
company has drilled it. Several time domain electromagnetic soundings also 
were made in the Newberry volcano area.

Regional east-west magnetotelluric cross sections show that the axis of 
the Quaternary volcanoes of the High Cascades, to the west of Medicine Lake 
and Newberry, coincides with an apparent structural trough. The sections also 
show that, beneath Medicine Lake and Newberry, there are high resistivity 
rocks believed to consist of multiple small intrusions forming structural 
highs underneath the low resistivity zones. These structural highs (which 
were detected by only very few of the Schlumberger and time domain soundings) 
at a depth of about 2 km or less could be considered as fundamental geotheraal 
targets if they consist of fractured multiple young intrusive units.
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DEPARTMENT OF ENERGY DRILLING IN THE CASCADE RANGE

by Marshall Reed
Geothermal and Hydropower Technologies Division

U.S. Department of Energy
Washington, D.C.

This year the U.S. Department of Energy, Geothermal and Hydropower 
Technologies Division (GHTD) will share with the geothermal exploration 
industry the cost of drilling several thermal-gradient holes to depths of 1 km 
or more in the Cascade Range. In return for its cost share, GHTD will receive 
copies of the drilling and geophysical logs, samples of cuttings and cores, 
and a period of access to the holes for further geophysical measurements. 
Participation in this prospect drilling will allow GHTD to evaluate the 
effectiveness of intermediate-depth thermal-gradient holes in locating 
geothermal resources in areas like the Cascades, where percolating surface 
water masks the thermal gradient at shallow depths. A total funding of $1 
million is available this year for the GHTD share of the drilling.

Several factors were considered in the planning for this project. 
Shallow holes in the older volcanic rocks of the Western Cascades provided 
good measurements of the conductive thermal gradient, but in the High Cascades 
thermal measurements in shallow holes were dominated by cold, moving ground 
water. Drilling at Mount Hood and Newberry Caldera indicated that thermal- 
gradient holes should be at least 1 km deep to penetrate the cold ground water 
and to reach conductive gradients. Much deeper holes would be required to 
penetrate the geothermal systems thought to exist at these two sites, but the 
drilling of intermediate-depth holes seemed to offer an attractive research 
tool. Since thermal-gradient holes can be drilled at a small diameter, they 
are much less expensive than production wells. Sharing costs with industry is 
an attractive way of doubling the available experimental data from thermal- 
gradient sites.

Because of cost sharing, data from this project will be limited to 
geothermal prospects in the region of the Cascades and Newberry and Medicine 
Lake Calderas. Industry drilling is confined to those areas where geothermal 
development is permitted, and it is anticipated that the drilling will be on 
land with existing geothermal leases. An important aspect of this project 
from the industry viewpoint is that a reasonable chance of development exists 
if a resource is indicated.

In addition to sharing the drilling costs, GHTD will support research in 
and around these gradient holes. Stable temperature measurements will be made 
during the period of access, and thermal conductivities will be measured in 
cores from each hole to provide calculations of heat flow. This project 
requires the drilling of holes to 1 km or deeper, but the method of drilling 
is up to the bidder. If core holes are drilled, we will have a complete 
lithologic record that can be compared to surface surveys and provide 
constraints on geologic models. If larger-diameter holes are drilled, it may 
be possible to run several geophysical logs to aid in the interpretation of 
surface surveys. It is possible that thermal water will be intercepted in one 
or more holes, and if hole stability and environmental safety can be
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maintained there are plans to obtain water samples for geochemical analysis. 
We would appreciate your suggestions as to other research or exploration 
techniques that would enhance the data from this drilling project.

