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HEAT FLOW OF THE CﬁSCADE RANGE; D. D. Blackwell and J. L. Steele,
Department of Geological Sciences. Southern Methodist University, Dallas, TX
75275 ‘ ' .

The heat floﬁ pattern ih 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

Steele (1983).

summarized in very brief form by Blackwell and

A heat flow map of the Cascade Range and adjoining areas taken '

from that report is shown as Figure 1.

Between 45° .and 43° 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 40 me—Z) and exceptionally high values throughout most of the

J

eastern part of the western Cascade Range and the adjoining part of the High

Cascade Range -(averaging 100me'2). The transitiqn from low to high wvalues

occurs over a distance of about 20 km.'

|

Between U5° and 47° N latitude heat flow values along the axis of the

Cascade Range are lower and average between 70 to 80 mWm <.

sparse north of U47° but some
Pass and Mt. Rainier suggest
Sound and Vancouver Island

Closely- spaced heat flow val

Aprovince ‘boundary suggest a heat flow pattern

'southern1Washingt6n and a siml

in the high heat flow terrain

2 The data are very

values in the Cascade Range between Snoqualmie

P

values of 40-60 mWm “. Heat flow in the Puget

regions 1is. cdnsideﬁably 1e$s than Ud mWm ™.
ues in a fjord in British Columbia across the
similar to that found in-
lar trahsit;on zone width of about 20 Km. Values

are greater than 60 mwWm “2. Data south of 43° N



are SparSe; the low heat flow| coastward is well documeﬁted. but the regionai

heat flow along the Cascade Range exis is not well detergined.

The significance of the heat flow data 1n‘centra130regon has been dis-
cussed in detail by Blackwell et al. (1982). The deta require a large heat
sourcev witﬁ a “eidth ‘of 40 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 zene‘or "ﬁagma chamber" tﬁroughout this whole‘region.
Confirmation of the signifijarce 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.;v1983), and regional magnetotelluric

studies (Stahely.~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 gm/cm3

|

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 eaéily interpreted and the heat source zone, although it still

- must be at a depth of approximately T 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 (see Figure 3).

Drilling of intermediate depth holes (1-2.6 km deep) confirms the inter-

|

pretation of regional gradients based on the heat flow 3tudies 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.ledst 2+

‘km. The results from the Breitenbush hole further indicate that at least some

of the hot Spllngb are related to. lnteral outflow at relatively shallow depths

'
|



from thermal aquifers originaling benecath.

the axis of the High Cascadel Range. There-

fore only'drilling studies | which give a

true picture of the thermal structure

l

élong the axis of the Casc?de Range will
allow a precise eva]uation‘ of the geo-
thermal characteristics and the ultimate
crustal significance of the| observed high
heat flow.
Blakely, R.J., Jackens, R.C., Simpson,
R.W., and Couch, R.W., 1985. Tectonic
setting of The Southern| Cascade Range
as Interpreted from its magnetic and

gravity fields. Geol. Sbc. Am. Bull.,
96, 43-u8.

Connard, G., Couch, R., and Geﬁperle, M.,
1983. Analysis of| aeromagnetic

measurements from The Cascade Range in

Central Oregon, Geophy%ics, 48, 376-
390.

Leaver, D.S., Mooney, W.D. and Kohler,

W.M., 1984, A seismic r?fraction study

of the Oregon Cascades. J. Geophys.

Res., 89, 3121-3134.

Stanley, W.D., 1981, A regional

magnetatelluric survey of the Cascade -

Mountains region. U.S. Geol. Surv.

Open-file Rept., 2upp.

Blackwell, D.D., and Steele, J.L., 1983. A
summary of heat flow étudies,in the
Cascade Range. Geothermal. Resources

Council Trans., 7, 233-236.

Blackwell, D.D., Bowen, R.g., Hull, D.A.,
' Riccio, J., and Steele, J.L., 1982.
Heat flow, arc volcanijsm and subduc-

tion in  Northern Oregon, Jour.

Geophys. Res., §1; 8735r8754.
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Figure 1. Heat flow map of the Cascade Range and
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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 a$so
.the' quantities not yet discovered or that might be produced with improved
techﬁology or ‘undef different economic conditions. Resource assessment
réquires (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 eéonomic, legal, and technological
conditions. éeothermal resource assessment 1is thus primarily the estimation
of the thermal energy in the ground, referenced to mean annual tempe;ature,
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‘megawatﬁ—centuries (MWe=-c)

| .

to several low estimafes that cluster around 10,000 MWe-c {(Muffler, 1973)..

|

Part of the reason' for the 'discrepancy in published geothermal resource

resource. These terms come From-the 0il and minerals industries and have been

on among. the terms resource base, reserve, and

estimates lies in a confus

defined as follows: , !



Resource base: '"*** thé sum total of a mineral raw material present in

the earth's crust within a givgh geographic area  **%* whether its
existence is known or unknown and regardless of cost considerations and of
~technologicalv feasibility of extractiﬁn." (Netschert, 1958; Schurr. and
Netschert, 1960, p. 297)

Reserve: I''quantities oﬁ minerals *¥** that can be reasonably assumed to
exist and which are pro&ucible 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 a§ailab1e given -certain technologic and - economic
conditions." (Netschert, {1958; Schurr and Netschert, 1960, P 297)

For geothermal energy, geothermal 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. Thg 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
McKelyey diagram; this diagram defiﬁes.the terms respufce and reserve.

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

- during the past.decade produced three geothermal resource assessments {(White

v

‘and  Williams, 1975; Muffler, 197%a; Reed, 1983a). = Collectively, these

national resource asséSémentf evaluated geothermal energy in five categories:
- L



1. Regional conduction—-dominated regimes
2. Igneous-related geothermal systems
3. Geopressured-geothermal energy L
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 condu;tive ‘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 wasvoffset 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'géotherma1 resource
assessmenﬁ 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 iﬁ 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. TFrom -this comparison it can be
inferred that very large amounts of geothermal energy yet remain to be found.
The méjor 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,'hof,dry rock, and
hydrothermal convections systemsn

-- ‘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. Geo]og1ca1 Survey, Reston, VA 22092

Introduction S

As part of a second assessment by the U.S. Geological Survéy of geothermal
resources of the United States (Muffler, 1979), estimates were made of thermal
energy in igneous-related geothermal systems and in hydrdthermé1 convection
systems with reservoir temperatures 290°C in the Cdscade Range. The assessment
~ is based on data available July 1, 1978, and is a revision of the first national
geothefmal resource assessment (White and Williams, 1975). This paper
summarizes results of the 1978 assessment for the Cascade Range, in order to
provide;a,stafting point for a revised regional assessment of the Cascades.:
Mediéiné Lake volcano, Ca]ifornia,.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-re]atea systems

ThennaT energy stored in magma, solidified pluton, hot country rock and
assoc1ated hydrothermal convection systems to a depth of- 10 km was est1mated for
young igneous centers in the western U.S. (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
asgumption of the model is that for a given'systém a single pulse of .magma was
emplaced ihstanfaneousTyJand cooled conduétive]y.from the time-represented.by v
the youngest age of the system. Another assumption is that effects-of magmatic
_preheating;and'resupb]ygto the system‘are'ba]anced by hydrothermal cooling. As

a'best’guess,-it.washestimated that about half of ignéous-re]ated‘geotherma]



energy exists as magma and nearly that much as solidified intrusion and hot
surrounding rock,. with only a few pércent expressed by hydrothermal convection
sysféms.(Muffler, 1981).

| The thermal energy calculated for 11 igneous-related systems in the
Cascades is approximately 3900 x 1018 joules (table 1), an amount approximately
: équal'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, éxcluding the thermal energy in
the very large Yellowstone-Island Park system. Six jgneous-related systems in
the Cascades were not evaluated for thermal energy -- Mt. Hood, Mt. MclLoughlin,
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_eva1uated systems, eight
appear to be at least partially molten and thus'may'sefve as geothermal heat
sources. These are Lassen Peak; Medicine Lake, and Shasta in California; Crater
Léke, Newberry, and South Sister in Oregon; Glacier Peak and Mt. St. Helens in
Washington. |

One aspect of a revised assessmént of the Cascade geothermai regime might

involve a refinement of igneous-related thermal energy estimateé. Based on
detailed geologic mapping and geochronological and geophysical studies at
several volcanic centers in the Cagcades, new age and size data may permit
revision of existing estimates, as well as calculation of thérmal 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 an& extehsive Quaternary
volcanism, substantial magma.chambers in the upper crust have not been detected

by‘various geophysical techniques (Iyer, 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 pfedominantiy
intermediate composition and how is it stored in the upper crust? How efficient”
is hydrotﬁerma] cooling of‘Cascades magma bodies? What is the division of
thermal energy among hagma,‘solidified intrusion, And hydrbtherma] 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 (fnc]uding Newberry volcano)
were estimated in 1978 to contain 84 x 1018 joules (table 2), about 5% of the
hydrothermal energy of all identified systems in the United Statés. The ‘
recoverab]e thermal ehergy (resource) in 3 high-temperature systems -- Morgan-
Growler H.S. near Lassen Peak, California; Gamma Hot Sprinjs near Glacier Peak, -
Washington; and Newberry volcano, Oregon -- is equiva1ent.to 883 MW of
electricity for 30 years (as & comparison, the current electrical generating
capacity_at The Geysers is about 1400 MW.) Bécause 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 usable heat
of_O.leO18 joules was estimated for hydrothermal systems with reservoir
temperatures between 9ﬁ° and 150°C.

Determination of_fhe portion of igneous-related energy that_is eXpressed
h)&rothékma]]y for véribus Cascades volcanoes is a first step in characterizjng.
the relationship between magmatic heat sources and hydrothermal systems.. Unfor-
tunate]y,iassessment‘data.for this purpose are incomplete in the Cascades.. Only.
thfee-systems have both igneous and hydrofherma1 estimates to permit calculation:

of the hydrothermal-to-igneous ratio: Lassen, 5%, Glacier Peak, 4%, and



Newberry, 11%. These values are fairly high combared to some other systems such
as Long Valley, Valles, and Yellowstone, where the hydrothermal portion is l-
3%. The overall hydrothermal-to-igneous ratio in the Cascade Range is 2%,
excluding hydrothermal systems not obviously associated with igneous systems.
Undiscoverea thermal energy in hydrothermal systems in the Cascadés is
estimafed-to:be vefy iarge amount, approximately 20 times the amouht stored in.
identified systems. The undiscovered estimate is simply a multiple of the
identified component, chosen subjectively on the basis of the favorable geologic
sétting. The -transport of heat intd 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 tﬁe possiblilty of
groundwater masking, sﬁggest that a ]arge‘resource may exist. To confirm the
-large undiscovered estimate woufd'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
- systems aiong the Western/High Cascades boundary may represent larger, hotter
systems at depth. Nomihal volumes of 3.3 cu km that were assigned to these
‘systems should be-re-evaluated in 1light of neQ data;4
2) Previously unidentifiedvhydrotherma1<systems'be eva}uated. For example,
no hydrothermal resources have yet been quantified at Medicine Lake or Crater
Lake. The discovery of neW,Lassen-type systems is unlikely, but more
"Newberries" might be-uncovered beneath the rain curtain at.other volcanic
edifices. . And we need to determine what, if any, concealed hydrothermal

systemé exist at depth be tween the major stratovolcanoes.



Certainly, the educated guess made iﬁ 1978 should be re-evaluated in light
of a refined magmatic-hydrothermal model for the Cascade Range.  What dis-
tinguishes 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.

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

Thermal energy calculated for young 1gneous systems of the Cascade Range.
‘Data are from Smith and others (1978).

Age, Chamber 2' Chamber - ~ Heat Now

Years Area, km . Volume, km 101 J

61 80 400 960

<1000 : 64-74 300 724

<200; 5-9500 ? . 50 - 300 724

6600 50 >320 >770

1300,>6600 32 100. 240

<2000 30-40 100 240

400,000 ? 10 - 40 76-.

2,500,000 ? 8 40 26

<1,000,000 ? 8 30 41

12,000;<70,000 5 12.5 35

Active: 5 >12.5 __ 235 1
TOTAL 3900 x 1018 E

Ta

21

ble 2.

‘Data are from Brook and others (1979).

Thermal energy estimates of hydrothermal systems in the Cascade Range.
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).

50°C

CA
CA
OR
WA

CA
OR
OR
OR
OR
OR
OR
OR
WA
WA

Lassen
Morgan-Growler
Newberry

Gamma H.S.

90°-150°C

Big Bend H.S.
Mt. Hood area
Carey H.S.

-Breitenbush H.S.

Belknap H.S.
Foley H.S.
McCredie H.S.
Umpqua H.S.
Baker H.S.-

Ohanapecosh H.S.

TOTAL

loo]
F=
=
—
o
—
0.
.

Stored Recoverable
Temp. Volunge Energy - Energy - Electricity or
o¢ @ 10(2lg J . 10elg J  Beneficial Heat
237 71 42 . Nat. Park -
217 - 8.3 4,5 - 1.1 116
230 47 27 6.9 740
165 - 3.3 1.4 0.3 27
‘ 883 MW-30 years
116 3.3 0.91 0.23 0.055
122 3.3 0.96 - 0.24 0.058
104 3.3 . 0.80 0.20 0.048
- 125 3.3 0.99 0.25 0.059
113 3.3 -0.88 0.22 0.053
99 3.3 0.76 0.19 0.046
- 91 3.3 ..0.68 0.17 0.041
112 3.3 . 0.87 0.22 - 0.052
134 3.3 - 1.07 0.27 0.064 -
127 3.3 1.00 Nat. Park --
' 0.5 x 1018 J




SEGMENTATION OF THE JUAN DE FUCA PLATE:
A FIRST-ORDER GEOTHERMAL ASSESSMENT OF THE CASCADE RANGE? . .

Cralg S. Weaver
U. S. Geological Survey .

If the assessment of the geotberma; potential of the Cascade Range were a
straight-fo:‘ward application of existing techniques, one could argue rather per-
suasively that the gross plate tectonic setting, although interesting, was '._‘_:ely of
marginal use in the assessment process. That is, the rezl world of geothermal
assessments deals with ‘the nature of magmatic/hydrothermal systems in the
shallow crust (0-10 lcrn) in loc aﬁzed areas (horizontal sceles 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, altbough ultimately responsible for the volcanism obssrved
in the Cascade P.a::ge. would not be the primary input (and in reziity protebly

not considered at all) to the geothermal assessment.

On the other hand, duriﬁg the past seven fears. it has becbme ‘increasingly
epparent that the Cascade Range does not represent a simple assessment prcb-
lem that is a.menable to application of existing methodol'oay. Part of the prob-
lem with rat tempting to understand the geo..herrnal potential cf tie range is the

tendency to treat the entire range as a single province- in esssnce we have

failed to recognize the significent sczle changes that exisi throughsat the ranze.
As an e}:ample. it is widely known that tke Céscade Pange is the voleanic ercicr

the subduction zone created by the convergence between the J ;r:: cs
the North American,platgs. On the other hand, the tectonic setiing of the rezge
changes markedly from north to south, and these changes are in large part the
resuit of changes 1n the geprﬁetry bf the' Juan de Fuca plate anc the interaction
with the North Amez;ic;.n plé.t'e.k_ln this peper ] suggést-thatﬂtlhe changes in the
tecﬁbnic framewﬁrk. when Vcoupled with the distribution of late Cenozoic and .

Quaternary volcanism in the Cascade Range,. provide a simple first order
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geothermal assessment of the Cascade Range from the'Amefican border south
to about Crater Lake: 1) north of Mount Rainier- zerO’potex;tial.'Z) Mount Hood to
“Mount Rainier- sﬁéht» potential (but probably not mun;:h Aab’ove"‘zerb). and 3)
Mount Hood to Crater Lake‘-.'moderate potential (perhaps locally some areas with
high potential). Although.l have not yet.\ modeled t;he southern portion of the
range (Crater Lake to Lassen Peak), this entire region prébably should have -

moderate potential (again with some local areas of high potential). :

The changes in the tectonic framework that allows this first order geother-
mal assessment is postulated to be the result of the segmentation of the Juan de
Fucé plate as it subducts beneath the North American pla:t:e. (In this report,
segmentation refers to the change in dip of the Juan de Fuca plats landward of
the coastal thrust zone). In subduction zones, the tectonic framework is deter- ‘
mined in part by both geometry (including convergence rate, direction, dip -
angle) and the type of int.'era‘cti;:ri' between the plates (aseismic- without large
magnitudé thrust‘.earthqua-kes or seismic)..‘.'l'he lack of Benioff zone earthquakes -
along most of the subduction zone has made if difficult f;o ‘determine those
aspects of plate geometry related to the dip of the Juan de Fuca plate, and thas

remains considerable uncertainty as to the nature of the plate interaction.

Although northwestern Washington is the simple‘st portion of the Cascade
Range from the point of view of geothermai assessments (zero), it does prcvi.ia
the only area in the range where thereis a tie between the gecmetry of the Juan
de Fuca plate és deduced from the occurrence of Benioff: zcne eérthquakes, and
the distribution of crustal seismicity and volcanism in the o*;rerlying N'orth Amer-
ican plate. The lack of Cenozoic voléanisrn pr'obablyis the result of three fac-
tors: 1) the shallow dip pf the Juan de Fuca plate and the thick crust beneath
the Olympic' Mountains, 2) the thickness of the continental lithosphere in the

North Cascades, and 3) the continuous nature of the slab as it subducts to the
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northeést. The thick crust beneath the Olympic Mountains all;aws a signiﬁcantly-
increased. area for the direct ihteraction between the Juan de Fuca and the
North American plates, and this results in horizontal compression dominating
the fore arc. 'I'he stresﬁes from the platé interaction produce high rates of
seismicity in the Puget Sound basin, and work to minimize volcanism in the arc. |
The thickness of the lithosphere beneath the North Cascades and the continuous
nature of -the slab may work together to inhibit volcanism by acting as either a
heat sink or preventing hot aesthenosphere from coming in contact v;rith the
subducting slab. As‘ a consequence there is little late Cenqzoic volcanism within

the Cascade Range, and the geothermal potential is zero.

Between Mount Rainier and Moﬁnt Hood, the geometry of the Juan de Fu;ca
plate is not as w.ell constrained as to the north, but the few Benioff zone earth- .
quakes suggest that the dip of the subducting plate (landwardAof the thrust
zone) is greater than to the north. The sudden end of the Benioff zone earth-
quakes has been used to sdgg’est that the Juan de Fuca plate may not be con-
tinuous south of Mount Rainier, but has broken off as a result of repeat thrust
events on the interface with the North American plate. This brealzoff of the Juan
de Fuca plate may decrease internal gravitational stresses to the point that

- seismicity ceases within the slab. However, because £he sleb (oceanward of ths
proposed break) is still strongly coupled with the overlying North Amsrican
plate, horizontal compression again dominates the arc region. Lerthguale fccsal
mechznisms are largely strike-slip on vertical fault planes, in good agreement
with the horizontal stress direction e_xéected from gross plate convergence. -

The poor geot.hermal-érospects in most of this area reflect the.lack of vﬁl-- :
canism observed at the surface and the compressional nature of the crustal
stresses. As an example, Mount St. Helens is located at a left-stepping -ofiset

‘along a regional s’trikefslip fault zone characterized by .right-lateral motion. Itis
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likely that the resulting compression at Mount St. Hélens has limited the . -

development of secondary vents away. from the immediate vicinity of the cone- e

and is responﬁible for the very small scale of the uppér crustal magmatic sys-
tem (™10 km? in fhe upper 7-10 km). My designation of a slight pofenti,al‘- for B
this region reflects the existence of strike-slip faulting (which may have a favor-
able opening geometry in some local Areas) and the increase in late Cenozosic
volcanism southward toward liouﬁt Hoaod.

Finally, south of Mount Hood, seismic data cder ess:—.ntié‘ly ote} ccnstrvai.—;ts'
on the geothermal potential of the Cascades. ‘As with the Mount Rainier to Mount
Hood segment of the Juan de Fuca plate, the lack of Benioff zon= eérthquakes.
beneath Oregon mey suggest that the plate is broken near the ccastzal thrus§
zone. Further, the crust beneath the Oregon Coast Range'is signiﬁcéntly' thinnsar
than that beneath the Olympic Mountains in Washington, as a éonsequence the
contact between the Juan de _Fuca and the North Americaﬁ plates is reduc.éd.‘.‘\
Superficially, this geometry might lead to extensional processes: domir.-ating-the- i
arc region, and the volume of late Cenozoic volcanics found in.the Ore;_cn Cas-
cadzas is ccnsistent with this proposed extension. Simply becaus2 the crust -s
under extension rather than compression, the geotherfna.l potential sh;uld, ke
higher than to the north in Washington. In addition, local areas with a'bncrmally
: high rates of crustal extension rnéy exist, and these areas would be é::pectsd to

have the highest geothermal potential.



Volcanism in the Cascade Range

N. S. Macleod and D. A. Swanson, Cascades Volcano Observatory, U. S.

Geological Survey, Vancouver, WA,

Volcani'sm”rn"the—Cascad‘e"gang'e"st‘arte"d 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 we?e erupted 17-15 m.y. ago at the time of maxiﬁum 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 whése 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 e#ample, in central Oregon vents of
Oligocene age:extend from the western Cascades more. than 100 k@;to central
Oregon. Even.since 3 a.y. ago, volcanism'has not been confined to a narrow
belt; Mount Adams is 50 kﬁ east of_Mount St. Helens, Newberry Volcano 60 km
east of the.Cascade crést; and Medicine Lake 55 km east of Mount Shasta.
Minor'vehts,aré.even more widely scattered. Nonetheless, most eruptions
duriné the lasﬁ'few million years in Oregon have occurred along a very
linear chain forming the High Cascades. This chain is aléo exemplified by
north-trending linear fissures, normal faults, and alignments of cinder\ |

cones and widely spaced stratovolcanoes.