Addendum of 10 July 1985

Three firms were selected in June to enter into negotiations for cooperative 
agreements to drill four holes in the Oregon Cascades. GEO Operator 
Corporation (Menlo Park, CA) proposed 2 holes on the flanks of Newberry 
volcano; Thermal Power Company (Santa Rosa, CA) proposed 1 hole east of the 
Austin-Breitenbush Hot Springs area; and Blue Lake Geothermal Company 
(Portland, OR) proposed 1 hole in the Santiam Pass area. Total cost-share 
funding of approximately $1 million by DOE will be apportioned among these 4 
holes. Contact awards have not been made at this date.
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POSSIBLE SITES FOR SCIENTIFIC DRILLING IN THE CASCADE RANGE

George R. Priest (Oregon Department of Geology and Mineral 
Industries)

INTRODUCTION

A great deal has been learned about the Cascade Range from 
surface surveys and shallow temperature-gradient drilling. 
Nevertheless, a number of problems have stubbornly resisted 
solution. Among the most important of these are:

1. Mapping and characterization of hydrothermal systems in 
both the Western Cascades and the High Cascades.

2. Determination of background conductive heat flow in the 
High Cascade Range.

3. Mapping of the pre-Quaternary structure and 
stratigraphy of the High Cascades.

4. Accurate modeling of the source of the regional heat 
flow anomaly, including energy and mass balance 
calculations relative to rates of yolcanism and 
subduction.

Drilling of intermediate-depth and deep drill holes is crucial to 
solution of these and related problems. Only drill holes can 
provide the necessary fluid and rock samples and down-hole 
geophysical measurements to place quantitative constraints on 
possible geologic and hydrologic models.

WHERE SHOULD DRILLING BE FOCUSED?

Given that drilling should occur in the Cascades, the 
problem then is to decide which areas have the greatest potential 
for resolving the above problems. Most of the problems are 
related to the thermal regime of the Cascades, so picking sites 
can, to a first approximation, be accomplished utilizing a 
geothermal exploration strategy. The geothermal exploration 
industry has for decades utilized a phased approach to drilling 
programs. Surface geological, geochemical, and geophysical 
surveys are normally followed by shallow drilling of temperature- 
gradient holes which in turn are followed by drilling of deeper 
wells to test for hydrothermal fluids. Tables 1 and 2 are 
qualitative summaries of where various parts of the Cascade Range 
stand with respect to resource potential, access, and completion 
of temperature-gradient drilling. These tables take into 
account only publicly available data. The evaluation categories 
in the tables could be separated into a number of subcategories 
corresponding to the various exploration phases, but this would 
not materially affect the final ranking of sites. The point of 
this exercise is that there are only a few areas which are at 
present suitable targets for scientific drilling programs.
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TABLE 1. Qualitative summary of the quality of the data base, access, and geothermal resource 
potential at possible sites for research drilling in the Cascades (0 = Poor; 1 = Moderately 
Poor; 2 = Moderate; 3 = Moderately Good; 4 = Good; 5 = Very Good). Soil geochemical surveys in 
the public domain are only available for Newberry and Medicine Lake volcanoes. Data from wells 
drilled to depths in excess of 600 m are only available for the Mount Hood area, the Breitenbush 
area, and Newberry Volcano.

Site Geologic Drilling Geophysics 
Coverage (Heat Flow)(Non-heat flow)

Mt. Baker 3 
Mt. Rainier 3 
Glacier Peak 2 
Mt. Adams 5 
Mt. St. Helens 5 
N. & Cent. Wash. 2
between volcanoes 

Southern Wash. 2
between volcanoes

Mt. Hood 4
Adjacent to Mt. Hood 3
Mt. Jefferson area 4
Breitenbush area 5
Santiam Pass area 5
North Sister area 5
Middle Sister area 5
McKenzie Pass 5
South Sister 5
Century Drive area 5
Newberry Volcano 5
Willamette Pass area 4
Crater Lake 5 
Adjacent to Crater Lake 3
Oregon passes 3 

S. of Crater Lake

Mt. Shasta 5
Adjacent to Mt. Shasta 5
Medicine Lake 5
Mt. Lassen 5
Between Calif, stratocones 3

WASHINGTON

OREGON

2
4
0
5
2
0
0
1
0
0
2
2
1
0
0

C A L I F 0 R N I A

Access Resource 
Potential

Table 2. Ranking of sites based on total scores from Table 1. Parentheses indicate site has 
poor or moderately poor accessibility. Brackets indicate site has poor resource potential.