Most‘volcahism in the Cascades during the last few million years has .been
sduth of Mount Rainie;. Only a few volcanoes occur farther north, and 'all of
these fall along avnorthwest-trending linea; belt between Glécier Peak, Wash-
ington, and-Meager Mounﬁain, British Columbia, that is strongly discordant to
the chain that trends south from Mount Rainier. The Glacfer Peak-Meager
Mountain belt projects SOUCHeastwa;d through ééveral known Tertiary struc-
tures'té thg‘westefn Snake River Plain and thus may be paftly controlled by
an old crustal weakness. Tﬁe-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. 1In cdntrast, 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-
canisﬁ 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,
énd 15 percent in Washington and British Columbia. The vast majority. of B
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 suéh»cluste: of late Holocene basalt and basalticr_
andesite vents occurs between the Thfee Sisters and Three Fingerea Jack in
Oregon, and aﬁother sémewhat older ciuster occurs in the Indian Heaven area:
betweenvMount St. Helens énd Mount Adams, Washington.

Smallvsﬁratovolcénoes 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_voicanoes 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 vélcano
ﬁé“ulation, yef'theif"Iﬁﬁééfﬁg‘Efzé_Iéaa§“tb 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
1érge Pliocene and Pleistocene stratovolcanoes have been identified along
the ehain; few stratovolcanoes persist long as imposing edifices because of
grosion, especially by glaciers.

Clusters of stratovolcanoes occur at Three Sisters, Crater Lake, and near
Lassen Peak. These clusters represent long-lived volcaﬁic systems that have
produced relatively large volumes of intermediate and silicic magma; the
cluster at Crater Lake was largely destroyed by the cataclysmic eruption
'thgt 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. .Ihese include Newberry vol-
cano iﬁ Oregon and Medicine Lake volcano in northern California; Lassen Peak
may lie aloné this trend. Similar volcamoes or volcanic fields seQeral
million yeérs older occur -along this same aligﬁment at Yamsay Mountain and
Bald-Mountéin, Oregon, and ‘in ;heASiﬁcoe, Washington, area. All 'of these
eastern vent areas have e;upted silicic as well as mafic lava, and several
have summit‘éalderas.~‘ |

The petrochemistry of maﬁy of the stratovolcan§e§ has been studied, but
most of the-lavé fields between stratovolcanoes have recei?ed no such atten-

tion and few generalizations can be made about them. Basaitic-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-élkaline'rocks'dominaCe, but tholeiitic types also.occur. An-
desite is locally abundant, especfally on some of the étratovoleanoes, and
in a few areas dacite, rhyodacite, and rhyolite are common. With the pos-
rocks are abundant appeaf 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, aﬁd Medicine Lake in California, Crater
Lake, Newberry Volcano, and the Three Sisters—Broken Top highland in Oregon,
poséibly Glécier Peak in Washington, and Mount Garibaldi and Meager Mountain
in British Columbia. Local centers of silicic volcanism that have generated
voluminous pyroclastic flows éccur 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.

Geothermal resources have been identified at Meager Mountain, B. C.,
'high temperatures have been encountered in shallow holes on Newbgrry:volcano, .
and several of the volcanoes have fumaroles. Geqthgrmél resources are
presumed tﬁ be most likely to occur at long-lived volcanlc systems that have
produced silicic rocks. Some andesite ana basaltic*andesige stratovolcanoes
méy have geothermal reSOurces,‘although driiling at Mount Hood was .not
éncouraging. A background of relatively high heat flow in the Cascades.as a
consequence of long—1ived volcanism throughout most>of the chain may

indicate an extensive deep resource.



Quaternary Volcanism fnithe'Southernmost Cascade Range, California

Michae1 A. C1ynne l
U.. S.. Geological Survey: .
345 Middlefield Road MS 910
- Menlo Park, CA 94025 -

Yolcanism in the southernmostACaScadedRange‘can be characterized on two
scales. On a regional'sca1e:vo1can1sm_js hasaltic to andesftic. Individual
volcanoes have small voldmes and-relatfve1&-short'T1fet1mes, Many eruptive
centers coalesce to fonm-the'crest ofvthe-Cascade ﬁange. Individual volcanoes
range from monogenetic basaIt and’ basa]tic andesite cinder cones to larger
lava cone. and shield. volcanoes of basa1t1c to- andesitic composition. Rocks
with greater than approximate1y 60 per cent S102 are sparse. Superimposed
on the regiona1 mafic volcanism are long-11ved 1arger volume volcanic centers
that have produced eruption products spanning a- w1de range of composition from
maf*lc andesite to rhyodacite or rhyoHte. N ' '

Each volcanic center consists of a. large andesitfc composite cone and.
flanking s{licic domes and“fTows. Three of“these*VoTcanic centers younger
than about 3 Ma have been recognized 1n the. Lassen area. Each has had a
s1m11ar history, consisting of three stageS' (1) an. 1n{tia1 cone-bu11d1ng
period of mafic andesite and andesite lava. f1ows andﬂpyroc1ast1cs, (2) a later
cone-building perfod characterized by thick-andesite-and silicic andesfte lava
flows, and (3) silicic volcanism f1ank1ng the main- cone. - The sflicic magma
chamber of the third stage provides a heat source for development of a
hydrothermal system-with1n~the core of the‘main'cone Alteration of permeable
rocks of the cone facilitates. increased g1ac1a1 and f1uv1a1 erosfon of the
central area of the volcano. The result is: preservatfon of a resistant rim of
the thick later cone-bu11d1ng Tava flows and f1ank1ng si11c1c rocks

surrounding a depression 1n the altered and eroded core'of the composite

cone.



The two olcder volcanic center§ have reached this stage, and their
hydrothermal systems are extfinct. Thé younger Lassen volcanic center (LVC)
however, hosts jct1ve silicic volcanism andra_we11 developed hydrothermal
system, including the thermal features in Lassen'Volcanic»Nationa1‘Park (LVNP)
and Mi11 C&nyon. |

The LYC developed in fhree stages. Stages I and II produced the Brokeoff
Vo]cano; an 80 km3 andesftic stratocone. -Stage I deposit$ consist of
o]1vfne-augfte and olivine-hypersthene-augite andesite lava flows and,

- pyroclastic rocks erupted from a central vent durihg the period from about 0.7
to 0.55 Ma. Stage I culminated in eruption of a small volume of
hornblende-pyroxene dacite. An interval of erosfon lasting 0.1 Ma followed
stage I. During stage II, which lasted 0.1 Ma, thick flows of porphyritic
augf te-hypersthene sificic andesite, generally lacking interbedded pyroclastic

material, were erupted. Vo]canfsm then shifted to the north and east and

3

became more silicic. Eruption of a minimum of 50 km”~ of rhyolitic magma at

0.35 Ma as afr-fall tephra and ash flows inftfated stage III. This eruption
probably producéd a collapse caldera now filled by a dacite domefield. The
dacite domefield consists of two groups of rocks totaling on the order of
30-50.km3. During the period from 0.25 to 0.2 Ma pyroxene-hornblende dacite
ma gma producéd a group of six domes ahd flows. Hornblende-bfotite rhyodacite
| has been erupted as domes, lava flows and pyroclastic flows in at least .tén
episodes over the past 0.1 Ma. At least six times during the past 0.1 m.y.
hybrid andesite totaling 10 km3 and consisting of thoroughly mixed mafic and
silfcie magma has been erupted from the marg1ns of the dacite domefield.
Porphyr1t1c andesite and dacite with high A1?03, Tow T102, and . .
medium xzo contents and FeO/Mg0 ratios of 1.5-2.0 are the most abundant rock
types in the LVC. Early ‘mafic andesite, late rhyodacite,:and hybrid andes{te

are suﬁoidinate in abundance. Rocks of the LVC fesemb1e'other calc-atkaline.



volcanic rocks emplaced -.on a continental margin 6ver1y1ng siaT'lc\‘crusta
Harker variation diagrams of the major el ement chemistry of rocks from the LVC
show smoofh trénds from 55-73 per cent 3102. The overall evolution is from
mafic to silicic. However the evolution s not strictly:sequential (see .
fig). Sparse isotope data squest that crustal interaction is not significant
in the deveiopment of the s{licic rocks. However, partial melting of young |
mafic crust may play a role in the origin of fhe s{1icic magmas at LVC. |
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. The long t‘Imé span of activity at LVC and .the presence of a
hydrothert;ta_l system imply the presence of an evolving magma chamber. However,
the current conceptual model of the magmatic system of the LVC as outlined
below '1s poorly constrained and somewhat speculative.

The Lassen volcanic center di ffers 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. in the
crust and development of zoned systems with large volumes of derivative
silicic magma. Systematic géochem'lcaT variation of the rocks of the Lassen
volcanic center and the mineralogic and geochemical homogeneity .of ‘the
ybmgest rocks. suggest derivation from a single source. -The -magma system of
the Lassen volcanic center can be envisaged as 'an-;evo'lving pldton-sized.body .
of magma fn the middle «cfust (10-20 km depth). The Apatt‘_é'r'*n of young vents
suggests that an 5-8 km diameter magna body underlies:the northwestern corner .
of LYNP.. The young volcanic vents and hydrothermal system may indicate the
position of a cupola on the magna chamber, which may be as shallow as 6 km
beneath Lassen Peak. The hybrid andesftes are. produced by mixing of mafic

magna fntruded into sflicic magma and rﬁay indicate a s111-11ike projection of



the hagma-chambér 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 crysta]-r1ch rhyodac1te, and has
'Qaried 11tt1eliﬁ'composft1on over at least the last 50,000 yeafs. The system
s probably idned to'mbre mafic compositions at depth. Regional basalt
provides heat and material input to maintain the System {n the partially
mol ten state. There is abundant evidence for the 1nteractioﬁ of maf1¢ and
silicic magna. A small volatile-rich cap has periodica11y developed at the
top of the magma chamber but 1s removed by venting before 1ncreasing to
substant1a] 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 heneath
the LVC, geophysical evidence for the presence of a magma chamber is lacking.
A 25 km oval, -50 mgal gravity anoma1y is centered on the Hac1te domef1e1d and
central p]atéau-(hybrid andesites) of LYC. The gravity low is probably an
expression of 1ight volcanic rocks in the near sﬁrface-and the presence of
Quaternary plutonic rocks below the volcanic field.

Telesefsmic and sefsmic refraction studies have fafled to show the™ -
presehce-of a magna chamber beneath LVC.  However the resolution of these -
studfes is such that magma. chambers smaller than 5 km in diameter could not be
seen, A compilation of regfonal seismicity reveaIs an area lacking crustal
earthquakes. that corresponds to the .gravity 1ow. Future geophysical studies
will have to be of higher resolution to detect the magmat1¢ system of LVC..
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The Mount Shasta Magmatic system

-

Robert L. Christiansen
U.S5. Geological Survey

Menlo Fark, California

-  }1The~5tilI—active compound stratocone of Mount Shasta, 14,162

iféetyhigh and'moré than half a million years old, has grown mainly

jrﬂ'duringgseveral distinct episodes of cone building from single

‘5H¢éﬁiralfven£5, each of which was active only briefly——possibly only
;giféﬂshugdfed yéaEs~(Christiansen and Miller. 19763 Christiansen and
;yiéﬁHeé;@iié77g Christiansen, 1882). Four such cone-building episodes
'?Qéqhéé;#fséﬁiébbut 250,000 years have been recognized, two of them
-Hdibe;Aé;uﬁajdé'cone.building was séparated.b? longer, predoﬁinantly
ufér6éionéi.peﬁibdsfduring which smaller volumes of lava were added to
‘Eﬁgfégneé;Egih additiony an older but similar edifice at the site of
f Mogn£L§g§§;a,wé§ largely destroyed by a huge voicanic sector

avaiancheﬁabout 300,000 yvears ago (Crandell and others, 1984). The

olaestneﬁpogéd-rocks of Mount Shasta, on its west flanmk and having &

‘_E/Ar'égésoflabout 590,000 years (G. B. Dalrymple,-written commun .

.f i1979),'phobabiy'areia remnant of that earlier edifice.

.afﬁg:leﬁqu thévstratocone consists of silicic andesites to.
mgﬁic}dgéitéé,pérobably‘averaging just over 6074 5i0x. More or less
"uﬁiﬁdfﬁ:silidic.é%pyromené andesites constitute most of each cone of
.théjcéﬁpound Qolééno;.probab}y agaregating about B0O-85% of the-

whole. More . silicic rocks, including heornblende—-bearing andesites,



dacites (mainly &3-46% Silz), and rare rhyolites, occur principally
as domeslor relatively small lava‘flows, erupted both within the
earlier central craters and on the (1ankﬁ‘ofvthe edifice.
Significant volumes Q( dacitic pumice.mcgur largely as fallout to
the northeast. Numerous pyroclastic flows were emplaced during
eérly Holocene time, especially on the west flank of the volcano
(Miller, 1978); older pyroclastic flows occur on all secteors. 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 basalts 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 abqut
F,000 {eet elevation. No magmas similar to regional high-—alumina
olivine tholeiites (Hart and others., 1984) are known to have. vented
{rom-Mount Shasta. Freliminary 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'evclved magmas from a calc-alkalic bgsaltic parent like
some of those erupted from MDuntVShasta‘s flank vent; (éaker and

others, 1984).

Both the andesite-dacite Stratdcone of Mount Shasta énd the more
or less bimodal shield valcanb Gf.MEdiCiAE La#e, p?obably at.least a ..
-miliion years old (Donnelley—-Naolan, this volume{, are voluminous
long-lived svystems near tﬁe'margins of a large negative graVity

anomaly. This gravity- low extends across the High Cascade axis,



Mount Shasta 1ying distinctiy o - Lhe west and Medicine Lake on the
east side of the nearly north-south axig at the ends of a linear
esvstem of young vents that trends egst"northeagt, suggesting a
locally anomalous gtress—field control. Between the Elamath and
McCloud Rivers, the Pliocene.to Guwaternary volcanoes of the main
Cascade axis are predominantly rather simple mafic—andesite
shields. Within this sector of the chain, substantial volumes of
gsilicic 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 svstem. The areally extensive
gravity anomaly, local stress-field control of adjacent volcanic
avstems, and the‘systematic relation of two major long-lived and
highly evolved systems to the main Cascade axis sugaest 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 svstem in. - -
this excess—-production regioﬁ during a fewirapid:increments‘may
repfesent distinci upper~cru5té1 emplacements of magma that -had
evolved at deeper levels to silicic pyroxene andecsite from parental |
compositions liye the coﬁmon mafic calc-alkalic 1§va5 of the
’hegion.- During the intervenirg much longer times between thess
major emplacement events continued mantle magmatism probabiy drives
relatively slow evolution of the Shasta magmas in upper—-crustal
chambers by open—-system differentiation processes,'including
“fractional arystallization accompanied by wallrock assimilatian énd

mix®ing of varicusly evolved magmatic batches.



It is duh;ng‘theseieutended periods of upper-crustal mégmafic
evolution, dufing:which daéiiic and even rhyolitic magmas are
ﬁroducéd, that ény extensive hydrothermal convection might develop
in the vicinity of thé magmatic system. Based on boih the slow
‘eruptive rate and the lack of major cone building during the past
several'thousand yvyears and on the abundancévcf dacites among its
Holocéne volcaniclproducts, Moqﬁt Shasta may now be in such a
magmatic stafe;> No-evidencé is known for the existence of a cryptic
hydrotﬁermal-gystem beneatﬁ Mount Shasta, but‘the high dowﬁward flqg’
of cold water through thé volcanic edifice from its heavy winter'
snowpack and extensive summer melting could mask hydroghermal

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 ﬁake Volcano (MLV) lies east of the main éascades trend ;bout 50
km ENE of Mt. Shasta. The‘volume of MLV is estimatgd to be 600 km®, larger
even than Mt. Shasta which is the laFgest of the Cascadé stratovolcanoes.
Several lineslof reasoning suggest that MLV has geothermal potential,
including the sugg9stion by Eichelberger (1981) that a large silicic magma
chamber underlies thé volcano. Several late Holocene silicic uniés are
present acfoss the top of the wvolcano. Tw& of these, the chyolite of Glass
Mountain on the ‘east 'side of the centr#l caldera and the chydlite of Little
Glass.ﬁountain.and Crater Glass flows 16 km to ;he west, have nearly identical
hajor— and trace-element chemist:r:ies.T The close similarity of composition
suggests that a»single:iatge'silicic magma body is the source for these two
units. Heiken (1978) expldined the él#ss Mountain-Little Glass Mountain
chemical similarity by proposing tapping of a céntta14small magﬁa body by ring
dikes. Other silicic lavas have erupted thtoughoﬁt the'history of the vdlcano
although thelgota1~voiume.o£'such eruptions appears to be relatively small.
The earliest.sﬁch lava is’avrhyodaciFe ash flow about 1.25 million years old.
Gfowth of the volcano apparently‘followed-éruption ofilgrge volumes of .
high—éiumina basalt tha£ form the principal roék'type of the Hodoé Plateau.

No obvious'p;ttern can'be-diécerned in the chemical evolution of the volcano

except'that4higher.silica'eruptionS‘occut on-the higher parts of the volcano
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while primitive high-alumina basalts have continued to erupt around the lower
flanks. MLV consists of these parental tholeiitic basalts plus calc-alkaline
derivatives. The -average compoéitioﬁ.Of MLV is probably andesitic, ‘and
andesitic lavas ace-abpndant especially on £hé upper slopes of the volcano;
Anderson (1941) suggested ihatbthe calaera probabiy formed by eruption of
voluminous andesite flows. Andesitic lavas at MLV are typically crystal-poor
and fountain-fed, both éhafacteristics suggesting that they were very hot when
they erupted. Most of the volcano's lavas are crystal-poor sugéesting
relatively high tempetatures or short residence timés before eruption. Rather
then a single large magma body, this may suggest 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 intrﬁsion can be inferred.from seismic refraction and
gravity studies. Electrical and teleseismic studies are not definitive about -
the presence of magma at depth; small bodies less than 2 km across could be
present. ‘Inttusion of primitive basdlt'appeat; to be intruded into-shallow -
crﬁstal levels at the volcano, followed by fraétional crystallization hﬂd
assimilation, reéulting in small, relﬁtively silicic ﬁagma.bodies. Small
bodies of rhyolitic magma were probably produced by fractional crystallization
of andesitic magma (Grove and Donnelly-Nolan, 1983).  Given similar bodies of"
andesitic magma, derivative rhyolites of nearly identical composition might be -
produced by the same set of processes. Ihus, nearly identical rhyolitic
products such as those seen at Glass Mountain and Littie Glass Mountain might
be produced.i Both .lavas. contain a vﬁriety of inclusioné ranging from granitic
(pfobable coﬁntty rock) to andésitic (iiquid when iﬁcqrporated) to cumulate - .

hornblende gabbros. The variety and abundance of these inclusions argues
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against the présence of aisingle large silicic magma chamber. The granites
would have been quickly digested nnd'the ¢umulate hornblende gabbros should
represent material off the bottom of the chamber. Also, none of these young
Qiliciq laQas are truly high-silica  rhyolites. - None contaips_more than 74%
Si02, compared to the.olde{ rhyolites at MLV that contain 75-77% Si02 and are -
inclusion-free. The younger rhyolites may ﬁave erupted after disruétion by
intruded mafic magma before the silicic magma body had completed its evolution.

Structurally, MLV liesvin an E-W extensional_énvironment. It is located
at the intersection of a major lineament trending ENE across the Cascades and
the westernmoét N}S trending normal faults of bagin and range type. One of
these faults forms Gillem Bluff at the north;rn edge of the volcano. Farther
south, this fault is buried by younger lavas of MLV, but alinements of vents
as well as the.relatively.abrupﬁ eastern topographic margin of MLV strongly
suggest thgt the fault bends SSE and continues S at least 35 km through the
vents for the Glass Mountain:flow and domes. A strong NE structural trend is
manifested high on the NW side.of the volcano Sy'open ground cracks, the
Little Glass Mountain-Crater Glass flo;§=and domes, and late Hoiocene basaltic
eruptions.' A similar direction is evident at a set>§f Holocene andesitic pit
craters on.the SE side of the caldera. This evidence together with the E-W
extgnsion and dominant N-S alinement of vents. over 50 km on MLV, the ring
faults of the voicano's.caldera,band other-alinements of vents and open-ground
cracks, provide evidence of fracture permeabiiity at depth.

Is there enough.  fluid-for power. production? - Althoﬁgh springs are rare on
. the volcano, vefy large volumes of cold water emerge at the southern edge of
MLV lavas to form the Fall River, .suggesting that adequate éources of water.

are available. Whether water is:stored and heated directly under MLV is
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unknown. Hot springs are absent, but.thae does not pneclode‘the existence of
hot water at depth. |

Whether or not a large ailicic nagma.body exista under MLV, the'voloano
still has the potential to be a major geotheonalitesourceu Sufficient heat»:
could be supplied by continued intrusion oftnafic nagna into shallow crustal
levels. Numerous Holocene vents and intermfttentnrhyolttio volcanism for at
least 1.25 m.y. suggest that MLV is a-primevtarget_for_geothermal energy
‘exploration. Several companies are actively engaged in exploration.. One deep
hole was drilled during the summer of-1984.and'mone‘ane olanned; Results of
the drilling by private companxes are: ptoprxetary but the amount of interest
shown suggests that the companles be11eve there is- geothermal potent1a1 at MLV.

Outflow of hot water from MLV m1ght also be p0351b1e partlcularly in- the
dominant N-S structural direction. Only 30-50 km N of HLV geothetmal f1u1ds
in and near Klamath Falls, Oregon, are used- for low—temperature app11cat1ons
such as space heating. Klamath Falls lies: equ1d1stant between HLV and Crater
Lake Volcano, at the lowest point 'in the Klamath graben that 11es oetween
these two major young volcanoes. The Klamath: Falls geothermal system, ;_
unrelated to any recent volcanism at the surface may be at 1east partly

supplied by hot water from MLV.
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Houﬁt’Hazama and Crater Lake Caldera
Charleg R. Bacon
U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

Geologiévmapping and K;Ar dating (Bacon and Lanphere, 1983) provide the
data to define thé eruptive history of Hount Hazéma,(chon} 1983). Evehts
that led up ﬁo the catéstrophic, caldera-forming. eruption have been -
reconstfﬁcted through detailed field studies of late products (Bacon, 1983,
1985), including paleomagnetic deﬁerminations (Champion, 1983).4 Chémical
aﬂalyses 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) helé»to suggest models for the magmatic system
beneath the volcano. | | | | A

Mount Mazama was composed'of overlapping ghort-lived shields and
- stratocones and thick lava flows, constrﬁctéd west and north of ; voluminous
field of rhyodacite domes -and flaws. The rhyodacite evidently was extruded in
a‘feQ-puises, probably of short duration, at various times between ~750 and
-~500 ka (tﬁOusand &ears.B.P.). It éeems likely that basalt lies beneath the
rhyodgcite,<the thickness of which is ﬁnknown. 
_ The oldest exposed stratovolcanoes of the Hount*ﬁazama cluster aré Phantom
C&ne.and Houngvséott, ~420-395 Kka.- These are overlapped by-andésitic and -
dacitic lavas etuptedr~355—230 ka. HMafic andesitic-shieids were built near
Cl&udcap ~290—220 ka.and near Llao Rock ~185-110 ka. Andesitic to dacitic
-.lavas were'erupted near Llao Rock ~130-110 ka, folloﬁéd'by rapid growtﬁ of a
: cémplex andesitic stratocone near Hillmaﬁ'Peak ~70 ka.. Shortly after the -
Hilimah Peak”cone was -constructed, dacite pyroclastic flows descended‘éhe
séuthﬁest-flank of Mount Mazama and dacite airf§11 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, respéctively. Dacite lava flows; one of which is-datéd at ~70

ka, were associated with the pyroclasitic activity. :Although'thete'is.no
evidence preSegved for caldera formation, several km3-of décite'magma must
have been efupted. Fqllowing 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 éouth 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—flowzdeposits on the
south and southwest flanks of Mount Mazama.  These deposits were formed by
collapse éf lava domes near the summit of the volcaﬁo ~40 ka. Stratigraphié
evidence and K-Ar dating indicate that andesite lava flows on the north. and
west caldera rims were erupted between ~50 and 40 ka.. Known younger - |
precaldera lavas wére almost exclusively silicie 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 thé caldera
may be of similar age. Williams Crater, formeriy "Forgotten Crater", west of
Hillmﬁn Peak may 5e also approximately the same age.--williamsaCréter and a’
ventAabdut 1 km to the Qest erupted.basﬁlt and caused .the emplacement of ‘an.
extensive lava flow and several domes of commingled andesite ;nd'dacite.
Thﬁs, Williams Crater probably markS’the‘west'margin of the silicic magma

reservoir at this time. The Redcloud Cliff floy,.a thick hornblende



rhyodacite flow on the ‘east caldera wall, evidently isilatest Pleistocene in
age,. and may be as old as the f30 ka AOme én the north riﬁ. There i§ no
evidence»preserved-forVany volcanic activity after eruption of. the above units
and before‘Holécene volcanism began. | '

About f,OOO'ka the'shallow chgmber began to leak significaht<§olumes of
rhyodacitic maéma.iﬂ éhe.form of three lava flows: Llao Roék. Grouse Hill, and
Cleétwood. Other rhyodacitic flows may have been present within the area‘that
collapéed to férm the caldera. Paleomagnetic evidence suggests that the Llao
Rock and Grouse Hill flows were erupted in short suc;essibn.' About 140 yr.
later,.the Cleetwood flow was erupted. The bulk compqsition (on a
volatile-free basis) and Fe-Ti oxide'phenocryst equilibratid; temperature
(~940°C) of this lava are virtually identical with those of the pumice of
the climactic eruption, except that the lava had a much lower water cbntent
upon eruption. Surprisingly, the climactic eruption began before the
Cleetwood . flow had cooled. Although most, if not all, of the precursory lava
eruptions began with an explosive pha;e,_flow of magma to the surface
appa;ently.was sufficiently sluggish to Qllow the magma to de-gas during
agcent éo that conduits. eventually were:piugged with viscous rhyodacite.A Only
tﬂe Llao flow was précedea by a voluminous'pyroclastic phase, but this spread
tephra over parts 6f several western states. - Loss of several kma‘ofAmagma'

- from thé top.of-the.chambet over'a comparatively short pétiod go«fOtm the lava
"flows aﬁd related pyroclastic. rocks may h;ve depressurized the system, without
accompanyiﬁg*loss of.voiatile pressure, so‘that vapér saturation’occurred at

greater depth than before and the climactic etﬁption could be‘sustained.'

The climactic eruption took place ih<two steps: (1) a single-vent phase -
and (2) a ring—vent'phase. .Tﬂe fifst ph§se began with eruption of the
widgspread airfall deposit from a high Plinian columh;fﬁhich4later collapsed

to prodqce pyroclastic- flows as the vent bécame-enlarged.: The pyroclastic



flows deposxted the wxneglass Helded Tuff in valleys on the north and east of -

Althe caldera, 1ts dxsttxbutxon bexng limited by the summit of Mount Mazama.

lwhtch lay to the south of the vent. Phase (1} ended when the caldera-began“to""

. collspse, 1n1t1at1ng phase (2) which produced much more ‘mobile pyroclastic
:flows froo hlgher etuptlon columns Thegse flows depostted~nonwe1ded to partly
"ﬁwelded tuff 1n the valleys all around Mount Mazema and left a lag deposit of
11th1c bcecc1a near. the rim and on hxgh ground. 1nc1ud1ng even the sunmit of
‘Hount Scott Toose dopos1to shoo spectacular compos1txonal zonation of |
‘*gihomogeneous royodaclte (70—71% 810 ) below andesite that decreases fairly.
lltflregulatly 1n szlxca content thh stratxgraphlc height (~62~-51% 510 Y. |

'ﬂlEqutllbtatxon temperatures for Fe~T1 oxide phenocrysts in the silicic part of

;

' :the etuption' toup tlghtly near ~950°C and, like other "climactic" rocks,

~ate moce oxldxzed than-the ~70 ka dacztes Over 50 km of magms were

v -Aerupted 1n the clzmactlc eruptlon, most being rhyodacxte Although the exact .

_‘depth 1s unknown, the exxstence of the caldera suggests that the top .of ‘the
‘bfmagma chamber must have been only a\few km below the surface.
A prov1szona1 model of the magmat1c -system beneath early Holocene Mount .

PR

‘ Hazama would have relatlvely dxfferentxated (up to ~72% SxO ) and cooler

o (>870°C) porphyrzt:c magma overlyxng well-mixed, convecting rhyodac1te

ilmagma wh1ch was71n turn underlaxn by zoned,. crystal—r1ch ‘andesite.
‘Ptesumably. basalt underlay the ent1re reservo1t, because basaltic eruptioms . -
Jliftom monogenet1c cones and small sh1elds took place beyond and on the lower :

;fflanks of Hount Hazama thoughout 1ts htstory Such»a long-llved.crustal

l“lmagmatxc system must have had hydrothetmal phenomena associated thh it. . The

uppermost deposxts on theicaldeta rim were formed by phreatic exploszons .that

_ took place when thxs hydorthermal system was dtsrupted by caldera collapse..
“Postcaldera volcan1sm, con51st1ng of andesxt1c act1v1ty outboard of.

,lthyodac;txczeruptxons, suggests,that the~rema1ns of the old magmatic . 7




system--or a new one--are still viable. Highbﬁeat flow in the.flpor of Crater
:Lake, elevated chloride concentration in the lake water, and the well mixed
néturevof the lake suggest that hydrothermal convection contiﬁues bengath the
lake floét (Hilliamsvand-VOnmﬂérzen;.1983). Cénceivably; lateral flow of
thetﬁal Qaters might ptoduce'geothermal reservoirs beydnd«fhe boundaries of
Crater Lake National Park Qhere they might be utilized for extraction of
. geothermal energy..

 ﬁe§ondvthe potential for geothermal tesoutces; Crater Lake_caldera
provides a natural laboratory in ﬁhich to study not only the evolution of al
crustal magma bddy, but also hydrothermal alteration within an andesiiic
stratovolcano; Aiteration>of the oldér rocks of the caldera walls is
ubiquitous, and the lithic bpéccias of the clim;ctié erubtion contain
. partly-fused plutonic rocks ana highly altered fragments from deep within
Hount Mazama. -These may offer clues to the precaldepa hydrothermal history of

this long-lived volcaniCjéystem.
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- The Magmaﬁic_System of Newberry Volcano, Oregon

N. S. Macleod, Cascades Volcano Observatory, Vancouver, WA

D. R. Sherrod, U.S. Geological Survey, Menlo Park, CA

Newberfy Volcano, 60 km east of the crest éf 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 flaﬁks are formed mostly
of basaltic-andesite and bésalt flows, which issued from hundreds of
cinder comnes apd fissure vents. Widespread ash-flow tuffs exposéd:on
some flanks ptobably undeflie 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 rhyédacite and rhyolite domes
and flows, and by a few mafic flows and vent deposits. Drill cores show.
that fragmental debris £ills the caldera to abéut 500 m below the_
surface; it overlies rhyodacite to basalt flows that extend to at least
932 m.. The caldera résulted from several ﬁeriods of collapse during

‘yqluminous eruptions that formed the ash—flow tuffs on ﬁhe flanks.

The ﬁost recent eruption cycle was 10,000 td‘1350 14C.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, gnd tephra
_deposits.bétween 6845 140'yr“(approximate‘ége of Maéama ash, a regional

stratigraphic marker) and 6100 .14¢C yr;ago. Numerous basaltic-andesite.



flows isoued from vents on the northwest and southeast'flank about 6100
14C 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'
werenerupted from\fissures on the caldera walls. Mixed basolt-rhyodncite
lavas thai”erupted from néar‘the top of the east wall ouggest that |
basaltic magna may have intercepted silicic magma beneath the caldera.
Analysed thyolitic rocksAyounger than about_l0,000 yr‘are chemioally
similar. Thoy are readily distinguished from abundant older silicic
rocks at Newberry by their'relatively‘evolved ma jor— and tface-element
composition, especially their higher Rb/Sr ratio ( 2, compared to '~ 1 in
older thyolitic'rocks). Also, even though the range in composition is
quite small, successively younger rocks show a progressively more evolved
composition. The young.rhyoliteszaro~all-very low in phenocryst content
an@ successively younger rocks havovféwer phenocrysto; the youngest
oboidian'flow contains. less than 0.0l percent phenocrysts.' This éuggests
that the rhyolites were erupted>ftom a méémo chamber whose upper part was.
near the liquidus and ‘that the tapped part of the magma did not
,crystalli;e during a nuch-longer‘period,thanjthat since the most recent
eruption. - We ‘attribute the'decreasé'in phenocryst oontent.to increasing -
water oonfent in the magna or to.influxes»of neat owing to underplating
of a silicic magma chamber by hot-basaltic magma 10,000-8000 and 6100 yr -
ago. The basaltic flowsferuptedﬁdufing the last 10,000 yr are presumed

to be from a source much deeper than the inferred silicic magma body.



.The silicic body beneath Newberry (whether still magma or a
solidified pluton) appears tovbe a single body, because the chemical
compositions and pétrography of the youné rhyolites are éo-similar. The- -
restriction of the vents for the young!thyolites to the easterﬁ part of
the caldera and the absencé of mafic vents there (a "shadoﬁ effect™)
suggest that the/magma body was centered under the eastern half of the
caldera. A 932-m-dé¢p hole drilled by the USCS in the céldera
encpuntered.temperatutes as high as 265°C and high heat flow, such as:
would exist above a magm; body or a hot but sa11dif1ed intrusion.
‘Hydrothermal convection bene#th the drill hole, however, could ex;end an
‘ upknown distance downward‘to a deep hot body. If magma is still present,
‘the body apparently is small, deep, or comblex in shape inasmuch-as it

has not been definitely detected by geophysical methods.



THREE SISTERS TDhMOUNT JEFFERSON: MAGMATIC SYSTEMS AS HEAT SOURCES

U.5.6.8. Workshop on Geothermal Resburcesvdf.the Cascade Range

E.M. Taylor, Oregon State University, May 22, 1985

A summary of»central'High Cascade volcanism, magmatism, and '
tectonism between Three Sisters and Mount Jefferson, as related
to sourcés of geofhermal heat, should _include their pre-Fleist-
ocene antecedents because modern heat flow is probably influenced
by structural features produqed' prior to development of thé\
modern High Cascades and by the long-continued evolution of a few
isolated éilicic magma sysfems in a mafic volcanic province. The
most completgnrecordS'of early Hiéh ‘Cascade volcanism are found
in fhe Deschutes Formation on the east. flank of the range and in
correlative deposits?ekposed ithhe Western Cascades. An episode
of crustal tension and production of assoéiated mafic lavas was
initiated over a brbad part of tﬁe eastern Cascades, .8-10 m.a.

A combinéd :tﬁoleiitic and calc-alkaline volcanic arc was const-—
ructed in the positiﬁn'of.the modern High-Cascade aris. Shields .
and composité»cones of baéait and basaltic_andesitéupredominated.
However , many of .the vdlcqnoes produced. silicic ' lavasjg in the
.distal depoéitsxthere is a record of hundreds of dis&rete
erqptions Df'air—+$11'pumice and pyroclastic flows ranging in
composition from mafic andesites. to rhyolite. -Tensionai'stresses
in the crus£;apparent1y’increaséd té a .maximal conditibn.by 4-5
m.y., at«3which“time ﬁhé early High Cascade‘volcahic arc Sﬁbsided
along discontinuous nbrth—soutﬁ normal faults, leading by.inferf

mittent stages to a broad, graben-like depression of the volcanic



axis. ExplosiVe vo;caﬁismvwés enhaﬁced at this time and was-
characferized 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.

Atter 3 m.a. the intensity of volcanism decreased and the
magmas brought to the surféce were almost entirely basalt and
basaltic andesite. Consequenfly, the modern central High Cascade
Range is a broad;platfqrm of mafiC.VQICanoes ranging from large
composite cones and shields such as North Sister, Mount Washing-
ton, and Three Fingered Jéck, to small cones and cone groups with
‘associated laQa flows such as Belknap Crate?, Sand Mountain, and:
SouthACindEF’ﬁeaH( Late High Cascade silicic volcanis; has been’
restFicted to the vicinity of Thfee Sisfers_and Mount Jefferson.
The Three Sisters volcanic group has been intermittently active:
fo} seyeral 109 years and has produced basalﬁ, basaltic andesite,
-andesite,; dacite, and rhyodacite in the form of lavas, domes, and
volcaniclastic depésits' repfésenting th?eé clearly distinct
maématic SEFjes.' All of these cohpoéitiohal types have been
erupted during Holoﬁene‘time;' the most recent example is the
190Q—yeaf—old rhdeac{te- of Rock Mesa at the southwest base of
South. Sister. The develﬁpmenf of Mount Jeffersoﬁ is less Qell.
known; i£’is a cémposite cone D# basaltic andeéite surmoﬁhted by
yQQnger andési#e: iavas‘-and dacite doﬁes. The most recent
'eruptién;<produﬁed daciti; aif—fall pumice and pyroclastic—floﬁ.

deposits that-appear to have issued‘ffdm Vents on the northeast .



flank, while late Fleistocené~glaciers.were retreating..

The central High Cascade praovince hés béen a locus: of
intrusion byvmafic dikes, sills, and plugs;during the last 9
million years; this has pfobably_contfibuted to a regional back-
ground  of geothermal heat. Ferturbations in this backgrand are
to be anticipated where hydrothermal ;irculation is influenced by
buried graben fauitsiand thick accumulations of volcaniclastic
material. 04<particu1ar.significance,in‘this context is the
prolonged localization 64-silicic volcanism in the vicinity of
Three Si%ters énd‘Eeren Top. Ash—flow’tuffs were produced from
source-vblcanoes near the sites of modern Three Sisters 4-5 m.a.
Later, an extensive highland of silicic'domes was constructed and
several late High Cascadé:ésh*fIDW'sheets, spread. as . far east as
Bend. The modern Threé.Sisters’group.is thevlatest’manifestation
ot a long—livedtsoufce that has been contfibuting silicic magmas
to the shallow crﬁst. It would be surprising indeed if young,

hot, plutonic bodies were not present beneath this area.-



MOUNT ADAMS: Eruptive history of an andesite-dacite stratovolcano at the

focds'of'a fundamentally basaltic volcanic field.

Wes HILDRETH and Judy FIERSTEIN

U.S. Geological Survey, Menlo Park, CA 94025

Hount.AdamS'(3742 m)‘is a late Quaternaty stratovolcano 50 km due E of
Mount St. Helens, 75 km §SE of Mount Rainier, and 90 km NNE.of ¥Mount Hood. At
- 350 km®?®, its volume is exceeded in'the'aigh Cascades only by Hopnt‘shasta,
but thé Simcoe, Newperry, and Medicine Lake back-arc systems are all larger. .
' Mount Adams stands upon the Cascade crest‘and'is drained fadially by man&
‘streams fed by glaciers radiating from its summit icecap. Only 2.5% of its
650-km? area is glacier-mantled today, but as mdéh as 90% was ice-covered in
latest Pleistocene time. |

There have been no recorded eruptions of Mount Adams and probably just one
in ﬁhe past.3500 years; but atvleast 7 Holocene eruﬁtions and the persistence
of sulfurous sﬁmmit fumaroles indicate £hat_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%~
Si‘Oz. . |

Nearly all of the high cone above 2300 m in elevation was constructed
'eringllateét'Pleistocene-time; probabiy between 20 and 10 Ka,. eiplaining the
’abundﬁnce'of late-glacial till and the scarcity of older tili; Products 9f4

this eruptive episode range from 54 to 62%.Si02 on the main cone. |
Contemporaﬁeous aﬁd~y6unger gefigheral vents yielded lavés and scoriae.in the
range 48—571_8102, and, along with Mount Adams, they define a recently |
active N-S eruptive alignment-éolkm-long aﬁd only 5 km wide. Basalts within.

this zone are extremely varied compositionally, containing,.e.g., 0.16 to 1.6%



: K20 at 48-48.5% S102.
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'roék compositions from-52.to 69% Si0O Peripheral

5
_to the stratovolcano complex, coalescing shields of basalt (49-53% Si02)

- underlie and interleave wifh lavas froﬁ the andesite-dacite focus 6f'the
overali magmatic system.

Persistent eruption of peripheral mafic shiélds and ‘cinder cones
throughout the lifetime of the stratovolcano suggests their fundamental role
in transport of heat ana magma into ﬁhe crust. The term "parasitic” should be
abandoned for such vents, as‘it promotes the view that mafic flank eruptions.
afe leaks from a central chamber and implies dépendencé 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;ﬁand'recurrent internal mixing
within the f&ci of the largef domains injected ‘by ‘the various mantle-derived -
bésalts that also yield vatiablé:arrays of'peripheralvefuptionsﬂ

Dacitic lavas and a few block-and-ash fiows (63-69%”8102)'erupted
several times from the focal -area, but probably none. are younger than 100 Ka.
A single rhyolite (72% Siozf,xas yet undated, is-also.old. The antiquity of
all known silicic units, in conjunction?with.the.andésitic compositions‘of the
lat; Pleistocene summit cone and the Holocene lavas that erupted high around
that,coge; make it apéear unlikely:that ﬁount Adems is now underlain by a
magma reservoir large enough to support eithérnanmajot hydrothetmél convection
system or.fractionﬁtion of voluminous silicic:differentiateé.

The high précipitation on the stratocone, estiﬁated.t0~be ~3500 mm/a,
makeg‘uount Adams an important,éi£e of ground water recharge. The high
perméhbility of its rubbly lava flowslguggests that much .of this ground water

2



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 dissipatingfwhatévef heat 1is
.supplied from depﬁh to the fumarolically altgred core. The weak and diffuse
fumavoiic-emissions on the‘summit are the only manifestaﬁions of possiﬁle
hydrothermal activity gnjwherevon‘the stratocone. The wa;ﬁést spring £hat we
have found on the stratovolcano measured 3°C, on a summer day. Nonetheleés,
in surtoundiﬁg afeas, springs as warm as 24°C and gradients of 50°C/km in
heat-flow holes offer éome hopé that ground water sufficiently'warm fér local
space heating or agricultural uses might be found by explbring the lowland

periphery of the volcano.



Cascades Workshop, Menlo Park, May 22-23, 1985

Characteristics of Cascades magmatic systems determined

from seismic studies

H. M. Iyer

Introduction k

Seismic techniqges (refraction, reflection, seismicity mapping, and
velocity'and attenuation measurements Qsing seismic waves.from local
earthquakes, regional earthquakeé, and teleseisms, -have been used to delineate
magma chambers in several silicic volcanic ‘centers iﬁ western ‘U.S.A.- (Iyer,
1984). However so far, such tgchniques have onlyAbeen‘marginglly successful .
in detecting magma chambers in the~Cascade volcanoes., Seismic refraction and
gseismicity déta have provided valuable information on:the folcano—tettonicf»
setting of the Cﬁscades (California: Berge and Stauber, 1985; Zucca et al.,
‘1985; Oregon: leaver et al., 1982; Washington: . Rohay, 1979; Taber and Smith,

1 1985). The most exciting‘resultAfrom teleseisﬁic~residuals'1srthe‘de£eCtion‘
of the subdﬁcting Juan de Fucarplate beneath Washington and Oregon (Michaelson
and Weaver, 1985; Hichéelson, personal communication). feleseismiceresidual :

.data at the andesitic’stratovolcanoes of the Cascadésrdo‘notfreVeal detectable
magma chambérs. Exampléa are Mt. Hood, Mt. Shasta, and Mt. Lassen. .On thg.
other hénd the Newberry and Medicine Lake volcanoes show evidence for massive -

high-velocity intrusions into the crust.