Score Site

22 Breitenbush Hot Springs area, Medicine Lake Volcano
20 Newberry Volcano,
19 Areas adjacent to Mt. Shasta
18 Santiam Pass area
16 Willamette Pass area, (Mt. Lassen)
15 Areas adjacent to Mt Hood, Century Drive area, (Crater Lake), (Mt. Shasta),
14 (Mt. Adams), (Mt. St. Helens), (Mt. Hood), (McKenzie Pass), areas adjacent to Crater

	Lake, areas between northern California stratocones south of Mt. Shasta 
13 Mt. Baker, (South Sister), Oregon passes south of Crater Lake, southern Washington

	Cascades between major volcanoes
12 (North Sister area), (Middle Sister area)
11 (Mt. Jefferson area)
10 (Mt. Rainier)
9 (Glacier Peak)
6 (Northern and central Washington between major volcanoes}
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Areas which stand out as good potential drilling sites are:

1. Newberry and Medicine Lake volcanoes
2. The Breitenbush-Santiam Pass transect, central Oregon
3. Areas adjacent to Mt. Shasta, northern California
4. Willamette Pass-Century Drive transect, central Oregon
5. Areas adjacent to Mt. Hood, northern Oregon

The Newberry and Medicine Lake volcanoes, major silicic 
volcanic centers with large data bases, scored high in the 
ranking. It is now well known that these volcanoes have a high 
potential for shallow, high-temperature hydrothermal systems, as 
shown by the USGS Newberry 2 well (Sammel, 1981). However, the 
writer is not convinced that further drilling in these areas will 
tell us much about the High Cascade Range to the west, 
particularly areas characterized by andesitic to basaltic 
volcanism. What is needed is an east-west profile of the heat 
flow in the High Cascade Range and one or more wells deep enough 
to sample potential hydrothermal systems. Ultimately, it would 
be of immense scientific and economic interest to penetrate to 7- 
10 km into the source region for the Cascade heat flow anomaly 
(Blackwell and others, 1982).

The Breitenbush area, considering that it is in the 
volcanically inactive Western Cascade Range, ranks very high 
relative to other sites (Table 2). The abundance of geological, 
geophysical, and drilling data and the presence of a known, 
potentially exploitable hydrothermal system caused the 
Breitenbush area to score high. Sunedco Energy and Development 
released much of their data for the Breitenbush area including 
data from their 2.5 km well (Well No. 58-28), the deepest well in 
the U.S. Cascades. This well intersected a major hydrothermal 
aquifer at temperatures in excess of 136° C (Waibel, 1985), and 
it can be reentered for deepening and additional scientific 
studies (Edward Western, personal communication). Data from 
numerous shallow temperature-gradient holes are also available 
for the Breitenbush area. The temperature-gradient data indicate 
that the aquifer in Well No. 58-28 dips to the east where it 
might be intercepted at higher temperature (Waibel, 1985).

Well No. 58-28 is also close to the western margin of a 
regional graben structure inferred from gravity studies of Couch 
and others (1982) and Couch and Foote (1983). Referred to as the 
"Cascade graben" (Couch and Foote, 1983), this structure 
apparently extends from Crater Lake to just north of Mount 
Jefferson (Couch and others, 1982). The structure is inferred to 
have experienced active displacements since the mid- to late- 
Miocene (Couch and Foote, 1983). Deepening the Sunedco Well 
would test the hypothesis that this structure has a down-to-the 
east displacement in excess of 3 km (Couch and Foote, 1983).