»

In this talk, I discuss P-wave residual.modelling'of the'subducting Juan

- de Fuca plate beneath the Cascadés, 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 intrusionms.

Subduction Zone

Unlike in other'gajor subduction zones of the world, due to the lack of a
Benioff zone of deep earthquakes, it has been difficult to delineate the
subducting lithosphefe-beneath the continental margin in western north
America. At least in Washington and northern Califormnia, intermediate depth
earthuakes seem to define a zone that looks. like the sﬁallow segment of the
suSductingnplate.' In Oregon, on the other hand, subduction seems to be taking
piace completely: aseismically.

Michaelson and.ﬁeaver (1985) used teleseismic P-wave arrivals from '
earthquakes recorded by a dense network of séismic stations in Washington and
ndrtherﬂ'Oregon, and using inverse and forward modelling techniques,
delineated.an-éastward.dipping high-velocity anomaly'in'the upper hantle,
inferred to be the subducting plate. It is.aboﬁt 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 Degrees. Michaelson and Weaver

.also found evidence for segmentation of the plate into three different

configurations between northern Washington and northern .Oregon.

Evidence for the slab beneath Oregon comes from the inversion of

. P-residual data from a USGS seismic,network.operated.fof two years in the

Oregon Cascades and. from.a linear, northwesterly, profile of ‘stations in



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.f:"
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 theli‘:'

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);;andﬁ~ e
Mt. Shasta and Mt. Lassen in California, using teleseismic-residuals collectedi=

by dense seismic networks. In all these cases the results show:only‘regionaf.'s--

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

" intrusions in the crust in the Newberry volcamo, Oregon, and in the Medicine

‘Seismic and other geophysical data show the presence of high-velocity " -:. “[J;A’”zﬂ;i

Lake volcano, California. Three—dimensional modeling of teleseismic P-wave ... . "

residuals collected using a dense selsmic array over Newberry volcano T"

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« o

et al., 1985) The‘P—wave velocity in the column is about 6—142¢higher"than



in the ;urrouﬁding~crustal rocks. Stauber et al., (1985) interpret ‘this
intrusive.body to be an expressidnvof a swarm of predomiﬁantly sub—solidus 
gabbroic dikes and‘sills wﬁichvwére intruded as the volcano waé built., A
similar high-velocity‘body‘has been tentatively identified beneath the

Medicine lake volcano by Evans (1982).

High-resolution experiment

" Neither the teleseismic results nor results from other geophysical
experiments, however, can explain the high temperatures encountered in’two
shallow drill—holesvdrilledvin the Newberff caldera. 'To investigate if magma
intrusions undetectable due.to,the.limited reéoiution of the teleseimic method
are responsible for these high temperatures, we carried out a high-resolution
versién‘of the teleseismic-residual experiment by recérding 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 fing of higﬁ'velocity material coinci&ing with'the inner :
fing fault system of the caldera in the uppet 2 km and a zone of lower -
vélocity'extending deeper than. 2 km in the center of the .caldera (Stauber et

al., 1985). IS THE LOW-VELOCITY ZONE THE MAGMA CHAMBER WE HAVE BEEN .SEARCHING

FOR IN THE CASCADES?f-
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GRAVITY AND MAGNETIC. STUDIES IN THE CASCADE RANGE
Carol Finﬁ

U.S. Geological Survey

P.0. Box 25046, Denver, Colorado 80225

ABSTRACT>

A compatible set of gravity data for the entire Cascade Range has been
compiled. From this data set I prepared a series .of interpretive color
gravity maps 1né1udiﬁg a ffee air anomaly map, Bouguer anomaly map at a
principle (2.67 g/cm3) and an alternate (2.43 g/cm3) reduction density,vand
filtered and derivative verslons of the Bouguer anomaly map. . The get;is.»~
accompanied by a color terrain map at the'same scale.

The regional anomaly pattern and gradients outline the various geological .
provinces adjacent to the Cascade Range and deliniate majér structural
elements in thé range. .The more local anomalies and‘gradiehts may delineate

low density basin and caldera fill, faults, and shallow plutons. _ .

Introduction

‘The U.S. Geological Survey (USGS) has supported gra&ity studies as part .-
of its.Cascades Geothermal Program. Gravity data are.particuiarly useful -in
areas where there are large lateral density contrasts such,as‘in volcanic . .~
regions. Thege density contrasts cause variatioﬁs in the earth’s gravity
field ﬁhiﬁh can 6ften be relétedvto subsurface geologic fea;ures such as

faults, intrusions, ore bodies, etc.



;Thefﬁnfposeﬂofﬂthiszbaper 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 ’

n tectonic history involving changes in plate tectonic setting from a passive

Atlantic*type matgin to an active subduction zone (Dickinson, 1976 Hamilton,

:A1978' and Hammond 1979), changes in the location of the subduction zone and

~fAits asscociated magmatic arc, accretion of various terranes and micro-plate

The Cascade Range is a volcanic arc extending from Lassen Peak,

i iCalifornia to}Mt.‘Garibaldi British Columbia and is related to subduction of

‘T?nthe Juan de Fuca and Gorda plates. The Cascades consist of a wide range of

"2}'rock types and ages[t nging in composition from basalt through rhyolite and in

A \lgiage from Miocene to recent'(they do, however, overlie Mesozoic and Paleozoice

' fhrocks in Washington and Canada)i’ The diversity of rock types results in

'ftnumerous density contrasts tha'”produce;a'wide variety of gravity anomaly

‘}.patterns._ L

‘tLocal Gravity Anomalies
Locai gravity anomalies in the Cascades are generally caused by sediment

filled basins (gravity lows), ansincorrect Bouguer reduction density (can

‘:cause either gravity highs or. lows, but lows are more common when a Bouguer

T‘reduction densitylof 2 67 g/cm 1. used), intrusions {gravity highs) and

e caldera fill (gravity lows) Since the Cascades south of Mt. Rainier are

:t»mantled by a layer of low density volcanics, gravity anomalies in this region

.': L

yfusually deliniate rocks which differ from the: density of . these volcanic

uﬁ:rocks. Although the proper Bouguer reduction:density for much of the High
3

. ‘most of the young, recently active .

3

"ﬁ-Cascades is between 2 67 and 2 43 g/cm
‘5avolcanoes in the range have a bulk density of 2.2 g/cm . .When this: density is




used to reduce the gravity data for most individual volcanoces, gravity highs,
not lows, are commonly observed (Finn and Williams, 1982;lWilliams and Finn,
in presg)‘ These positive anomalies are due to éhallow,'dense‘intruéioné 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<Goét Rocks Wilderness, Washington
, and the Still Creek .and Laurel Hill plutoné just southwest of Mt. Hood

(Williams and Finn, 1983).

Aeromagnetic Data

All of the stratocone volcanoes in the Cascades have had aeromagnetic
surveys flown over them Studies of the data from Mt. Shasta (Blakely.and
Christiansen, 1978), ﬁt. Hood (Flanigan and Williaﬁs, 1982), Medicine Lake
kFinﬁ, 1982), ﬁewberry (G:iséom and Roberts, 1984) Goat Rocks Volcaﬁo
‘(Williamg and Finn, - in presg5, and Mt. St. Helens have been made. TIn most
cases, iie. at Medicine Lake, Newberry, and Mt. Shasta, the magnetic anomaly
has been'intefpreted to be soley due to theAterrain. At Mt. Hood, an old
reversely-magnetized volcano upon which the present mountain was bullt was
delineated with the magnetic data. Prelimi;ary resuits from a combined
éravity and magnetic.study‘of Mt. St. Helens indicate that a magnetic and
gravity high, unrelated to‘thg ;errain is associated wi;h Mt. St. Helens.
"They méy.be‘relatéd to.a pluton uﬁder the volcano. More ihteresting results,_.
in terms of delineation of geothermal resources, come from a étudy of gravity
1and magnetic-data from Goat Rocks Volcano (Williams and Finn,. in preég .. Two
and'one—half-dimensionalimoaeling of the positive gravity and magnetic |
anomaliesvdelineated.a shallow_éluton; In most places the gravity and

magnetic anomalies defined the pluton. However, some differences exist.



"There are places where a magnetic loy occurs where there-1is the gravity high
associated with the pluton. These lows correspond to mapped areas of
alteration, indicating that the zéneS'of alteraﬁion is not just surficial, but
must be meters thick. ' Other areas of mapped alteration do not have magnetic
1ows associated them, showing that the alteration is surficial. I hope to

apply a similar approach to other volcanoes.

Geothermal Resources

The delineation of structural features like faqltsland local features
such as intrusions is useful for geothermal exploration. Faults can be zones
of increased permeability. Intrusions under active volcanoes are often
asymmetfic to the volcanic éone and could be reached at a shallower depth if

drill holes are sited with the benefit of the gravity data.
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GEOCHEMICAL FEATURES OF CASCADES HYDROTHERMAL 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 C02-chérged, and dilute Na-HCO The most interesting,

4’ 3’
. ffom a geothermal point of view, are the Na~-Cl waters which occur in the
Oregon C#scades and at Lassen Volcanic National Park. The large chloride
content of these waters, up fo 3,350 mg/L, must b; derived from rock
deposited in a marine environment, and in most of the Cascades this re-
quires circulation to considerable depth. Most thermal springs in the
'ceﬁtral Oregon Cascédes discharge Na-Cl waters which have a Ca-Cl compo-
nent. In "Ca-Cl component"” waters,:Such'as Belknap Springs, some dissolved
calcium musﬁ be used to electrically balance the chloride in ﬁhe chemical

analysis because insufficient sodium is present.

Belknap Springs

t'C  pH S0, Ca Mg Na K HCOy 50, CL
" mg/L 86 7.64 91 210 .34 660 15 20 150 1,200 .
meq/L - 10.5 28.7 33.8

Although Ca~Cl thermal waters do not occur.inrthe Cascades, séveral
Ca-Cl miher31 springs occur in western Oregon‘and Washington. Pigeon

, Sp?ingé, é‘cold.mineral‘spring in weStérn Washingtop, is an exampie of a
Ca-Cl water: |

Pigeon Springs

t°C pH Si0, Ca - Mg Na. K  HCO so, Ccl

B 2 S 3 X
mg/L ‘11  8.23 9.2 7,450 5.4 6,400 7.2 250 250 22,500

meq/L . o372 278 635



Ca-Cl waters develop from Na;Cl déteré'by extensive albitization of
plagioclase (Hardie, 1983); In the albitiiéti&n of plagioclase, sodium
and silica are consumed, and.calcipﬁ_is»reiegged:’ |

anorthite component o B albite-.__ ,
CaAl,S1,0 + 2 Na' + 4 H,S10, =v2jNéAlSi308"+ ca™ + 8 n0.
>A secondary reaction, brought ébéut by the increage.in,éalcium concentra-
tion is precipitation of anhydritéf. |
ca’ +;soZ:=lcaSo&i  :
Provided that little or no water-rock reaction hasvtaken place aftér the
thermal water léft the aqﬁifen‘at depﬁh; aﬁdtéhag'mixingvof thermal and
cold groundwater Qre'not:imﬁortant” we éaA‘;sgiméte gkglaqﬁifér-tempera-l
ture at depth by increasing thé wafer_tempera&ure~uﬁﬁif'the activity
product constant for the-reactipnfdf intereséigqualswtﬁe:equilibrium -
constant. At Belknap Springs, equilibriumuwitﬁ rgspgctftthhe albite- .
anorthite pair would be attained.ét 152°C. A siﬁilar‘c;thlation with
respect to anhydrite, also ﬁroduces aﬁ~equilibrium teﬁperature of 152°C:
" Testing the "Ca-Cl" component waters of‘theHOIegon.Cascadeslfor .
equilibrium with,thé mineral pair'albite-anorthite‘aﬁdfénhydrite, produces

temperatures similar to those estimated from the SO 0 isotopic: geo-

| he 50,7H,
thermometer (table 1l)... Quartz geothermoﬁéﬁny-does not -work. in ﬁhis
en?ironment, probably becausé quarfz-is’not presenf.in the deep aquifer.. -
Diésolved silica'conceptrafions aré limited.sy:the.albitizafion reaction
not the dissolution of qﬁartzi With. the exéeptiSn‘of Bréitenbush;
tNa-K-Ca.iqdica;és temperatq%es within:25°c of tﬁe ﬁeésﬁréd spring temp-

eratures.



¢

Albitiza;ion of plagioclasé‘shoﬁld be a common précess in volcanic
terranes such as the Cascades. However, before.trying these equations in
other areas, the effects of dilution with a low TDS water should be dis--
cussed. As an example, Belknap Hot Spring watef‘was "diluted" with 107%,
25% and 50% &istilled water; The apparent temperatues of equilibriuﬁ of
these waters with the minerallpair albite—anofthitevand anhydrite were
calculated.

Perceﬁt dilution of Belknap water: 0% - 107 257 50%

152 158 166 185

tanhydrite
‘ 152 148 140 125

t;lbite—anorthite
Dilution incréases the apparent anhydrite saturation temperature but
decreaées the appareﬁt albite-anorthite equilibrium temperéture.

At Lassen, Growler and-Morgan»hot springs have anhydrite saturation
and albite-anorthite equilib:ium4t§mperatures which range from 197 to
226°C. - sog-nzo isotépic 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 (Mﬁffier and others, 1982).

Na-50, waters of.the'yodoc Plateau and Klamath Falls afe also iow_iﬁ

4

magnesium. In the Modoc Plateau, and tAb-Ah give temperatures of

tAnhy

150 to 200°C, generally slightly cooler than the 190 to 205°C .indicated

by At Klamath Falls, and t indicate 165 to 175°C,

[ ,
4 By » Anhy Ab-An
t,. indicates 185 to 200°C. This may indicate that chemical
: 504_H20 ) ‘
equilibrium last occured in an ‘aquifer at about 170°C but that SOA—HZO

tso “n.0°

while

isotopic compositions preserve.evidence of a hotter aquifer at about -190°C.



- Na—SOA waters (up to 88°C) occur at Mt. St. Helens (M. J. Thompson, unpub.

data) and have t ,and t values which range from 183

quartz’ “Na-K-Ca Ab-An Qtz

to 169 -The anhydrite saturation temperatues are lower, about 130°C

Ab-An’

probably due to dissolution of a sulfate mineral after the water left the
thermal aquifer but before it discharged at the spring site. Magnesium
concentratibns are about 15 mg/L indicating that low temperature water-rock

reaction has taken place. Na--SO4 waters were also encountered in the Pucci

well on Mount Hood (Robison, unpub. data), where tAnhy and tAb-An indicate

140 to 150°C.

The COz—charged waters of the Cascades 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 hight SOA-HZO isotopic equilibrium temperatures. The springs at

Meager Mountaiﬁ (t of 220 to 290°C) are also higher in dissolved
SOA—HZO :
silica than the other’COz-charged thermal waters of the Cascades. Virtually

all C02—charged waters of the Cascades have tAnhy and tAb—An values in the

170 to 275°C range. However, the SO 0 isotopic equilibrium temperature

48
raﬁge is much wider, 10-290°C. It appears that the albitization reaction

and anhydrite saturation temperatures are meaningless in CO,-charged water.

2

The cation geothermometer (Na-K-Ca * magnesium correction) gives tempera-

tures near the spring temperatures for most CO,-charged waters. Although

2

high temperatures are required for CO, generation, there is no proof that

2

it is being generated in the thermal aquifer. It could just as well be
generated at greater depth and. dissolved in the water as the gas rises

towards the land surface. Thé depth at which the CO, is being generated

2

"could be cdnsidérably beyond economic drilling depth.



Discharge rates for individual spring'systems in the Oregon Cascades
were determined from thé'chloride'content and discharge rates of the
streams at U.S.G.S. gaging sites. Total discharées (L/S) for individual
spring groups, in the Oregon Cascades, correlate with the maximum spring
temperature at the respective sites (figure l). 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
sﬁriné occurs at Oakridge on the North Fork of the Middle Fork of the
Willametté 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 large discharge cold springs contribute most of
the chloride. Discharge rate measurements for the day and site we sampled
" are not yet available,.but using discharge measurements for previous years,
the headwater springs.of.the Metoligs River seem to carry about 25 L/S of
1,200 mg/L chloride equivalent waters (Breitenbush equiﬁalent), while the
headwater springs of the Spring River carry about- 10 L/S of 1,200 mg/L
ctloride -equivalent water.

Deuterium compositions of thermal waters of the Oregon<CascadesAmatch
the composition of cold springs along the crest of the Cascade Range. If
the Cascade crest is the source of recharge of the thermal wa;er, this
requires that the,circulétion‘time is very short or tbac, fortuitously,
the isotopic’distribution of precipitation is the.samé noﬁ as when recharge
occurred:. Development of '"Ca-Cl component" Qaters is thought to be a very
slow process, . so éirculation times of these "Ca-Cl component” thermal

.waters could be longer than for most thermal waters. Dissolved helium



concentraﬁions provide eviaence fér ciréulation timés_of at least 25,000
years,‘and perhaps much longef.

Gases discharged from the ﬁCa—Clﬂcomponent" waters are-princiﬁally
nitrogen (>927%). They”are‘fecﬁliar..for geothe?mal wafer at least, in

that their Nz/Ar ratios correlate with estimated aquifer-temperatures

(teg -
80,-H,0° 2

cluding Belknap, Bigelson, Bréitenbush, Foley, and perhaps Austin hot

J. He versus. N plotS'show-:wo'distinct trend lines, one‘in—_

springs, while the other includes McCredie and Wall Creek hot springs.
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Table l.--Estimated Aquifer Temperatures (°C) - Central Oregon Cascades

Name ‘ t°C tso[’-ﬂzo - Fanny tAb-An tquartz ‘, tNa-K-Ca
N Austin Hot Springs 86 181 186 155 126 84
) rot _
Breitenbush Héc Springs 84 176 174 190 166 148
g'igelow ﬁoc Springs 59187 155 147 120 83
Bélkﬁép Hot Springs 86 148 A 152 155 132 : 82
Foley Hot Springs 79 - 100 130 113 45
Rider Creek Hot Springs 46 136 o135 123 99 49
Wall Creek Hot Springs 40 ‘ -- 160 137 k15 69
McCredie Hot Springs 74 118 130 146 120 78
v
g Kitson Hot Spr{ngs 44 ‘ - 134 133 96 82
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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 conveéction systems can
be delineated Qithin 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 Quaterhary volcanic centers within this
part of the Cascade Range can be identified with ohe of these
types on the bases of test drilling, geophysical surveys
(incluéing 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 yiéld subsurface
temperature estimates in. excess of 288°C at both areas (C.J.
Janik. and R.H. Mariner,.persona15communication} 1985). ‘Similar’
thermal manifestations have not been ‘detected at other andesite
composite cones within the‘High'Cascades 6f.0regon, possibly
because of an’absgnceAbf hot rocks.at shallow depths. Summit-
crater systems may include zones where lateral flows of thermal:
water c001 c6hductive1y,and mix with nonthermal groundwater
before discharging in warm springs on the volcano flanks, as for
example at Swim Springs-sduth.of:nt; Hood.
| Caldera systems occur at-Newberry Volcano, Medicine Lake
Volcano, and.Crater Lake., At these loéations, fing fractures

associated with caldera subsidence may provide conduits for deep

1



fluia circulation. 'In addition, long?lived silicic volcanism ahd
- Holocene eruptions indicate the présence of relatively shallow
magmatic héat sources at éach area. Test drilling at Newberry
has provided temperature measurements and fluid sampléS'that-
suggest that permeable strata containing water at temperatures
néar 265°cC exisﬁ 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. 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 driiling and geophysical surveys are currently planned or in
-pfogress, 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).

A lateral outflow system occurs at Lassen Park and in the
KGRA 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‘elévations.
Two such outflow zones pave.been delineated from test drilling
and spring chemistry; one is fauit-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 24v°C



Q:and above whlch a para51t1c vapor—domlnated zone exists at
'pressures near 34 bars (Sorey and Ingebrltsen, 1984),  Similar
ffi systemsvcould occur within the Cascade Rangeulanregon;inecessary-

' ”TQ‘conditions include: magmatic. heat sources at mid to. upper crustal.