Deepening the Sunedco well to about 4 km will allow 
examination of the pre-Cascade crust (Couch, unpublished 
calculated gravity cross section). This will help to resolve 
whether this part of the Cascade arc is built on oceanic crust, 
as postulated by Hamilton and Meyers (1966) and others.
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Drilling in the Breitenbush area will help to resolve many 
questions about the nature of the Western Cascade structure and 
hydrothermal convection but will not elucidate the structure and 
thermal regime of the High Cascades. The proximity of the 
Santiam Pass area to the Breitenbush site, its accessibility, and 
excellent geological coverage (Taylor, 1967; Taylor, unpublished 
1:24,000-scale mapping) make the Santiam Pass area a prime target 
for a profile across the High Cascades. Santiam Pass is also one 
of the few easily accessible places in the High Cascade Range 
where the axis of volcanism can be located with a great deal of 
confidence. It thus affords an unique opportunity to test the 
hypothesis that the current axis of mafic to intermediate 
volcanism may have high conductive heat flow and a high potential 
for hydrothermal resources. In addition, the area lies in a 
large Pliocene graben which formed after eruption of voluminous 
late Miocene to early Pliocene ash flows and lavas from the High 
Cascades (Taylor, 1980). Drilling could provide quantitative 
constraints on the amount of displacement on this graben, and the 
nature of the pre-graben volcanic arc (now buried by Quaternary 
volcanoes). Drilling would also help to test the hypothesis that 
the regional residual gravity high under the Three Sisters-Mt. 
Jefferson segment is caused by a large intrusive complex (R. 
Couch, 1985, personal communication).

A comprehensive study of the Breitenbush area and the 
adjacent Santiam Pass area is the most logical and cost-effective 
first step in a scientific drilling program. This would examine 
both of the major graben structures, the mid- to late-Miocene 
Cascade Graben and the Pliocene graben in the High Cascades; it 
also would take advantage of a wealth of previous studies, 
including the opportunity to reenter the deepest well in the U.S. 
Cascades. In future years other east-west transects should be 
studied to help extrapolate the Santiam-Breitenbush data to the 
north and south.

Drilling in the areas adjacent to Mount Shasta would be of 
great value both in terms of geothermal assessment and 
volcanologic research. Drilling would capitalize on the detailed 
geophysical and geological data base which has been developed for 
this area by the USGS. Completing a transect to Medicine Lake 
would also be of interest to study the transition zone between 
the two areas.

The Century Drive area adjacent to the South Sister is 
unique in that it has the only Holocene rhyodacite volcanic 
centers in the High Cascade Range which are also accessible by a 
major highway. The area is part of a long-lived silicic highland 
of regional extent (Taylor, 1980). It would be an ideal place to 
establish whether hydrothermal resources associated with silicic 
volcanism are present in the main High Cascade Range. Heat flow 
and geophysical profiles across the full width of the Willamette 
Pass-Century Drive area would be of interest, especially in 
comparison with profiles at Breitenbush-Santiam Pass where mafic 
and intermediate volcanism prevails. Extending the studies to 
Newberry Volcano would allow investigation of the relationship 
between the silicic highland at Century drive and silicic 
volcanism at Newberry.
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Areas adjacent to Mount Hood scored well in the ranking 
because of the large available data base. However, extensive 
drilling in the area has not been successful in locating 
indications of major high-temperature hydrothermal systems. 
According to some interpretations of the geophysical surveys 
(Goldstein, personal communication), the drill holes may be too 
shallow and not in the best locations to intercept the 
hydrothermal systems. In any case, the gravity data indicate 
that, unlike many of the large High Cascade volcanoes to the 
south, Mount Hood may not lie above a large, shallow intrusive 
complex (R. Couch, 1985, personal communication), although 
Williams and Finn (1983) concluded that a shallow high density 
intrusion could be present. South of Mount Hood the regional 
background heat flow increases to values in excess of 100 mW/m^ 
(Blackwell and others, 1982), which would be additive to any 
local heat flow associated with shallow intrusions. This factor 
would increase the likelihood of large hydrothermal systems in 
the Cascades south of Mount Hood even if shallow plutons are 
locally present in both areas.

A transect of detailed temperature-gradient drilling and 
surface surveys across the southern Washington Cascades would be 
valuable. This would help to improve the meager heat flow data 
base in Washington and allow comparisons between this area of 
somewhat lower regional heat flow (Blackwell and Steele, 1983) 
and lower rates of Quaternary volcanism to areas with higher 
rates in Oregon and northern California. This is important for 
developing a comprehensive model for the Cascades as a whole.