5depths, conduits for downward fluid circulation-to depths of
‘;several kilometers, and permeable strata that allow lateral flow
"*f?lfof“heated~water over distances of 15-25 km. Austin, Breitenbush,

’imBeIknap—FoIey>Hot Springs, and other lower temperature springs

f}arohg the High'Cascades - Western Cascades boundary may represent
:the dlscharge points for lateral outflow from High Cascade
cvolcanoes to the east

- Constralnts on the type of hydrothermal system(s) associated
w1tt}these thermal—sprlng areas in Oregon are provided at present

Tby chemlcal data from spring waters and thermal- measurements in

fdrlll“holes. Isotoplc data from Mariner (this volume) suggest
'“a':_:-that the systems are recharged on or near.the flanks of the ngh
JVCascade volcanoes rather than at lower altitudes along the High

”V'?{ﬂCascade ~'Western“Cascade boundarya Chloride flux‘ easurements -

x ij1n streams yleld estimates of the total flow of thermal water at
“'%ﬂfAustln Hot SprlngS (118 L/s), Breitenbush Hot: Sprlngs (12 L/s),
';tand Belknap~FoleY Hot Sprlngs (33. L/s). Corresponding estimates
Li?of reserv01r temperatures based on sulfate isotope calculations
ék#fffare near lBGOC for Austin and Breitenbush and 15E°C for Belknap-
ﬁFoley.: Values of conductive heat f£low and temperature gradient
!wifbeneath the western part of the. -High Cascades in areas unaffected

-2

““f{fby vertlcal groundwater flow are con51stently near: lﬂﬁ mWm- “ and

sj;65°C/km (Black, 1983) Thus, reserv01r temperatures indicated

v»f;for these sprlng systems could occur at depths of about 3 km,



possibly in matine.sediments below the Cascade volcanics. A
large_comp&nent of'marine.origiﬁ ih the hot spring waters is also
- indicated by chloride contents betweén 400 and 3460 mg/L. |

Listed below are estimated’convective.heét»flows, assumed
reser?oir areas?’and‘cdnductive heat inputs required to sustain
long-lasting régional hydrothermal systéms that may'be associated.
with each hot-spring area. 'The assuméd 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 Convective’ Reservoir Conductive
heat flow area heat input
MW km2 ml;«.lm'2
Austin 83 378 220
Breitenbush 9 o l7ﬂv 53
Belknap-Foley 21 ' 345 61

If, as implied by the models of Blackwell and others (1982),
conductive heating of.deeélyvcirculating water occurs over about
half the‘distance between the hot ‘springs and the High Cascade
axis, calculatéd rates of conductive heat input would increase to -
VlgveIS‘comparable to the estimated regional heat flow for two of
the three spring systems. ‘Only for the Austin Hot Springs system
are réquired heat inputs too large to be supplied by regional

- heat flow, suggesting that for thié:syStem a more potént
_(magmatic) heat source or'deeper‘levels of fluid éirculation may
be involved. Heat sources for'fluid éirculation ét depth beneath
the axis of the High,Cascades-could be restricted to youthful

volcanoes with intermediate to silicic composition that may be

4



underlain by plutonic bodies, iike Mt. Hood, Mt. Jefferson, and
the South'Sistér.. |

Temperéture data that héé recently become available from the. -
2.4 km—deep exploration well drilled in 1981 near Breitenbush.ﬁot‘
ASprings provide some‘needed detail on the nature of the regional
hydrothermal systems in the Oregon Cascades.  Bottom-hole
-temperaturé measurements in this well are consistent with the
'regional'gradient of.65°C/km and-héat flow of 100 me’z. A heat
flow of 380 mWm™2 is indicated"abox;e' a depth of 750 m; this |
appears to result from lateral flow of water at about 1409C
within the Western Cascade volcanic rocks encountered below that
depth. This lateral flow could be fed by leakage frpm'the upfl ow
conduit(s) that supply hot water to Breitenbush Hot Springs. The
Breitenbuéh wellkis located 2 km soutﬁeast of thé-springs,u“-
whereas temperature measurements in holes as‘clése as 1l km- to. -
some other Cascade hot springé sho& no anamolous heat.flow - .
(Black, 1983). | |

The prbbable existence‘of regional-scale hydrothermal
circulation systems within the Oregon Cascades offers promise for
successful development of geothermal resourceé;'-Howevery several
critiéai factors must first be evaluated. Cohfirmationrthat 
pérmeable reservoirs at temperatures néar‘lBﬁoc are present at
depths of several kilometers is'dbviously needed. Although fluid
temperatufés'signfidantly;greater'than 1868°C may‘exist;ihﬁthése
systehs, such conditions may only occur in close proximity to:
heat sources along thevHigh Cascade axis. The permeability .

distributions within these fIOW'systemS'mhst 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 l{sted'above, which are 1 to 2
6rders of magnitude lower than throughflow rates in high
permeability wvolcanic 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. Such a possibility can'only be

evaluated by deep drilling.
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Mount Hood Geophysical Investigalions -

Norman £ Goldstein .

Lawrence Berkelley Laboratory
University of California
Berkeley, CA

A num.ber of geological, geochemical, and geophysical investigations were con-
ducted around Mount Hood, Oregon (Williams et al., 1982) as part of a geochemical
resource assessment jointly sponsored by DOE, U.S. Geological SurQey, U.S. Department
of Agriculture, 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) its proximity to a major ciﬁy and to nearby potential users of geothermal -

energy for space heating,
(2) reasonably good road access, and
(3) evidence for a thermal source beneath the summit.

Gravity,. aeromagnetic, seismic and electromagnetic surveys were carfied out by
several research groups. We at LBL conducted (a) shallow controlled-source elec-
tromagnetic soundings, primarily on the accessible south and west flanks of the cone
(Goldstein et al., 1982) and (b) deeper magnetotelluric and magnetdtellurié-telluric- '
soundings. at station clusters at accessible locations around the céone (Mozley, 1982; -
Mozley et él.. 1985). Our objectives were to determine. whether we could discern any
electrical resistivity anomalies, and to relate these to other geophysical anomalies and
to possible features of geothermal interest. Because we were unable to occupy MT or - -
telluric stations c‘loser than 3 km from the summit, we discounted the possibility of
dvete‘cting an anomaly from the conduit or a relatively shallow, zone beneath the sum--
nfiit. We were extremély interested, however, in learning whether there mighi be a-_

deeper conductor that could be related to a melt zone.



Thermal Gradient Drilling

Geothermal data from 25.boreholes ina 20-km radius around the summit were col-
Alected and analyzed by Stee-l'e et al: (1982). They found that the thermal condi-tions are
a complicated function of position around the volcano, which is in part related to rock‘
age and rock typé. A regional heat flow 'value of 80 mW/m? was.determined. the heat
ﬁow increasing towards the apex. Although holes could not be drilled s-ufﬁciently close
t.o ihe apex to detect a neck-type magma chamber, the measured data and thermal
modeling have placed' certain constraihts on the depth and size of the heat source.

Steele et al. (1982) conclude that thére cannot be 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 asso-
ciated with the mountain. Removing the effects of a uniformly magnetized cone (the.
topographic anomaly), they found evidence in the residual anomaly for smaller, older
volcanic conés 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 could be related to less magnetic Pliocence quartz diorite intrusives.

Subregional Gravity

ACouch and Gemperle (1979) found that Mount Hood is superimposed on a gravity
low that suggests a north-south oriented graben-like structure. The cone itself is a
Bouguer gravity high Which. like other discrete highs in the survey area, is believed to

be the denser core of the volcanic vent.

Detailed Gravity

A detailed gravity survey -révealed a dense body, presumably an intrusive, with a
diameter of 5 km beneath the summit (Williams and Keith, 1982). The body appears to

neck down to a diameter of 1 km with depth.



“

Seismic

Results of a teleseismic P 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 vol-
canoes, in general, (lyer et al., 1982) 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.

On the basis of a refraction survey, Kohler et al. (1982) found high seismic veloci-
ties 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 afﬁer 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 geo-

A physical 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 the radial flow of meteoric water (mainly
snowmelt) in permeable volcanic units. The waters are believed to be heated by hot
rocks in the summit area'(Wollenbérg et al., 1979). The EM results agree with informa-

tion from the hole at the base of the Pucci chairlift on the south flank. |



Conduit Conductor

Only weak evidence could be found for a neck-type conductor'beneath the summit.
Due to station locations, the preée_nce or absence of a narrow conductor did not seem to
affect the 2-D interpretation. However, some of the MT parameters. in the 1 to 5 Hz

bandwidth suggested a shallow conductor beneath the summit.

Resistive Anomalies

Large areaé of resistive rocks, extending from near the surface to 10* km, weré
indicated on the south-southeast flank and.beneath much of the western region of the
volcano. There is a relatively:strong cor;relation between the resistor, high velocities
. from a time-term analysis of refraction seismic data (Kohler et al., 1982), the aeromag-
netics (Flanagan and Williams, 1982), and a few quartz diorite outcrops. The resistive
nature of the rocks on the west flank and the occurrence of older intrusives was also

confirmed by results from the Old Maid Flat well OMF-7A (Blackwe_ll et al., 1982).

Deep Conductors

An elongate conductor (1 ohm-m) strikihg N20°W was discerned 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 a zone of partial. melt. Although this explanation has not
been confirmed seismically,it is a reasonable one based on the corrected conductive
thermal gradient of ~65°C/km measured. in a number of -holes around the volcano
(Steele et al., 1982). 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. How-
‘éver, the dimensions of the conducior could not .be resolved, and this u‘ncerta'mty

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, CO 80225

Several tybes of geOelectr%ta] surveys‘haQe been madetby the U;S;L
Geological Survey in the Cascades volcanic terrain§. A list of the mefhodéf":fif :2if;?7f
used, the areas studied, and the names 6f the ihvestigators follows.: ) o
(a) Magnetoteilurics (MT) regiohaT studies over the entirevCascade.range,fﬁy

| W. D. Stanley. | V ‘ >':i
(b) Audiomagnetotellurics (AMT), near Lassen National Pérk»and.Mt; Hood;fﬁ};;':fif-vhfif?

D. B. Hoover, | e
(é) Telluric profiiing, in Medicine Lake-volcano and neariLaSSen“National

Park, by K. Christdpherson and D. B. ‘Hoover, '4A
(d)° Schlumberger soundings, in Medicine Lake volcano by A. A. R.. ZéhdyAandf -

R. J. Bisdorf, and in Newberry by R. J. Bisdorf, and south: of Lassen- by

R. J. Bisdorf and A. A. R. Zohdy. I |
(e) Time domain electromagnetic soundings, in-Medicine Lake volcano, by W. L. if«‘uvm
Andersongahd F. C. Frischknecht,,and in Newberry.by:D; V-:Eitterman.‘ |
f) Fréquency domain e]ectromagnétic soundings, in Medicine Lake volcano. by g :’

!' W. L. Andersbn aﬁd F. C. Frischknecht. o _ o
39 “Airborne electromagnetits-(DIGHEM), inAMediCiné takelvolcﬂnO‘énd;hearvgff ';
Lassen National Park, by D. %razier and D.. B. -Hoover. B

(n) “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 these

_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

ohm-m and of few tens of meters in thickness. This unit is comprised of loose
pumite 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 inlpart with fresh, cold
water. (c) A lTow resistivity unit of 5 to 30 ohm meters with a thickness_of
500 meters to greater than 1 km. This unit pkobab]y.represents altered
volcanic rocks possibly saturated with circulating hot water. It represents
the shallow geothermal resource target. (d) A-high resistivity geoelectric
basement of > 500 ohm-m which is seyera] 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
(Schlumberger soundings) proved to be a challenging task because of very high
contact resistances, near absence'of long straight.roads, and off the road
dense forest and faTlen‘trees. Special formulas were derived for computing
the prdper geometric factors, digitizing the road maps, and correcting the
field measurements,v The mathematical solution to the winding road problem has
opened the door to invéstigating many other areas with little concern to the
pfesehce of straight roads of sufficfeﬁt 1engfh; |

In the Medicine Lake area, a DIGHEM airbdrne e]eétromagnetic survey was
made to study fhe areal -distribution of e]ectricél.nesistivity at shallow
depths of the order of few meters or tens of meters.' The resu1ts showed three

Tow resistivity anomalies (10 to 100 ohm-h), possibly representing near



surface hydrothermal alterations. - 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 Tow resistivity anomalies are centered near Bullseye Lake and
northwest of Medicine Lake. The resuits of the 51 Schlumberger soundings are
illustfated by two cross sections and by. four maps gf_fnterpreted-true
resistivity atAdepths of 250 m, 500 m, 750 m, and 1,000 m.

At Newberry, an east-west geoe]ecfric secfion constructed from the
interpreation of Schlumberger soundings shows a low resistivity zone that
corresponds to the increase in thermal gradient‘observéd-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 caldera boundary. A
map of interpreted;true resistivity at'a'depth'of:750,m-shows,that this
western low resistivity zone has an~érea1'extentAof‘about 16 kmz. This zone
is interesting enough that at least one company has drilled it. Several time
domain e]ectromagdetic soundings also were made in.the Newberry volcano area.

| Regiqnal east-west magnetotelluric cross sections: show that the axis;of
the Quaternary volcanoes of'fhe High Cascades,.to the wést~of Medicine Lake .

and Newberry, coincides with an apparent: structural -trough. . - The -sections also .

‘show that, beneath Médicine'Lake and Newbérry,lthere are high resistivity

rocks believed to consist of mu1tip]e 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 asffhndamental geothermal

targets if they“consist of multiple young intrusive units.’



| 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
Téchnologies Division (GHTD) will sharé with fhe geothermal exploration
industry the cost of drilling several tﬁermal-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 drii]ing 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 iﬁtermediate-depth thermal-gradient holes in locating
geothermal resources in areas like the Cascades, where percolating surface
water‘maské‘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‘méasureménts of the conductive therma] gradient, but in the High Cascades
‘thermal measurements in shallow holes were dominated by cold, moving ground
water.. Dri]]ing at Mount Hood and Newberry Caldera indicated that thermal-
gradient holes shouid be at least 1 km deep to penetfate the cold ground water
and to reach conductive gradients. Much deeper holes would be required to
penetrate the geothermal systems thouéht 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 11m1ted to
geothermal prospects in the region of the Cascades and Newberry and Med1c1ne -
Lake Calderas. Industry drilling is confined to those areas where geothermaT
development is permitted, and it is anticipated that the dril]ing'will be: en"
land with existing geothermal leases. An important aspect of th1s proaect
from the industry viewpoint is that a reasonable. chance of development ex1sts -

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;madee-'
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' 5
1ithologic record that can be cOmpared to surface surveys and provideri"
constraints on geologic models. If larger-diamater holes are .drilled, it mey

be possible to run several geophysical logs to aid in.the intertpretetion.of‘f':i

surface surVeys. It is pdssible that thermal water will be'intercepted;jn one -

or more holes, and if hole stability and env1ronmenta1 safety can be

maintained there are plans. to obtain water’ samples. for geochem1ca1 ana1y51s..l.‘-'lv

We would apprec1ate your suggestions as to other research-or exp]orat1on‘

techniques that would enhance the data from this drilling project;




POSSIBLE SITES FOR SCIENTIFIC'DRILLING IN THE CASCADE RANGE

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

INTRODUCTION

4 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

sblution. 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 volcanism and
subduction.

Driilling of intermediate-depth and deep drill holes is crucial to
soﬁutlon of these and related problems. Only drill holes can
‘prov1de the necessary fluid and rock samples and down-hole
geophys1cal measurements to place quantitative constraints on
p0551b1e geclogic. and hydrologic models.

WHERE SHOULD DRILLING BE FOCUSED?

Given that ‘drilling should occur in the Cascades, the
preblem 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
suqveys are normally followed by shallow drilling of temperature--
gradient holes which. in turn are followed by drilling of deeper
welhs to test for hydrothermal fluids.. Tables 1 and 2 are
quailtatlve 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
correspondlng to the various exploration phases, but this would
not materlally affect the final ranking of sites. The point.of
thlS exercise 1is that there are only a few areas which are at

present suitable targets for sc1ent1f1c drllllng programs.



TABLE 1. Qualitative summary of the quality of the data base, access, and. geomermal resource..
potenua.l at possible sites for research drilling in the Cascades (0 = Poor; 1 = Moderately"
Péor. 2 = Moderate; 3 = Moderately Good; & = Good; S = Very Good). ' Soil geochemical surveys.in .
tt'xe pub11c domain are only available for Newberry and Medicine Lake volcanoes. Data from wells
dr111ed 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 . Access " Resource
. Coverage (Heat Flow) (Non-heat flow) . Potential

WASHINGTON

Mt. Baker 3 0 k} 3 4
Mt! Rainier 3 0 2 1 4
Glacier Peak 2 0 2 1 4
Mt! Adams 5 0 b 1 4
Mt! St. Helens 5 0 4 1 ~ 4
N.|& Cent. Wash. 2 0 2 2 0
between volcanoes
Southern Wash. 2 2 3 4 2
between volcanoes
OREGON
Mt.| Hood 4 2 3 1 4
Adjacent to Mt. Hood 3 4 3 3 2
Jefferson area 4 0 3 0 I
Bre1tenbush area 5 ] 3 5 o
Santlam Pass area 5 2 3 4 4
North Sister area 5. 0 3 0 4
dedle Sister area 5 0 3 0 4
McKenzze Pass 5 1 3 1 4
South Sister 5 0 3 0 5
Century Drive area 5 0 3 2 5
Newberry Volcano 5 2 5 3 5
Willamette Pass area 4 2 3 4 3
Crater Lake 5 1 3 1 5
Adjacent to Crater Lake 3 o] 3 4 4
Oreéon passes 3 0 3 4 3
S.| of Crater Lake
CALIFORNTIA
Mt. Shasta S 0 5 1 4
AdJacent to Mt. Shasta 5 3 5 4 3
Med1c1ne Lake 5 3. 5 5 5
Mt. Lassen 5 2 4 0 4
Between Calif. stratocones 3 1 3 4 3

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
15 Areas adjacent to Mt Hood, Century Drive area, (Crater Lake), (Mt. Shasta),.
(Mt. Lassen)
14 (Mt. Adams), (Mt. St Helens), (Mt. Hood), (McKenzie Pass), areas adjacent to Crater ~
. ‘ Lake, areas between northern California stratocones south of Mt. Shasta . i
13 © . Mt. Baker, (South S1ster), Oregon passes south of Crater Lake, southern Washlngton
Cascades between major volcanoes
12 (North Sister area), (Middle Sister area)
11 (Mt. Jefferson area)-
10 i (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:-

Newberry and Medicine Lake volcanoces

The Breitenbush-Santiam Pass transect, central Oregon
Areas adjacent to Mt. Shasta, northern California
Willamette Pass-Century Drive transect, .central Oregon
. - Areas adjacent to Mt. Hood, northern Oregon
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The Newberry and Medicine Lake volcanoes, major silicic
volcanlc centers with large data bases, scored high in the
ranklng. It is now well known that these volcanoes have a high
potentlal for shallow, high-temperature hydrothermal systems, as
shown by the USGS Newberry 2 well (Sammel, 1981). However, the
wrlter is not convinced that further drilling in these areas w111

ell us much about. the High Cascade Range to the west,
pa&tlcularly areas characterized by andesitic to basaltic
volcanlsm. 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-
101km 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
relatlve to other sites: (Table 2). The abundance of geological,

vgeophy51cal and-drilling data and the presence of a known,

poéentlally exploitable hydrothermal system caused the
Breitenbush area to score high.- Sunedco Energy and Development
relleased 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
aqu}fer at temperatures in excess of 136° C (waibel, 1985), and
it can be reentered for deepening and additional scientific .
studles {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
mlght 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
appdrently 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-
Miocgne (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
examlnatlon 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 pdstulated by Hamllton and Meyers (1966) and others.



Drilling in the Breitenbush area will help to resolve many"
qpestions 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 -
Santlam Pass area to the Breitenbush site, its accessibility, and
e*cellent geological coverage (Taylor, 1967; Taylor, unpublished
1:24,000-scale mapping) make the Santiam Pass area a prlme target
for a profile across the High Cascades. Santiam Pass is also one
of the few ea51ly accessible places in the High Cascade Range
where the axis of volcanism can be located with a great deal of
confldence It thus affords an unique opportunlty to test the
hypothesrs 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

Irge 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
constralnts 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
flrst 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, :
inclluding the opportunity to reenter the deepest well in the U.S. -
CasFades. In future years other east-west transects should be
studied to help extrapolate the Santiam- Breltenbush 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
volcanologlc research. Drilling would capitalize on the detailed
geophy51cal and geological data base which has been developed for
thlS area by the USGS. Completing a transect to Medicine Lake
would also be of interest to study the. trans1tlon zorie between:
the [two areas.

The Century Drive area adjacent to the South Sister is
unique in that it has the only Holocene rhyodacite volcanic
centlers in-the High Cascade Range which are also accessible by a

majo& highway. The area is part of a long-lived silicic highland - .

of reglonal extent (Taylor, 1980). It would be an ideal place to
establlsh whether hydrothermal resources associated with silicic
volcanlsm are present in the main High Cascade Range.  Heat flow
and geophy51cal profiles across the full width of the Willamette : -
Pasleentury Drive area would be of interest, especially in
comparison with profiles at Breitenbush- Santlam Pass where mafic
and 1ntermed1ate volcanism prevails. Extending the studies to
Newberry Volcano would allow investigation of the relationship
between the silicic hlghland at Century drive and silicic
volcanism at Newberry. A :



Areas adjacent to Mount Hood scored well in the ranking
because of the large available data base.: However, extensive
drllllng in the area has. not been. successful in locating.
1nd1catlons of major high-temperature hydrothermal systems.
Accordlng to some interpretations:of the geophysical surveys-
(Goldsteln, personal communlcatlon), .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
willliams and Finn (1983) concluded that a shallow high density
ldtru51on could be: present. South of Mount Hood the regiocnal
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 1large hydrothermal systems in
the Cascades south of Mount Hood even 1f shallow plutons are
»locally present in both. areas.. '

A transect of detailed- temperature gradlent drilling and
surface surveys across the southern Washington Cascades would be
valuable This would help to 1mprove 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
developlng a comprehensive:. model for the Cascades ‘as a whole.

CONCLUSIONS

The Santiam Pass-Breitenbush area is. the best site for the
flqst phase of a scientific drilling program in. the Cascade.
Range. This area has a known hydrothermal convection. system, a
hlgh rate of volcanism, high background heat flow, and a large.
ex1st1ng data base for siting drill holes. It is: recommended
that Sunedco Well No. 58-28 near Breitenbush Hot Springs be
reentered, tested,. and deepened to about 4 km. " Drilling of an
addltlonal well to about. 2° km depth .east. of the Sunedco site
mlght 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
latltude 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:andudrilling'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,



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-wWillamette 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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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
ié a northern extension of the High Cascades. It comprises 18
Plioéene and younger eruptive centres that lie within'a narrow
northwest-trending 2zone 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 ingludes
- Mount Cayley, and the western segment includes the Meaggr
Mountain Complex.

Each segment of the Gafibaldi ‘Belt includes calc-alkaline
and alkaline rocks. The calc-alkaline assemblage is dominant,
and ranges 1in compqsition 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 productsAof an alkali picrite magma derived

by partial melting of mantle pyrolite at cal1l400°C and 25 kb.
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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 mulpistage
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 Garibéldi Belt has focused on
Meager Mountain and Mounf Cayley - the only two volcanoes that
are associated with thermal springs.

Meager Mountain, with a total volume of —----- km2, is a
composite of aﬁ 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 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 Pembérton Belf.

Pebble Creek hotspring (59°C) issues from basement north of
the volcanic complex, and Meager Creek hotspring (580C) issues
from thick alluviél fill south of the complex. Chemical
geothermometry on these waters predicts a range of subsurfaceé
temperatures from 78 to 168°C. The absence of tritium indicates

a residence time in excess of 25 years. Oxygen isotope
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studies show that Pebble Creek water lies on the meteoric line
whereas Méager Creek water has shifted toward the heavy isotope.