CONCLUSIONS

The Santiam Pass-Breitenbush area is the best site for the 
first phase of a scientific drilling program in the Cascade 
Range. This area has a known hydrothermal convection system, a 
high rate of volcanism, high background heat flow, and a large 
existing data base for siting drill holes. It is recommended 
that Sunedco Well No. 58-28 near Breitenbush Hot Springs b 
reentered, tested, and deepened to about 4 km. Drilling of an 
additional well to about 2 km depth east of the Sunedco site 
might cross the east-dipping hydrothermal aquifer at higher 
temperatures (Waibel, 1985, personal communication). An east- 
west transect of at least three, and preferably four, 1 km or 
deeper slim holes should be drilled across the Cascades at the 
latitude of Santiam pass to delineate the temperatures and heat 
flow below the zone of rapidly circulating cold ground water. A 
2.7 km or deeper well should be drilled near the axis of 
Quaternary volcanism to test for potential hydrothermal fluids 
and to explore the nature of the pre-Quaternary stratigraphy. 
The drilling should be coupled with a program of detailed surface 
geophysical surveys and extensive radiometric dating of volcanic 
units to help site the wells and to allow maximum extrapolation 
of the drilling data. Stratigraphic thicknesses determined from 
mapping and drilling should be combined with the lateral extent 
and age of volcanic units to calculate rates of volcanism. This 
should then be compared to contemporaneous rates of subduction,
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heat flow, hydrothermal circulation, and crustal deformation to 
examine causal relationships.

Drilling programs similar in scope to the Breitenbush- 
Santiam study should be accomplished in the southern Washington 
Cascades, the Century Drive-Willamette Pass area, and the Mount 
Shasta area in future years in order to develop a comprehensive 
hydrologic and geologic model of the Cascade Range. It would 
also be useful to link up east-west transects across the Cascades 
to similar transects across the Newberry and Medicine Lake 
volcanoes to examine the interrelationships between these silicic 
volcanic centers and the main Cascade arc. Ultimately, drilling 
to depths of 7-10 km will be necessary to investigate deep 
magmatic and metamorphic processes operative under the area of 
the regional heat flow anomaly associated with the Cascade 
volcanic arc.
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APPENDIX -- USGS projects with activities wholly or in part in the Cascade 
Range that are funded in fiscal year 1985 by the Geothermal Research and 
Volcano Hazards Programs.

Geothermal Research Program 

Project No. Title Project Chief

9320-03305 Geologic Map of Cascade Range
9380-00342 Resistivity Interpretation
9380-01699 Geothermal Petrophysics
9380-01746 Electrical Techniques for Shallow to Medium

Depth Exploration for Geothermal Systems 
9380-01752 Physical Properties of Crust/Upper Mantle 
9380-03057 Infrared Aerial Surveillance of Volcanoes

of Cascade Range, Hawaii, & Alaska 
9380-03071 Geophysical Characterization of Young

Silicic Volcanic Fields 
9380-03085 Geoelectric Sounding Studies 
9380-03398 Aeromagnetic Surveys 
9380-03830 Gravity & Magnetic Modeling 
9540-01947 Tephrochronology 
9540-03512 Sauk Sheet (Glacier Peak) 
9570-01140 Geothermal Geochronolgy 
9570-01764 Radiocarbon Geochronology 
9590-03772 Paleoclimatic History of Tulelake, CA 
9930-01172 Teleseismic & Microearthquake Studies in

Geothermal Areas 
9930-01496 Active Seismic Studies of Recent Volcanic

Systems
9930-02097 Geothermal Seismotectonic Studies 
9930-02102 Active Seismic Studies of Fault Zones 
9960-01176 Geothermal Studies (Heat Flow) 
9980-00292 Hydrothermal Fluids 
9980-00304 Geochemical Indicators 
9980-01772 Volcano!ogy & Geothermal Potential of

Las sen Region, CA
9980-02344 Hydrothermal Alteration in the Cascades 
9980-02481 Volcanic Evolution of Crater Lake 
9980-02500 Medicine Lake Volcano, CA 
9980-02906 Volcanology & Petrology of Late Cenozoic

Magmatic Systems 
9980-03646 Mineralogy & Geochemistry of Hydrothermal

Alteration
WR 73-102 Modeling of Geothermal Systems 
WR 74-121 Reconnaissance Studies and Numerical

Modeling of Geothermal Areas in Oregon 
4387-16500 Western U.S. Geochemistry

Smith, J. G. 
Zohdy, A. A. R. 
Olhoeft, G. R. 
Hoover, D. B.

Fitterman, D. V. 
Friedman, J. D.

Williams, D. L.

Stanley, W. D. 
Blakely, R. J. 
Gettings, M. E. 
Sarna-Wojcicki, A. 
Tabor, R. W. 
Fleck, R. J. 
Robinson, S. W. 
Adam, D. P. 
lyer, H. M.

Hill, D. P.

Weaver, C. S. 
Mooney, W. D. 
Sass, J. H. 
Fournier, R. 0. 
Truesdell, A. H. 
Muffler, L. J. P.

Bargar, K. E. 
Bacon, C. R. 
Donnelly-Nolan, J. 
Christiansen, R. L,

Keith, T. E. C.

Sorey, M. L. 
Sammel, E. A.

Mariner. R. H.
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Volcano Hazards Program

Project No. Title Project Chief

9380-03057 Infrared Aerial Surveillance of Volcanoes
of the Cascade Range, Hawaii, and Alaska 

9380-03069 Gravity Studies, Lassen National Park 
9540-01947 Tephrochronolgy 
9570-00374 Carbon-14 Geochronology 
9570-00377 Geochronology
9570-01568 Radiocarbon and U/Th Geochronology 
9570-03066 Geomagnetic Secular Variation &

Volcanic Timing 
9980-00647 Volcanic Hazards
9980-02431 Tephra Hazards from Cascade Range Volcanoes 
9980-02992 Cascade Volcano Observations 
9980-03385 Geology of Lassen Volcanic National Park 
9980-03863 Short-term Volcanic Forecasting 
9980-70029 Cascades Volcano Observatory Helicopter

Support 
CA 81-392 Hydro!ogic Hazards Assessment of Mt.

Shasta, CA
OR 81-108 Hydro!ogic Hazards Assessment of Mt. Hood 
OR 81-109 Hydrologic Hazards Assessment for Three

Sisters Area, OR 
WA 80-243 Hydrologic Data Collection in the Mt. St.

Helens Area, WA
WA 81-247 Sediment Deposition in the Cowlitz River, WA 
WA 81-250 New Lakes of North Fork Toutle River,

Mt. St. Helens, WA
WA 81-256 Sediment Transport - Mt. St. Helens, WA 
WA 82-272 Sedimentology of Lahars at Mt. St. Helens 
WA 82-273 Mudflow/Debris Flow Rheology & Initiation 
WA 82-274 Immediate & Long-Term Response to the 1980

Eruption of Mt. St. Helens, Toutle River
Basin, WA 

WA 83-289 Sediment Transport Model Development &
Preliminary Application to Columbia River 

WA 84-299 Hydrologic Hazards Assessment of Mt. Baker 
WA 85-310 South Coldwater Geomorphology, WA 
WR 73-102 Modeling Geothermal Systems

Friedman, J. D.

Jachens, R. C. 
Sarna-Wojcicki, A, 
Rubin, M. 
Fleck, R. J. 
Robinson, S. W. 
Champion, D. E.

Hoblitt, R. 
Mullineaux, D. R. 
MacLeod, N. S. 
Clynne, M. A. 
Newhall, C. G. 
MacLeod, N. S.

Blodgett, J. C.

Hubbard, L. L. 
Laenen, A.

Childers, D.

Swift, C. H. 
Carpenter, P. J.

Onions, C. A. 
Scott, K. M. 
Pierson, T. C. 
Janda, R. J.

Sikonia, W. G.

Dinicola, R. S.
Meyer, D. F.
Sorey, M. L.
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