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 éxtensive zones of argillic alteration but failed to
identify an active hydrothermal system. Diamond drilling in the
south anomaly ehcountered 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 SIOpe 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
stéam and wéter with an inflow temperature of 19M°C for periods
of 4 to 6 ﬁOnths. Production is from an 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
aloﬁg fractures thét mimic the Meager Creek Fault. Low-
frequency M.T. souﬂdings record a strong N-S anisotropy that
extends to 30 km and runs parallel to the alignment of eruptive
centres. This may be interpreted és evidence of crustal rifting

or dyke swarms. An apparent MT resistivity of 300 to 600 §$2-m at
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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 unresoivgd. Geothermometry
of spring and borehole waters suggests that circulation never
penetrated significantly below the‘200° isotherm. waever,
mixing models suggest that small amounts of brine have leaked
from a deeper and much hoﬁter 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 andlminor
andesite that formed during at 1least three distinct stages of
activity between 3 to 0.3 Ma. The main edifide, with a volume
of about 15 km3, is a multiple plug dome underlain by a thick
pyroclastic unit and»overlain by remhants of a once extensive
pyroclastic cone. The volcano rests on a‘steep; west-dipping
surface underlain by crystélline_rOCRS' 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 fiénk. Low resistivity
anomalies appear to be associated Qith alteration and seeps of
warm saline Qater in.the vicinity of these domes. Diamond
drillinglhas confirmed conductive gradients of about 100°C/km.
The hydrothermal system appears to be controlled by
north-trending regiona14fractures and pofous breccia zones
Surrounding‘glass-rimmed dacite cupolas in.basement rock beneath
the central edifice.

Recoverable energy from Meager Mquntain is esﬁimated to be

9000 Mw-years and from Mount Cayley 4000 Mw-years.
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May 22

8:00-8:45

SESSION I

8:45- 9:05
9:05- 9:35

9:55

9:35-
9:55-10:25

10:25-10:45

- 10:45-11:05

11:05-11:35
11:35-12:00
12:00- 1:30

SESSION 11

1:30- 3:00

! AGENDA .
WORKSHOP ON GEOTHERMAL RESOURCES OF THE CASCADE RANGE-

\

Patrick Muff]er -- Undlscovered geothermal resources of the
United States
Marianne Guffanti -- Previous USGS estimates of geothermal

resources of the Cascade Range

What is the regibnal 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 d1scuss specific magmatic/
geotherma] systems.

Moderator: ,Robert Christiansen

0al S |
i r /-- Segmentation of the Juan de Fuca Plate
Related short, informal communications  and discussion

Norm Macleod -- Volcanism in the Cascade Range
Related short, informal communications and discussion

Break

David Blackwell -- Oregon heat flow
Related short, informal communications and discussion

Open discussion period

Lunch

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
Characteristics of Cascades magmatic systems determ1ned from
geologic studies

Robert Christiansen: Mt. Shasta

Michael Clynne: Lassen volcanic center

Julie Donnelly-Nolan: Medicine Lake volcano

J. Donnelly-Nolan (for C. Bacon): Mt. Mazama & Crater Lake

Norman Macleod: Newberry volcano

Ed Taylor: 3 Sisters to Jefferson area

Wes Hildreth: Mt. Adams

Jack Souther: Meager Mountain and Mt. Cayley



3:00- '3:30
3:30- 4:00

L © 4:45- 5:05

5:05- 5:30

May 23
SESSION III

3 8:00- 8:20

g du] 8:50- 9:10

- 9:40-10:10

10:10-10:30
10:30-11:00

3 11:00-11:20
T

11:20-11:50
11:50 1:30

(continued)

\
dﬁf///t%/ 4:00- 4:20
W} 4:20- 4:45

Discussion and summary of geologic studies

Break

"H. M. Iyer -- Characteristics of Cascades magmatic systems
determined from seismic studies

Related short, informal communications and discussion

Carol Finn -- Gravity and magnetic studies in the Cascade
Range o : :

Related short, informal communications and discussion

Adjourn

What is the hydrothermal expression of magmatism 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, ' ‘

Modératof: A]fred Truesdell
. Robert Mariner -- Geochemical features of Cascades
hydrothermal systems
Related, short informal communications and discussion
Michael Sorey -- Types of hydrothermal convection systems
in the Cascade Range of California and Oregon
Related short, informal communications and discussion
‘Break

Norman Goldstein -- Mt. Hood geophysical investigations
Related short, informal communications and discussion

‘Adel Zohdy -- Characterization of geothermal reservoirs in
the Cascade Range from geoelectric studies
Related short, informal communications and discussion

Lunch
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SESSION 1V

J o 41 .
| VZTL, 1:30-

2:30-
3:00-
3:20-

3:40-
4:45-

2:30

3:00
3:20
3:40

4:45
5:00
5:00

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 dr1111ng in
the Cascades,

Moderator: C]ay Nichols

Panel on conceptual models of Cascades geothermal resources
Patrick Muffler
Robert Christiansen
Norman Macleod
Alfred Truesdell
Donald White
Michael Sorey
Craig Weaver

Break ‘

Marshall Reed -- DOE drilling in the Cascade Range

George Priest -- Possible sites for scientific drilling in
the Cascade Range

Discussion on drilling
Patrick Muffler -- Closing remarks

Adjourn
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UNITED STATES GEOLOGICAL SURVEY
GEOTHERMAL RESEARCH PROGRAM
Fiscal Year 1985

The goal of the Geothermal Research Program of the U.S. Geological Survey
(USGS) is to improve our understanding of the nature, distribution, and energy
potential of the Nation's geothermal resources, as a basis for determining the
proper role of geothermal energy as one of the alternative energy sources in
national energy policy. This goal is accomplished through multidisciplinary
research designed to (1) determine the geological and hydrological factors

“that control the characteristics, occurrence, longevity, and size of all types

of geothermal systems, (2) estimate the location and magnitude of the Nation's
geothermal resources, periodically updating these assessments as new
information and assessment methodologies are refined, and (3) evaluate
geoenvironmental effects that may result from extraction and injection of
geothermal fluids during development.

ORGANIZATION

The Geothermal Research Program comprises geologic, geochemical,
geophysical, and hydrologic studies conducted within the Geologic and Water
Resources Divisions. The program is administered by the Geologic Division
under the direction of the Chief of the Office of Earthquakes, Volcanoes, and
Engineering (John Filson, Chief, Reston, Virginia). The overall program is
managed by a scientific coordinator (Patrick Muffler, Menlo Park, California)
who is also directly responsible for coordinating geothermal investigations
carried out within the Geologic Division. Studies conducted by the Water
Resources Division are coordinated by Franklin H. Olmsted (Menlo Park).
Donald E. White (Menlo Park) is the program's senior scientist and advisor.
Donald W. Klick (Reston, Virginia) carries out program management duties
associated with budgetary, administrative, and interagency liaison matters.

The geothermal research activities of the USGS are closely coordinated
with those of the U.S. Department of Energy (DOE). Some activities of the
Survey's Geothermal Research Program directly support certain objectives of
the geothermal energy program of DOE. Accordingly, DOE has provided the USGS
with supplemental funds occasionally to increase the timeliness of such
activities. Since 1975, the Survey has provided a scientist (currently
Raymond H. Wallace, Jr., Washington, D.C.) to DOE's Geothermal and Hydropower
Technologies Division on a rotating basis to serve as liaison and advisor.

Since reorganization within the Department of the Interior (DOI) in 1982,
the USGS no longer has the responsibility for evaluation and administration of
Federal lands for geothermal leasing that had resided in the Conservation
Division. That division was abolished, and its functions were transferred to
the new DOI Minerals Management Service in January 1982, then to DOI's Bureau
of Land Management in December 1982.



" BUDGET

Until 1971 the Survey did not have a separately organized and funded
program of geothermal research and resource assessment. Limited investi-
gations of hot springs, geysers, and hydrothermal systems had been conducted
before 1971 as part of the Geologic Division's continuing study of the
Nation's energy and mineral resources. In recognition of a need to examine
alternate sources of energy, Congress authorized a specific program of
geothermal research in fiscal year (FY) 1972. The fiscal history of the
program is summarized below:

- FY-71 $205,000 (part of ongoing Geologic Division program)

Fy-72 $665,000 _

FY-73 $2,255,000 v ' '

FY-74 $2,555,000 (also $300,000 from NSF and $120,000 from AEC)

FY-75 $8,966,000 (also $343,000 from ERDA)

FY-76 $9,114,000 (also $320,000 from Conservation Division, USGS,

"~ and $315,590 from ERDA)

FY-77 $9,243,000 (also $130,705 from Conservation Division, USGS,
and $532,000 from ERDA) :

FY-78 $9,589,000 (also $116,731 from Conservation Division, USGS,

~ and $1,011,832 from DOE)

FY-79 $11,863,000 (also $120,080 from Conservation Division,

: -USGS, and $1,499,000 from DOE) '

FY-80 $10,047,000 (also $33;000 from Conservation Division, USGS,

- and $1,474,831 from DOE) _

Fy-81 $7,718,000 (also $1,255,415 from DOE and $135,000 from
Conservation Division, USGS)

FY-82 $6,771,000 (also $575,000 from DOE and $70,000 from the
National Park Service)

FY-83 $6,953,000 (also $344,964 from DOE and $98,000 from the National
Park Service)

FY-84 $7,284,000 (also $240,000 from DOE, $25,000 from the Agency for
International Development, and $52,169 from the National Park
Service.)

FY-85 $7,190,000 (funds from other Federal agencies not yet
determined)

Additional information on the program's budget and objectives is available in
Duffield and Guffanti (1981).

ACCOMPLISHMENTS

Ma jor .accomplishments of the Geothermal Research Program over the past 12
- years include (a) three major nationwide assessments of geothermal resources
of the United States, (b) comprehensive multidisciplinary studies of major
geothermal regions, including The Geysers, Long Valley, and Coso in
California, Yellowstone National Park, and the Snake River Plain in Idaho, (c)
development of methods to interpret water and gas analyses to give subsurface
temperatures and to elucidate subsurface processes, (d) development of
electrical and electromagnetic techniques for determining the geometry of
geothermal systems, (e) development and refinement of various passive and
active seismic techniques for investigation of hydrothermal systems and



underlying intrusive compléxes, and (f) development of hydrologic models to
describe mathematically the behavior of geothermal systems.

Specific recent accomplishments of the Geothermal Research Program
include (1) publication of a nationwide assessment of geothermal resources at
temperatures less than 90°C, (2) completion of a series of six 1:1,000,000
-maps that show the distribution, rock type, and age of young volcanic centers
in the United States, (3) completion of a 932-m drillhole that discovered a
265°C geothermal system at Newberry Volcano, Oregon, (4) development of a
comprehensive geochemical and hydrologic model to describe the parasitic
vapor-dominated geothermal system at Lassen Volcanic National Park, (5)
development of geochemical and isotopic methods to analyze the behavior of
geothermal reservoirs under exploitation, with specific application to Cerro
Prieto in Mexico, Larderello in Italy, and The Geysers in California, (6)
execution of a seismic refraction experiment in the Imperial Valley of
southern California that describes crustal structures and rock types
associated with the many geothermal reservoirs throughout the area, (7)
drilling of a 331-m research borehole in lake sediments at Tulelake,
California, for core recovery and study of detailed volcanic history of the
southern Cascade Range, (8) execution of a comprehensive set of geological and
geophysical studies at Newberry and Medicine Lake Volcanoes of the Cascade
Range, (9) undertaking of regional geophysical surveys, including seismic
refraction, magnetotelluric, aeromagnetic, and gravity studies, of the Cascade
Range, and (10) delineation of the complex geometry of the Juan de Fuca plate
beneath the Cascade Range, based on analysis of seismic data.

FY 1985 ACTIVITIES

In FY 1985, a wide variety of studies is continuing in the Cascade Range
of northern California, Oregon, and Washington. The goal of this effort is to
understand the active volcanic, tectonic, and hydrothermal processes of the
Cascades as a framework for characterizing and quantifying geothermal energy
resources. The Cascades studies include geologic mapping, geochronology,
petrology of fresh and hydrothermally altered rock, fluid geochemistry,
hydrology, and both regional and local geophysical surveys. Aeromagnetic and
gravity coverage is complete for the entire Range. Results from ongoing,
detailed geologic mapping is being compiled for a geologic map of the
Cascades. The southern part of the Cascades, in particular the Newberry,
Oregon, and Shasta/Medicine Lake, California, regions, is an area of
comprehensive geological, geophysical, and hydrological studies

The current trend for the Geothermal Research Program is increasing
emphasis on understanding the interaction of magmatic heat sources and
geothermal systems and assessing all types of geothermal energy sources
associated with young igneous systems. For example, the Questa caldera in
northern New Mexico is being investigated to characterize magmatic/-
hydrothermal processes in the roots of an older, well-exposed igneous
system., Advanced seismic techniques are being refined to identify and
characterize subsurface magma bodies. Geophysical studies on the island of
Hawaii are delineating subsurface magmatic conduits of the active volcanoes
Kilauea and Mauna Loa, and geologic mapping is being compiled into a new
geologic map of the entire island. Geologic mapping of young silicic volcanic
centers is underway in Alaska.
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An important component of the FY 1985 program continues to be research to
understand the dynamics and evolution of hydrothermal systems. Isotopic and
chemical studies are carried out, particularly at the Cerro Prieto field in
Mexico, Larderello in Italy, The Geysers in California, and Yellowstone
National Park to refine geothermometers, elucidate hydrothermal processes, and
determine the origin of chemical constituents in geothermal fluids.
Geoelectrical techniques are developed and applied to determine the location
and geometry of hydrothermal convection systems. Mineralogical studies are
designed to characterize chemical interactions of geothermal fluids and the
rocks through which they circulate, as exemplified by a study of hydrothermal
alteration in core from a -hole drilled in 1981 by the Geothermal Research
Progam at Newberry Volcano, Oregon.

The Geothermal Research Program also supports projects that evaluate
selected geoenvironmental concerns of geothermal development. Monitoring and
analysis of earthguakes continues at The Geysers geothermal field. Numerical
modeling and seismic and geochemical monitoring are used to examine the extent
to which thermal features in National Parks might be affected by possible
geothermal development in adjacent areas.

Many other specific topics are investigated in projects listed below.

REFERENCES CITED
Duffield, W.A, and Guffanti, Marianne, 1981, The Geothermal Research Program
of the Geological Survey: U.S. Geological Survey Open-File Report 81-504,
108p.
FY 1985 PROJECTS

Geologic Division -- $6,052,000

Project No. , Title Project Chief
9310-00839 Alaska Geothermal Studies : Miller, T. P.
9320-03305 Geologic Map of Cascade Range Smith, J. G.
9380-00342 Resistivity Interpretation Zohdy, A. A. R.
9380-01699 Geothermal Petrophysics Olhoeft, G. R.

9380~01746 Electrical Techniques for Shallow to Medium Hoover, D. B.
Depth Exploration for Geothermal Systems

9380-01748 . Hawaiian Geothermal Studies "~ Kauahikaua, J.

9380-01750 Electromagnetic Modeling & Inversion of Anderson, W. L.
» Controlled-Source Measurements :

9380-01752 Physical Properties of Crust/Upper Mantle Fitterman, D. V.

9380-03057 Infrared Aerial Surveillance of Volcanoes Friedman, J. D.

of Cascade Range, Hawaii, & Alaska

9380-03071  Geophysical Characterization of Young Williams, D. L.
‘ Silicic Volcanic Fields :

9380-03085 Geoelectric Sounding Studies Stanley, W. D.

9380-03398 Aeromagnetic Surveys Blakely, R. J. .

9380-03830 Gravity & Magnetic Modeling Gettings, M, E.

9450-02739 Lake City Caldera Studies ' Grauch, R. I.



9460-03408
9530-02171
9540-01943
9540-01947
9540-03234
9540-03512
9540-03770

9570-00374 -

9570-01140
9570-01376
9570-01474
9570-01763
9570-01764
9590-03772

. 9920-03379

9930-01160
9930-01170
9930-01172

9930-01496

9930-01499
9930-01891
9930-02097
9930-02102
9930-02106

993 0-03354
9930-03412
993 0- 03563
9930- NEW

996001176
9980-00283
9980-00292
9980-00299
9980-00304
9980-00314

. 9980-00322

9980-01379
9980-01772

9980-01875

9980-01922

9980-02321
9980-02322
9980-02344
9980-02481
9980-02500
9980-02649
9980-02797
9380-02798
9980-02900
9980-02906

Marine Metals

Roots of Calderas

Sacramento Valley & No. Sierra
Tephrochronology

Northwest California Framework

Sauk Sheet (Glacier Peak)

Cima Volcanic Field

Radiocarbon

Geothermal Geochrono]gy

Gaseous Emanation Detection

Stable Isotopes and Ore Genesis.
Obsidian Hydration Dating

Radiocarbon Geochronology
Paleoclimatic History of Tulelake, CA
Socorro Magma Bodies

N. Calif. Seismicity Studies

Field Experiment Operations
Teleseismic & Microearthquake Studies in
Geothermal Areas

Active Seismic Studies of Recent Vo]can1c
Systems

Data Processing Center Operations
Central Calif. Net Operations
Geothermal Seismotectonic Studies
Active Seismic Studies of Fault Zones

- Earthquake Studies in The Geysers/

Clear Lake Area, CA

Seismological Data Processing
Consolidated Digital Recording
Hawaiian Seismic Studies

Seismic Analysis, N. Calif.
Geothermal Studies (Heat Flow)
Geologic Thermometry

Hydrothermal Fluids

Thermodynamic Properties of Minerals
Geochemical Indicators

Geology & Petrology, long Valley-Mono Basin
Active & Fossil Geothermal Systems

" Mineralogical Crystal Chemistry

Volcanology & Geothermal Potential of
Lassen Region, CA :

Geothermal Reservoirs

Thermodynamic Data

Petrology of Clear Lake Volcanics
Eruptive History of Mauna Loa Volcano, HI
Hydrothermal Alteration in the Cascades

"Volcanic Evolution of Crater Lake

Medicine Lake Volcano, CA

Multiphase Fluid Flow in Geothermal Systems
Geology of Hualalai Volcano, Hawaii _
Systems Analysis of Geologic Rate Processes
Hawaiian Volcano Observatory

Volcanology & Petrology of Late Cenozoic
Magmatic Systems
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Bargar, K.

E..

Bacon, C. R,

Donnelly-No
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9980~03388
9980-03646

9980-03648
9980-03719
9980-03862
9980- NEW

Mono-Inyo Craters, CA

Mineralogy & Geochemistry of Hydrothermal
Alteration

Geologic Map of the Island of Hawaii
Mineralogical Investigations

Internal Structure of Magmatic Systems
Geothermal Volcanology

ﬁéfer Resources Division -- $1,138,000

Project No.

Title

Miller, C. D.
Keith, T. E. C.

Wolfe, E. W.

trd, R.C,
Ryan, M. P.

Duffield, W. A,

Project Chief

CR 80-257
CR 140-FG

NR 75-064

WR 72-082

WR 73-102
WR 74-121

WR 75-1276G
WR 76-139
4387-16500

Geothermal Subsidence Research

Borehole Geophysics Applied to Geothermal
Research

Physical Chemistry of Stable Isotope
Fractionation in Hydrologic Processes
Hydrologic Reconnaissance of Geothermal

- Areas in Nevada & California

Modeling of Geothermal Systems
Reconnaissance Studies and Numerical
Modeling of Geothermal Areas in Oregon
Energy Transport in Groundwater
Geochemistry of Geopressured Systems
Western U.S. Geochemistry

Riley, F.

Paillet, F. L.

Coplen, T.

0Imsted, F. H.

Sorey, M. L.
Samme], E. A.

Moench, A. F.
Kharaka, Y. K.
Mariner. R. H.



UNITED STATES GEOLOGICAL SURVEY
: "VOLCANO HAZARDS PROGRAM
Flscaleear 1985

OBJECTIVES AND ORGANIZATION °

The Disaster Relief Act of 1974 (PL 93-288) assigns to the U.S. Geological
Survey (USGS) the responsibility of. providing timely warnings of volcanic
eruptions and related activity. The ultimate goal of the USGS Volcano Hazards
Program is, therefore, to reduce the loss of life, property, and natural

resources that can result from volcanic eruptions and related consequences.

Progress toward this goal is being achieved by a broad range of work with the
objectives of (1) preparing assessments of the potential geologic and
hydrologic hazards associated with eruptions of volcanoes in the United
States, (2) monitoring behavior of active and potentially hazardous volcanoes,
(3) conducting fundamental volcanological and related hydrological research,
and (4) providing hazards information to other Federal, state, and local
agencies and officials for land-use and emergency-response planning. The
hazards assessments and the monitoring projects are carried out with primary
emphasis on those volcanoes that appear to be most likely to erupt in the near
future and that are major threats to 1ife and economic well-being of those
areas. A more detailed description of the objectives and long-range plans of
the Volcano Hazards Program is available in Bailey and others (1983).

The current Volcano Hazards Program (VHP) is an interdivisional activity
involving the cooperative efforts of the Geologic, Water Resources, and
National Mapping Divisions. The Geologic Division is primarily responsible
for seismic, geodetic, geochemical, and observational monitoring of volcanoes
and for volcanic hazards assessments and related research. The Geologic
Division component of the VHP is administered out of the Office of
Earthquakes, Volcanoes, and Engineering (John Filson, Chief) and managed by a
scientific coordinator (Patrick Muffler, Menlo Park, California). The Water
Resources Division conducts related hydrologic monitoring and hazards
assessments and research. ' The coordination for these activities is
administered out of the Office of the Assistant Chief Hydrologist for Research
and Technical Coordination (Gordon Bennett, Reston, Virginia). The National
Mapping Division prepares a wide range of cartographic and geographic data and
products essential for the above activities, as well as for emergency- response
planning of other Federa], state, and local agenc1es A

In order to ach1eve program obJectlves and to maintain a competent and
experienced staff of volcanologists available for emergencies, the USGS
operates two volcano observatories: the Hawaiian Volcano Observatory (HVO) at
Kilauea volcano, Hawaii, and the Cascades Volcano Observatory (CV0) at
Vancouver, Washington, near Mount St. Helens. These two facilities serve not
only as bases for monitoring the active and dormant voltanoes of Hawaii and
the Cascades, but also are centers for the training of volcanologists and for
research and development of new monltorlng techniques and instruments. The
Hawaiian Volcano Observatory has been in operation since 1912, and has
pioneered the development of most of the monitoring methods and instruments
now used worldwide. It has a staff of about 30 volcanological scientists and
technicians. The Cascades Volcano Observatory was established in 1980 to
monitor the current act1v1ty of Mount St Helens, which is expected to

N



" continue for as long as several decades, and to serve as a base for periodic

monitoring of the other, currently less active but potentially dangerous,
Cascade volcanoes. It presently has a staff of about 60, including ‘
volcanologists, geophysicists," geochem1sts, hydrologists, technicans, and
other support personnel.

FUNDING HISTORY -

The funding history of the USGS Volcano Hazards Program for fiscal years 1978
through 1985 is shown below. Funding in 1978 and 1979 reflects the older,
modest program which covered only monitoring studies at the Hawaiian Volcano
Observatory and very limited volcanic hazards assessments in the Cascades. No
hydrologic studies were funded during this period. Funding in 1980 and 1981
reflects the increases resulting from the Mount St. Helens eruption and the
establishment of a Cascades Vo]cano Observatory in Vancouver, Washington, late

‘ in 1980.
1978 -- $ 1,055,000 | 1982 -- § 9,664,000
1979 -- $ 1,078,000 1983 -- $10,803,000
1980 -- § 4,387,000 1084 --'$11,651,000
1981 - |

$12,656,000 - 1985 -- $11,273,000

FY 1985 Activities

For many volcanoes, the nature of their activity remains similar over
relatively long periods of time; thus, the study of the past activity of a
given volcano provides a means of forecasting the nature of its future
activity. Hazards assessments are based on detailed studies of the size,
distribution, and age of various historic and prehistoric volcanic deposits in
order to estimate the kinds, magnitudes, timing, and effects of possible
future eruptions. = Such studles were pioneered by USGS geologists beginning in
the 1950's and have been demonstrated to be extremely useful worldwide,

Volcanic hazard studies in recent years have been concentrated on the Cascade
Range volcanoes of the Pacific Northwest which tend to erupt relatively
frequently and often violently. Volcanic hazards maps and assessment reports
have been published (some preliminarily) for Mt. Baker, Glacier Peak, Mt.
Rainier, and Mount St. Helens in Washington; Mt. Hood, Oregon; Mt. Shasta and
the Long-Valley-Mono Lake area in California; and the islands of Maui and
Hawaii. In addition, hydrologic hazards studies have been completed for Mt.
Hood and Mt. Shasta, and glacier-ice volume studies have been completed for
Mt. Rainier and Mt. Hood. -Long-range plans include: preparation of hazards
assessments for all potentially hazardous U.S. volcanoes. During FY85,
assessment efforts are focused on the Long Valley area and Lassen Volcanic
National Park in California, Mt. Rainier, Mt. St. Helens, and Mt. Baker,
Washington, Three Sisters.volcanic center and Newberry volcano in Oregon, on
the island of Hawaii, and at selected Alaskan volcanoes.

The basic objectives of volcano monitoring are (1) to detect ‘and track as
early as possible the rise of magma from depth into the shallow crust so that
warnings can be issued before the magma erupts at the surface and (2) to



provide early warning of hazardous floods and mudflows that can be generated
from an eruption. During FY84, monitoring activities were carried out in
three principal locations: Long Valley-Mono Lake area in California, the.
Cascade Range of Washington, Oregon, and California, and the Island of Hawaii.

Monitoring studies in the Long Valley-Mono Lake volcanic area in California,
were begun in 1980 after a renewal of seismic activity. Seismic, geodetic,
and other geophysical monitoring has indicated the presence of a partly
molten, shallow magma reservoir beneath the Long Valley caldera,.and has
revealed that nearly 18 inches of domical ground uplift occurred above it
between 1975 and 1984, Earthquakes localized in an epicentral area near the
town of Mammoth Lakes suggest that magma may have been injected to crustal
depths of a few miles. ~ On the basis of these discoveries and particularly in
response to an earthquake swarm in January 1983, the USGS has intensified its
hydrologic and geologic monitoring activities in the area.

In FY 1985, the Volcano Hazards Program continued monitoring of seismic
networks at Mount St. Helens and other northern Cascades volcanoes by a joint
University of Washington/USGS team; seismic networks are also maintained by
the USGS at volcanoes in the southern Cascades. The USGS is primarily
responsible for geodetic monitoring throughout the Cascades. At Mount St.
Helens, the USGS has established a telemetered hydrologic monitoring system
for Spirit Lake (now dammed by debris from the 1980 eruption) in order to
transmit real-time water-level data to provide immediate warning of any
failure of the debris blockage. A collection of articles was published
summarizing the results of eruption prediction and geophysical, geochemical,
and geologcal monitoring at-Mount St. Helens through 1982 (Science, v. 221,
September 1983).

Extensive seismic, geodetic, geochemical, and geologic monitoring is conducted
by HVO at Kilauea and Mauna Loa volcanoes on the Island of Hawaii. Both
volcanoes erupted in 1984, and in late March 1984 they were in concurrent
eruption for the first time since 1919. The east-rift eruption of Kilauea
began in January 1983 and has continued episodically into 1985, occasionally
threatening communities on the southeast coast of Hawaii. Mauna Loa erupted
for the first time since 1975 on March 25 to April 15, 1984. Lavas erupted
from Mauna Loa's northeast rift zone traveled about 17 miles from the vent,
approaching to within 5 miles of the populated outskirts of the town of
Hilo. HVO carefully monitored the progress of these eruptions and provided
short-term warnings to the public as needed.

Another area of concern to the USGS is Yellowstone National Park where recent
geologic activity is similar in many respects to the current unrest at Long
Valley. The Yellowstone region is one of extensive young volcanism and has
experienced several strong earthquakes, numerous earthquake swarms,
significant hydrothermal changes, and almost 35 inches of crustal uplift
during the last century. In order to document continuing changes, the USGS
increased its monitoring effort there in 1983.

Eruption research carried out within the Geologic Division has the general
goals of explaining the distribution of volcanoes in space and time and of
understanding eruptive processes. This research includes such studies as the
correlation of volcanic activity with other possibly related geophysical
phenomena, the physical properties and chemical evolution of magma, and the



mechanisms of magma generation at depth, transport through the crust, and
eruption at the surface. Results of such studies are vital to our
understanding of the mechanisms and causes of volcanism and provide the only
sound basis for predicting eruptions and assessing volcanic hazards.
Hydrologic research is directed toward understanding the impacts of volcanic
eruptions on rivers and lakes to aid in the planning of effective
mitigation. The principal efforts include the study of the geomorphology of
the sediments of volcanic origin, the study of the process of ‘transport of
extremely high sediment loads, the study of the processes of mudflow movement
and the physical properties of the flowing material, and the modeling of
rainfall-runoff events in order to docoument the effects of ashfall and the
return of the drainage to stable conditions. A significant research
accomplishment of the Volcano Hazards Program is the publication by the USGS
of an 844-page document (Lipman and Mullineaux, 1981) containing 64 reports
that describe early results of studies of the volcanic activity and eruptive
products at Mount St. Helens in 1980.
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Volcano Hazards Program -- objectives and long-range plans: U.S. Geological
Survey Open-File Report 83-400, 33p.

Lipman, P. W., and Mullineaux, D. R. (eds.), 1981, The 1980 eruptions of Mount
St. Helens, Washington: U.S. Geological Survey Professional Paper 1250, 844p.

FY 1985 PROJECTS
The studies of the Survey's Volcano Hazards Program are carried out in
individual projects. Of the total budget of $11,273,000, the Geologic

Division was allocated $7,909,000, and the Water Resources Division was
allocated $3,264,000. National Mapping Division received $100,000.

Geologic Division

Project No. Title Project Chief
9310-03049 Volcanic Hazards in Alaska Miller, T. P.
9380-01748 Hawaiian Geothermal Studies Kauahikaua. J.
9380-03057 Infrared Aerial Surveillance of Volcanies of Friedman, J. D,
_ the Cascade Range, Hawaii, and Alaska
- 9380-03069 Gravity Studies, Lassen National Park Jachens, R. C.
9540-01947 Tephrochronolgy Sarna-Wojcicki, A.
9570-00374 Carbon-14 Geochronology Rubin, M.
9570-00377 Geochronology ' Fleck, R. J.
9570-00382 Light Stable Isotopes Friedman, 1.
9570-01376 Gaseous Emanation Detection Reimer, M. G.
9570-01568 Radiocarbon and U/Th Geochronology Robinson, S.W.
9570-03066 - Geomagnetic Secular Variation & Champion, D. E.
Volcanic Timing
9570- NEW Photogrammetry (Mauna Loa) ' Wu, S.

9590-03444 Quaternary Climate History, S-central AK Ager, T. A,



9910-03589

9930-01160
9930-01170
9930-01496

9930-01499
9930-01891
9930-02097
9930-03353
9930-03354
9930-03563
9930~ NEW

9930~ NEW

9950-03024

9960-01182
9960-01187
9960-01801
9960-02112

9960-02114
9960-02156
9960-03718
9960-03815
9980-00314

9980-00647

°9980-02322

9980-02431
9980-02649
9980-02773
9980-02789
9980-02900
9980-02992
9980-03385
9980-03388
9980-03401
9980-03656
9980-03664

9980-03721

9980-03860
9980-03862
9980-03863
9980-70029
9980-02914

Spirit Lake Hazards Evaluation-
Liquefaction Studies

Northern California Seismicity Studies

Field Experiment Operations

Active Seismic Studies of Recent Volcanic
Systems

Data Processing Center Operations

Central California Network Operations

Geothermal Seismotectonic Studies

Crustal Changes North of San Francisco Bay

Seismic Data Processing

Hawaiian Seismic Studies

Seismic Analysis, N. Calif.

Sesimological Investigation of Magmatic

Injection in Volcanic Terranes

" Engineering Implications of the

Mt. St. Helens Eruptions
Mechanics of Earthquake Fau1t1ng
Crustal Strain
Experimental Tilt & Strain Instrumentation
Mechanics of Geologic Structures
Associated with Faulting ,
Strain & Magnetic Field Operations
Geodetic Strain Monitoring
Long Valley Deformation
Dilatometer Network Operations
Geology & Petrology of the Long Valley-
Mono Basin California
Volcanic Hazards
Eruptive History of Mauna Loa Volcanco, HI
Tephra Hazards from Cascade Range Volcanoes
Multiphase Fluid Flow in Geothermal Systems
Geochemistry of Gas-Forming Elements
System Analysis of Geologic Rate Processes
Hawaiian Volcano Observations

‘Cascade Volcano Observations

Geology of Lassen Volcanic National Park
Volcanic Hazards of Mono-Inyo Craters, CA
Hawaiian Eruptive Processes

Volcanic Processes '

Processes in Large Silicic Systems
Metals in Volcanic Exhalations

Volcanic Crisis Assistance Team

Internal Structure of Magmatic Systems
Short-term Volcanic Forecasting

Volcanic Hazards Support

Recent Volcanic Processes

(continued)

Chen, A, T. F.

Lester, F. W.

VanSchaack, J. R,
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Peterson, D.
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Water Resources Division

- . CA

. Modeling Geothermal Systems

Project No _Title Project Chief
AK 84-158 Volcano-Glacier Interactions at Mt. Emanuel, R. P.
Veniaminoff, AK
81-392 Hydrologic Hazards Assessment of Mt. Blodgett, J. C.
Shasta, CA
CA 82-431 Hydrologic Studies Related to Volcanic Anttila, P. W.
) .Activity in Long Valley, CA
CR 77-228 Precipitation-Runoff Modeling of watershed Leavesley, G. H.
Systems
NR 79-099 Carbon Fluxes in Hydrologic & Geologic Sundquist, E. T.
' Processes
OR 81-108 Hydrologic Hazards Assessment of Mt. Hood, 0R. Hubbard, L. L.
OR 81-109 Hydrologic Hazards Assessment for Three Laenen, A,
' Sisters Area, OR
SR 83-074 Fluvial Processes & River Mechanics Chen, C.
WA 80-243 Hydrologic Data Collection in the Mt. St. Childers, D.
Helens Area, WA ’
WA 81-247 Sediment Deposition in the Cowlitz River, WA Swift, C. H.
WA 81-250 New Lakes of North Fork Toutle River, Carpenter, P. J.
Mt. St. Helens, WA
WA 81-256 Sediment Transport - Mt. St. Helens, WA Onions, C. A.
WA 82-272 Sedimentology of Lahars at Mt. St. Helens, WA Scott, K. M.
WA 82-273 Mudflow/Debris Flow Rheology & Initiation Pierson, T. C.
WA 82-274 Immediate & Long-Term Response to the 1980 Janda, R. J.
Eruption of Mt. St. Helens, Toutle
River Basin, WA
WA 83-289 Sediment Transport Model Development & Sikonia, W. G.
' Preliminary Application to Columbia River '
WA 84-299 Hydrologic Hazards Assessment of Mt. Baker, WA  Dinicola, R. S.
WA 85-310 South Coldwater Geomorphology, WA Meyer, D. F.
WA 85-311 Msas-Movement Dynamics -- Interaction with Iverson, R. M.
Groundwater and Streams
WD 80-157 Volcano Hazards Program Coordination Kapinos, P.
WR 72-080 "Volcanic Volatiles - Barnes, I.
WR 73-102 Sorey, M. L.



“‘ i | L - Z;Mai £
e _/ct,.a(éf é&vézj /wwec/ Jﬂ//ﬂt«;_._/o/w

“_, i __‘_:A'/<L—Hemdwae, /me/ /26@/ (//47 /(/L@Az//f Mw/ Me//oy "
| o GolphinPobiek dffle, i pimim, Al
Q‘;-_-"v‘ _ Sdféa ' é’“@wrge /DJ/LO% Vclwﬂd\g,,&/n? M »ax/ﬁ_@ ZWM

B dYk//b __I/zc___}}mhé L_,w/ua%n._ Lm_d__w“____,___,__- _

oﬁa,w__u)/ lopesors - zJ ALs Lﬂ/ Y. C[a-%;( ——
;JZ/ZW w&cﬁV/fﬁé @_c,@d .c/m ~Z<,4é

- ) WWM&& L To ﬂZVLﬂGVL /;u/p%-/ﬁe__/aJﬁaeﬁqwﬁ____ |

e ——— e o

ljheﬂ/(wﬁ,[é,___/_____?um }ééf arl iy S
| 2. Zoe b h Gops -_«_Cllé,z/’fzﬂ’f_ 7‘00@7474
o ,‘ ‘3 pww;ad_égm/&_pm_/ Vou. _ﬁ/»\/«&,mww
ok ffjva mjgw%ikai/ bobou. Mg_m,
4 L imi d s Vg
e Lu\,M ﬁﬁbw/j:f ‘Zfé.i%-;@f ef/jmea‘fi____,__
. 6EP logs e [)/@Wc/ S
N 3 )ZMSQ[W 7 TS_CQ___ % —_56« _ _
.,_.[jL_QMJ___(M u‘ﬁ"«w Sac. Zw/é.a oéwf__
_Ee Ha cou o EL#;C(MIQL%MMJ____
MW*M&Q/T7 |
| 4 ﬁ/‘ dn[L7 /aéﬂw&o é@&fl_______
' _ééW_ ) Fr U«Q_‘ /Zto:\_b__
waef T

Y AN B B e

'___*' o _;"%_‘é. —_ ﬁd.u/.-.ﬁaw/-,s AW/&'//CQ/\ M;e/ _.‘.- .

- ...I._'.A_--*-_...-k.-_ LY ¢ / I~ " n,‘?LlL Lat CLC"C?/g—s "pd‘/_' 3 C e . -a.-




P N ]

/”@

mm/

- L”W””?’ oy = fm“c"%‘z‘@f o o %,aé\z *';“:f*** -

L IR sy — | ]

. 77”’ fWW”’”SWF”’“W’W (A5 T
z

)OJ’W’ZIDU M”v

> ,"NW‘W “3:”% S =




—
'
, -

¢

{
f

{

‘u -~ ~lh
.




"1,.

f; U S Geo]og1ca1 Survey, Geotherma] Research Program
workshop on ‘the . Geothermal Resources of the Cascade Range
. May 22- 23 1985 Men]o Park CA

i
'~ K

S f ,'f'-"I.-ST'OF_‘PARTICIPANTS' o

".“fAdém;*ngf¢4{;jr‘f;* ‘TIVQTf;U S. Geo]ogwca] Survey, MS 915 S

345 M1dd1ef1e1d Road -
- Menlo Park, CA 94025
(415) 328- 8111

R = Bain, Desmond. = = w0 TALS Forest Serv1ce‘ﬁ;g:ff'n«‘:'
G a0 630 Sansome “Street o
" San- Francisco, CA’ 94111
(415) 556- 9768

Bargar, Keith ' U.S. Geological Survey, MS 910
: 345 Middlefield Road
Menlo Park, CA 94025
(415) 323-8111

~—Beall, Joe ‘ _ Geysers Geothermal Company
' 8569 Sonoma Avenue
Sebastopol, CA 95472

*Q§Beilin, Phil - U.S. Geological Survey
' 345 Middlefield Road
Menlo Park, CA 94025
(415) 323-8111

Berge, Patricia ' U.S. Geological Survey, MS 977
‘ ‘ 345 Middlefield Road
Menlo Park, CA 94025

' ) (415) 323-8111
ué%lackwe]], David ' Department of Geological Sciences
. Southern Methodist University
Dallas, TX 75275
(214) 692-2745

+ Bodell, John Union-~ i1 Company
. “P0. Box 6854
Santa Rosa, CA 95406
(707) 542-9543

““Brophy, Paul California Energy Company
. - 3333 Mendocino Ave, #100
Santa Rosa, CA 95401
(707) 526- 1000

xiCasterson, Mark Geothermal Resources International
545 Middlefield Road
Menlo Park, CA 94025
(415) 326-5470




U.S. Forest Service < uc i
Deschutes National Forest -
-° 1645 Highway 20° E S
.- . Bend, OR . 97701.
'.5(503) 389 2373

v Chitwood, Larry T

- V*Chrispiansen,-prert;'*EQV;fv‘U S. Geo]og1ca1 Survey, MS 910
R © T 57345 Middlefield Road
... Menlo Park, CA- 94025
‘-»(415) 323 8111

: Mﬁé?ancanel]i; Eugene 7'Cascad1a Exp]orat1on Corporat1on
o S - 3358 Apostol Road = '
'*‘.;»_gEscond1do CA 92025
”“ff(619) 489 0969 T

—Collier, John ‘ u.S. Forest Serv1ce
Pacific Northwest Region
. P.0. Box 3623
Portland, OR 97208
(503) 221-2921

P”’EBEES, James Geothermal Resources International
: 545 Middlefield Road, Suite 200
Menlo Park, CA 94025
(415) 326-5470

~Dansart, William. GEO Operator Corporation
2300 County Center Drive
Santa Rosa, CA 95401
(707) 523-4272

= +~ DeBunce, Holly Geology Department
‘ University of Oregon
Eugene, OR 97403
(503) 686-4573

. rcfﬁfblier, William ) Thermal Power Company
. 3333 Mendocino Avenue
Santa Rosa, CA 95401

(707) 576-7040

.~ DeWitt, David Union Qi1 Company
P.0. Box 6854
Santa Rosa, CA 95406
(707) 542-9543
L«*ﬁﬁﬁﬁEﬁQi]]e, Richard Union 0i1 Company
- P.0. Box 6854
Santa Rosa, CA 95406
(707) 542-9543.

Erlich, Edward U.S. GeologicalL Survey, MS 964
: Denver Federal Center
- Denver, CO 80225
(303) 236-1020



~Finn, Carol -

*.Fitterman, David: .

—Frischknecht, Frank

Fujimoto, Robert

Gaal, Robert
Galanis, Peter
Geyer, John

| “fﬁﬂﬁetein, Norman

Guffanti, Marianne

1_Ejersfein,'dudy‘ff;jﬁf‘

.S, Geo]ogwca] Survey, Ms 910A'”'
345 Middlefield Road

;;f'%U S, Geo]og1ca1 Survey, MS 9103?f?‘f“-'

- . .345.Middlefield Road S :
“".-Menlo Park, CA 94025
"n(415) 323 8111 '

s Geological Survey, MS 964jj,j1,;;;-’?
- Denver .Federal Center' S

" Denver, €0 80225
-(303) 236-1345.

VU S Geo]og1ca1 Survey, MS 964 ;..Sv.

Denver Federal Center.
Denver, CO .80225. .

"*;;(303) 236 1382°

- \_Fournier, Robert

Menlo Park, CA 94025
(415) 323-8111

U.S. Geological Survey, MS 964
Denver Federal Center

Denver, CO 80225

(303) 236-1212

Bureau of Land Management
Oregon State Office

P.0. Box 2965

Portland, OR 97208

 (503) 231-6946

Calif, State Lands Commission
245 W. Broadway, Suite 425
Long Beach, CA

(213) 590-5233

U.S. Geological Survey, MS 23
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

Bonneville Power Administration, PRS8
P.0. Box 3621

Portland, OR 97208

(503) 230-5327

Lawrence Berkeley Laboratory -
Earth Science Division, Bldg. 50-E
Berkeley, CA 94720

(415) 486-5961

U.S. Geological Survey
922 National Center
Reston, VA 22092
(703) 860-7481



Hagoad, Michsel
o Haizlipy Ji1

Hansen, Péééfﬁr;
Hebein, Jeffrey
Higgins, Chris
Hildreth, Wes
/ﬁglman, William |
Hoover, Don
Inge?ritsen, Steyen

Ao

ovenitti, Joe

_ﬁGEO Operator Corporat1on~,ﬁ?-},;,ﬂ,

... 2300-County Center Drive .- -
_."Santa ‘Rosa,. CA. 95401 -

"(707) 523 4272

L - GEO Operator Corporat1oni{}:‘f*., o
7. 2300 County:Center Dr1ve*‘ o
“Santa Rosa, ‘CA - 95401 .
-'(707) 523 4272 B

kﬂlDepartment of Geo]ogy

Portland State Un1vers1ty -

~ P.0. Box 751.
. .portland;OR.- 97207
_«_.;5(503) 229- 3022

' Geotherma] Resources Internat1ona1 :

545 Middlefield Road
Menlo Park, CA 94025
(415) 326-5470

Thermal Power Company

3333 Mendocino Ave, Suite 120
Santa Rosa, CA 95401

(707) 576-1398

California Division of Mines & Geology
610 Bercut Drive

Sacramento, CA 95814

(916) 322-9997

U.S. Geological Survey, MS 910
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

Department of Energy
1333 Broadway
Qakland, CA 94612
(415) 273-6370

U.S. Geological Survey, MS 864
Denver Federal Center

Denver, CO 80225

(303) 236-1326

U.S. Geological Survey, MS 439
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-1111

Thermal Power Company

3333 Mendocino Ave., Suite 120
Santa Rosa, CA 95401

(707) 576-7232



U yer, HoML
© Johmnson, Keith

" ‘Johnson, Michael -0 T

Keith, Terry
Vk]ick, Donald
AaFleur, Joe

Aippmann, Marcelo

MacLeod, Norman

//ﬁ;riner, Robert

/@éNitt, James

'.g%f:U S Geo]og1ca1 Survey, MS 977
0345 Middlefield Road’ , _”;;“;gi, e e
.~ Menlo Park, CA 94025 =-.'7w o

S ,(415) 323 8111 SRR

oo Chevron Resources L

L UPL0L Box 7147 T T e

oo Sans Francwsco CA 94120 7147
*_,!*(415) 894 2882

A'1Cascad1a Explorat1on Corporat1on;l‘?‘””'““ R
- 3358 Apostol Road - '

Escondido, CA 92025

(619)489-0969. -

‘*GEO Operator Corporat1on

2300 County Center Drive
Santa Rosa, CA 95401
(707) 523-4272

U.S. Geological Survey, MS 910
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

U.S. Geological Survey
905 National Center
Reston, VA 22092
(703) 860-6471

California Energy Company
3333 Mendocino Avenue, #100
Santa Rosa CA 95401

(707) 526-1000

Earth Sciences Division
Lawrence Berkeley Laboratory
Berkeley, CA 94720

(415) 486-5035

U.S. Geological Survey
Cascades Volcano Observatory
5400 MacArthur Blvd.
Vancouver, WA 98661

(206) 696-7806

U.S. Geological Survey, MS 434
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

GeothermEx

5221 Central Avenue, Suite 201
Richmond, CA 943804

(415) 527-9876




- Michaelsony Caryl- - -

":_%lloy;ﬁM}a‘rﬁ;ﬂ SRR
Cosls e e e 71333 Broadway -
© .+ Oakland, CA- 94612
"*'3(415) 273 7945 ;

Jf Mbohgyglwdlﬁéffi 1‘;?1,__;1n

,/Mﬁ?fler, Patrick

Nathenson, Manuel

/ﬂ;cho]s, Clay
//ﬁ;elson, Dennis

Nordquist, Gregg
./ Olmsted, Frank

Olson, Harry J.

,ah345 Middlefield Road - -. - L AR
. "Menlo-Park, CA 94025?”&%J3;ff75J'“f‘,“Ai-.'
- . (206) 545- 3813 SR

Geo10g1ca1 Survey, M S 977

sDepartment of Energy _f}:;f§{~:'

,’U S Geo]og1ca1 Survey, MS 977
- 345 Middlefield Road -

Menlo Park, CA- 94025 _

f:§§(415) 323 8111

" University of Utah Research Inst1tutef“-;“’ff

Earth Science Laboratory -

391 Chipeta Way, Suite C

Salt Lake City, UT 84108
(801) 524-3428

U.S. Geological Survey, MS 910
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

U.S. Geological Survey, MS 910
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

Department of Energy

550 Second Street

Idaho Falls, Idaho 83401
(208) 526-0535

University of Utah Research Institute
Earth Science Laboratory

391 Chipeta Way, Suite C

Salt Lake City, UT 84108

(801) 524-3422

Union 0il Company

P.0. Box 6854

Santa Rosa, CA 95406

(707) 542-9543

U.S. Geological Survey, MS 467
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111.

Steam Reserve Corporat1on
1707 Cole Boulevard
Golden, CO 80401

(303) 231-0659




. “bilkington, Dean . .
o ws D e Y1707 Cole- Bou]evard
.. - Golden, CO. 80401
- (303) 231-0661 -

" Priddy, Charles =~

R A

S Ai»f,;f{f%A
. _Priest, George

* prucher, Libby

Randall, Walter

JRéed, Marshall

John Rowley

Schriener, Alex

Sherrod, David

Sibbett, Bruce

Smith, James

TSteam Reserve Corporat1on -

~;:Ca11forn1a State Lands Comm1ss1on o

1807 13th- Street -

"~ Sacramento, CA- 95814
S (916) 323 7210

,:Department of Geology & M1nera1 Industr1es
: ,‘1005 State Office Bu11d1ng
.00 Portland,: OR: 97201

o ,2;(503) 229-5580

“ Geo]ogy Department :

University of Oregon
Eugene, OR 97403
(503) 686-4573

GEQO Operator Corporation’
2300 County Center Drive
Santa Rosa, California 95401
(707) 523-4272

Department of Energy

CE-324

Washington, D.C. 20585 I
(202) 252-8017

Los Alamos National Laboratory, D-462
P.0. Box 1663

Los Alamos, NM 87545

(505) 667-1378

Union 0il1 Company
P.0. Box 6854

Santa Rosa, CA 95406
(707) 542-9543

U.S. Geological Survey, MS 901
345 Middlefield Road

Menlo Park, CA 94025

(415) 323-8111

University of Utah Research Institute
Earth Science Laboratory

391 Chipeta Way, Suite C

Salt Lake City, UT 84108

(801) 524-3424.

U.S. Geological Survey, MS 901

345 Middlefield Road

Menlo Park, CA 94025
(415) 323-8111




345 Middlefield Road .
-~ Menlo Park, CA 94025 .
(415 323-8111

J: ’(§§héy,fﬁf§hae13f?r :’;: }f:fo S Geo]og1cal Survey, MS 439

5 86Uthéh,gdg.6;fgf]gn , r,';{fGeolog1ca1 Survey of Canada
oL T 7 1100-West Pender St -
. -Vancouver, B.C.
“. - Canada: V6B 1R8
2‘,(604) 666 0528 .

“,“Staney;HDal L _h' . 41U 5. Geo]og1ca1 Survey, MS 964 3,,:; _;._ :

- Denver ‘Federal-Center -
"7 Denver, Colorado . 80225
(303) 236-1328 - -

Stephenson, Brian , Union Geothermal Company
P.0. Box 6854
Santa Rosa, CA 95406
(707) 542-9543

Sternfeld, Jeffry GEO Operator Corporation
' 2300 County Center Drive
Santa Rosa, CA 95401
(707) 523-4272

_stdemnich, Gene Union 0i1 Company
P.0. Box 6854
Santa Rosa, CA 95406
(707) 542-9543

Sun, Stanley Bureau of Land Management
2800 Cottage Way
Sacramento, CA 95825
(916) 484-4515
“//anberg, Chandler ‘ Geothermal Resources International
_ 545 Middlefield Rd.
Menlo Park, CA 94025
(415) 321-5662

véC:ft,'Char1es Chevron Resources
P.0. Box 7147
San Francisco, 94120
(415) 894-4037

Taylor, Edward Department of Geology
- Oregon State University
Corvallis, OR 97331
(503) 754-2484 -

Temko, Heidi Bureau of Land Management
555 Leslie Street
Ukiah, CA 95482
(707) 462-3873



*;*Thbm3$}~R1Chanﬁ_r“f Ca]1forn1a D1v1s1on of 011 and GaS“,-‘
TR R q,,[, 916+ 9th' St., Rm 13100 -~ |
... .Sacramento, CA 95826 73 £/4-
- f,:';."‘-(916) 323-i788 -

33fTh0mp§on;'Miéhag]jiV!GQQ-fﬁ*‘U S Geo]og1ca] Survey, MS 9101 (§f@§;F¥.~-1*A5 L

o U345 M1dd1ef1e1d Road -
~ Menlo Park, CA- 94025
) ,J(415) 323 8111 '

Towne, E.Bs . = = . Geotherma] Exp]orat1on

i ' o 582 Market Street, #1508
_.San Francisco, Ca 94104
1(415) 434 0700 S

’frUésde]l, Alfred ' ©U.S. Geo1og1ca1 Survey, MS 910
: 345 Middlefield Road
Menlo Park, CA 94025
(415) 323-8111

. “Waibel, Al , Columbia Geoscience
' ' 22495 NW Quatama Road
Hillsboro, OR 97124
(503) 640-9877

Walker, George . U.S. Geological Survey, MS 901
345 Middlefield Road
Menlo Park, CA 94025
(415) 323-8111

Walter, Stephen . U.S. Geological Survey, MS 977
345 Middlefield Road
-Menlo Park, CA 94025
(415) 323-8111

‘Walters, Mark : GEO Operator Corporation
2300 County Center Drive
Santa Rosa, CA 95401
(707) 523-4272

/" White, Donald U.S. Geological Survey, MS 910
345 Middlefield Road
Menlo Park, CA 94025
(415) 323-8111

White, Thomas Bonneville Power ‘Administration
825 N.E. Multnonmah
Portland, OR 97208
(503) 230-4386

Williamson, Ken - Union 0i1 Company
_P.0. Box 6854
Santa Rosa, CA 95401
(707) 542-9543



O Airight, Mike -

‘i%éha;;‘AA¢1f’i

P S

. Winnett, Terrie -

w1tham, Rodger fff‘, ;{i'j;

ks TP,U S Geo]og1ca1 Survey, MS 910
".7.345 Middlefield Road™.. - . .
< Menlo Park; CA 94025
'f.(415) 323- 8111

{Buureau of - Land Management
' 72800 Cottage. Way'

Sacramento CA 95825

1(916) 484-4515

:fi Un1vers1ty of Utah Research Inst1tute;'$:'

Earth- Science Laboratory:
391 Chipeta Way, Suite C-

. .Salt-Lake: C1ty, T 84108 B P S
"?»,(801) 524- 3422 o .~na~.;,<u:-~

u.s. Geolog1ca1 Survey, MS 964

Denver Federal Center
Denver, CO 80225
(303) 236-1222




Seismic Studies in the Cascade Range: Washington, Oregorn, Northern California

*5

*R

*R

*T

%5

*R

*5

*#5

RS+

%R

Berg, J.W.,Jdr.. and Baker,C.D., 1963%, Oregon Earthquakes,
1941 through 1258: Bulletin of the Seismological
Society of America, v. 33, p. 93-108.

Berg, J.W.,Jdr., Trembly, L., Emilia, D.A., Hutt, J.R., Kinag,
J.M., Long, L.T., Mcknight, W.R..,, Sarmah, 8.kK., Souders, R.,
Thiruvathukal, J.V., and Vossler, D.A., 1966, Crustal
refraction profile, Oregon Coast Range: EBulletin
of the Seismological Society of America, v. 36, p. 1387-13562.

Berge, F.A., and Stauber, D.A., 1983, Seismic refraction study
of the Lassen Feal: area in California: (in review).

bBerge, F.A., 17985, Teleseismic F-wave traveltime residuals
" across the Cascade Rarnge in southern Oregon: U.S.
Geological Survey Open-File report (in review).

Bolt, B.A., and Miller, R.D., 1971, Seiemicity of northern
and central California, 1765-196%9: Bulletin of the
Seismological Society of America, v. 61, p. 1831-1847.

Catchings., R.D., 198%, Crustal structure from seismic
refraction in the Medicine Lake area of the Cascade
Range and Modoc Flateauw, northern California: Master
of Science thesis, University of Wisconsin, Madison,
Wisconsin, 97 p.

Chandra, U., 1974, Seismicity., earthguake mechanisms, and
tectonics along the western coast of North America,
from 42 degrees N to é1 degrees N: Bulletin of the
Seismological Society of America, v. 64, p. 1529-1949,

Chiburis, E.F., 19646, Crustal structures in the Pacific
Northwest states from phase-velocity dispersion of
seismic surface waves: Fhd. dissertation, Oregon
State University, Corvallis, 170 p.

Cros=son, R.S5., 1976, Crustal structure modeling of
earthquake data Z. Velocity structure of the
Fuget Sound region, Washinaton: Jouwrnal
of Geophysical Regsearch, v. 81, n. 17, p. J3047-30354.

behlinger, F., Chiburis, E.F., and Collver, M.M.., 1965,
Local travel-time curves and their geologic implications
for the Facific Northwest states: Bulletin of the
Seismological Society of America, v. 35, p. S987-607.

Eaton, J.F., 1966, Crustal structure in northern and
central California from seismic evidence, in Geology



*T

#R

RS

 *T

‘*F\'

*5

*5

* 54

of northern California: Cali%orﬁia Division of
Mines and Geology Bulletin 190, p. 419-426. "

Evans, J.R., 1982, Compressional-wave velocity structure
of the Medicine Lake volcano and vicinity from
teleseismic relative traveltime residuals: Technical
Fraogram of the Society of Exploration Geophysicists
Fitty—-Second Annual International Meeting and Exposition,
Dallas, Texas, p. 482-485. ‘

Hill, D.F., 1972, Crustal and upper mantle structure of the
Columbia Flateau from long range seismic-refraction
measurements: bGeological Society of America Bulletin,
v. BI, p. 1639-1648.

Hill, D.F., 1978, Seismic evidence for the structure and
Cenozoic tectonics of the FPacific Coast states, in
Smith, R.B., and Eaton, G.F., eds., Cenozolc tectonics
and regional geophysics of the Western Cordillera:
Geological Society of America Memoir 132, p. 145-174.

Hughes, J.M., Stoiber, R.E.., and Carvr, M.J., 1980,
Segmentation ot the Cascade volcanic chain: Geologv,
v. 8, p. 15-17.

Iver, H.M., and Rite, A., 1981, Teleseismic F-wave delays
in the Oregon Cascades: Transactions of the
American Geophyesical Union (E0S5), abs., v. 62, p. 1089.

Johnson, $.H., and Couch, R.W., 1970, Crustal structure in the
north Cascade Mountains of Washington and British
Columbia from seismic-refraction measuwements: Seismological
Society of America Bulletin, v. 60, p. 1259~-1270.

Klein, F.W., 1979, Earthquakes in Lassen Volcanic National
Fark, Califormnia: Bulletin of the Seismological Society
of America, v. 69, p. 8&7-875.

tohler, W.M., Healy, J.H.., and Wegener, $.5.. Upper crustal
structwe of the Mount Hood, Oregon, region as
revealed by time term analysis: Journal ot Geophvyesical
Research, v. 87, p. 339-3355.

Follmanm, A., 1784, Oregon Seismicity—— August 1980 to
October 1782: U.8H. Geological Survey Open-File Report
84-8Z2, T2 p.

Langston, C.A., 1977, Corvallis, UOregon, crustal and upper
mantle receiver structure from teleseismic F and 8
waves: EHulletin of the Seismological Society of
America, v. &7, p. 713-724.

Langston, L.A., 1981, Evidence for the subducting lithosphere
under Southern Vancouver Island and Western Oregon from



teleseismic F-wave conversion: Jodrnal of Gebphysical
Research, v. 8Bé&6, p. 3837-3866.

. #RS Leaver, D.S5., 198Z, A refraction study of the Oregon Cascades:
Master of Science Thesis, University of Washington.

- ®RS Leaver, D.5., Mooney, W.D., and kohler, W.M., 1984, A seismic
' refraction study of the Oregon Cascades: Journal of
Geophyeical Research, v. 892, p. 2121-3124.

McBirney, A.R., 1978, Volcanic evolution of the Cascade Range:
Arnnual Review of Earth and Flanetary Sciences, v. b,
p. 4%7-456.

*5 McCollom, R.L., and Crosson, R.5., 1975, An array study of
upper mantle velocity in Washington State: Seismological
Society of America Bulletin, v. 65, p. 4467-48Z.

#5  Mckenzie, D., and Julian, B., 1971, Fuget Sound, Washington,
earthguake and the mantle structure beneath the
northwestern United States: Geological Society of
America Bulletin, v. 82, p. 3519-35Z24.

T Michaelson, C.A., 1983, Three-dimensional velocity structure
‘ of the crust and upper mantle in Washington and northern
Oregon: M.S5. thesis, University of Washington, 100 p.

*#T Michaelson, C.A., and Weaver, C.5., 1985, Upper mant1e structure
‘ from teleseismic F-wave arrivals: Journal of Geophysical
Research (in review).

*T  Monfort, M.E., 1980, F-wave residuals in the Mount Lassen
volcanic area: Transactions of the American Geophysical
Union (E0S), abs., v. 61, p. 1025,

%5 Monfort, M.E., 19B2, Seismic structure of the Lassen volcanic
‘ area: Transactions of the American Geophysical Union (EOS),
abs., v. 6%, p. 174.

#R  Prodehl, D., 1970, Seismic refraction study of crustal
structure 1n the Western United States: Geological
Society of America Bulletin, v. 81, p. 2629-2646.

*5 Rite, A., and Iyer, H.M., 1981, Oregon Seismicity: 1981 (abs.):
American Geophysical Union Transactions (EO0S5), v. 62, p. 964.

*¥S FRobinson, H.B., and Bverly, D., 1948, Earthguake swarm in
Lassen Volcanic National Fark: PBulletin of the
Seismological Society of America, v. 38, p. 179-193.

R  Robhay, A., 1979, A refraction study of the North Cascades
and northeastern Washington, in Malorne, 5., ed., Annual
Technical Report of Earthquake Monitoring of the Hanford
Region, Eastern Washington: Geophysics Frogram, University



'Df'washingtén, Seattle.

R Shor, G.G..Jr., Dehlinger, F., Kirk, H.K., and French, W.S5., 1968,
Seismic refraction studies off Oregon and northern California:
“Journal of Geophysical Research, v. 73, p. 2Z2175-2194.

" #T Stauber, D.A., and Berge, F.A., 1984, F-velocity structure of Mt.
Shasta, CA, and Newherry Volcano, abs.: Transactions of the
American Geophysical Union (EO0S), v, 646, p. 29.

*T Stauber, D.A., Green, S.M., and Iver, H.M., 1989, Three-dimensional -
F~velocity structure of the crust below Newberry Volcano, Oregon:
submitted to the Journal of Geophvsical Research.

*R Stauber, D.A., Iver, H.M., Mooney, W.D., and Dawson, F.B., 1985,
Three-dimensional F-velocity structure of the summit caldera
of Newberry Volcano, Oregon: submitted to the Geothermal
Resources Council.

*5 Taber, J.J., and Smith, S.W., 1985, Seismicity and focal mechanisms
associated with the subduction of the Juan de Fuca plate beneath
the Olympic Feninsula, Washington: EBulletin of the Seismological

-

Society of America, v. 79, p. 237-249.

g Tobin, D.G., and Sykes, L.R., 1968, Seismicity and tectonics
of the northeast Facific Ocean: Jowrnal of Geophvysical
Research, v. 73, p. 38Z1-384959.

*5 Walter, 8.R., Rojas, V., and kollmann, A., 1984, Seismicity of the
lL.assen Feak area, California: Geothermal Resources Council
Transactions, v. 8, p. 523-527.

*TS weaver,’C., Green, S.M., and Iver, H.FM., 1979, Seismic studies at the
Mt. Hood volcano, northern Cascade Range, Oregon: U.S5. Geological
Survey Open—-File Report 1&6%1.

#TS Weaver, L., Green, S.M., and Iver, H.M., 1982, Seismicity of Mount
Hood and structure as determined from teleseismic F wave delay
studies: Journal of Geophysical Research, v. 87, p. 278IZ-2792.

S Weaver, C.8., and Smith, S.W., 198%, Reqgional tectonic and earthguake
hazard implications of a crustal fault zone in southwestern
Washington: Journal of Geophvysical Research, v. 88, p. 10371-10383.

S5+ Weaver., C.5., and Michaelson, C.A.. 1985, Seismicity and
volcanism in the Facific Northwest: Evidence for the
segmentation of the Juan de Fuca plate: Geophysical

=4

Research Letters, v. 12, p. 215-218.

*R  White, W.R., and Savage, J.C., 1965, A seismic refraction and gravity
study of the Earth’'s crust in British Columbia: Seismological
Society of America Bulletin, v. 35, p. 4463-486.

*R  Zucca, J.d., Catchings, R.D., Fuis, G.S., and Mooney, W.D., 1981,



FPreliminary report on a seismnic refraction study in the Mt.
Shasta region of northern California, abs.: Transactions of
the American Geophysical Union (E0S), v. 62, p. 1089.

¥R  Zucca, J.J., Fuis, 6.5., Milkereit, B., Mooney, W.D., and Catchings,
R.D., 1983, Crustal structuwre of northeastern California from
seismic refraction data: Jownal of Geophysical
Resesarch (in press).

EEY:

R = Refraction

T = Teleseismic F-delay

S = Seismicity, F-to-5 conversion, Fhase-velocity dispersion, or any

similar studies. Not all the Washington and northern California
network stations have been plotted on the poster.

*
il

stations plotted on poster _
= gee author ‘s bibliography for other studies

+
1



