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Resource assessment can be defined as the broad-based estimation of future
supplies of minerals and fuels. This assessment includes not only the z)
quantities that could be produced under present economic coﬁditions, buf.also
the quantities mnot yet discovered or that might be produced with’improved
technology or under diffgrept economic conditions. Resource aséessment
requires (1) estimation of the amount of a gi;;n material in a specifiéa'part
of the Earth's crust and (2) estimation of the fraction of that material that
ﬁight be’rec0vefed and gsed under assumed economic, legal, and technological

‘conditions. _Geothermal resource assessment is thus primarily the estimétion
of the thermal energy in the grdhnd, referenced to mean annual temperature,
coupled with an estimation of the amount of this -energy that nmfght be
extracted economically and legally at some reasonable future time. .

Estiﬁates of geothermal resources of the United States vary by as much as

_six orders of magnitude, from a high of 10 billion megawatt—centurieg (MWe-c)
to sévera1 loW estimates that cluster around 10,000 MWe—cl(Muff1e¥, 1973).
'Part‘ of the reason for ,the‘ discrepancy in 'published 'geothérmal resource

estimates lies in a confusion among the terms resource base, reserve, .and

resource. Thesé terms come from the.oil and miner‘als industries and havé been
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Resource base: "¥¥%% the sum total of a mineral raw material present in

the earth's crust within a given geographic area  *** whether its
existence is known or unkﬁown and regardless of cost.consideragiqns and of
technological feasibility of extraction." (Netschert, 1958; Schurr. aqd
Netschert, 1960, p. 297)

Reserve: ''quantities of minerals #*¥%* that can be reasonably assumed to
exist and which are producible with existing technology and under present
economic conditions." (Flawn; 1966, p. 10).

Resource: '"*%% that parfvof the resource base (including reserves) which
seems 1ikeiy to become available given certain technologic and‘économic
conditions." (Netschert, 1958; Schurr and Netschert, 1960, p. 297) 4

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 futﬁre time. The 'geothermal
resource can be divided iﬁto economic and subeconomic categories deﬁehding on
present-day economics. This lbgic can be displayed as ehe vertical axis of a
McKelvey diagram§ this diégfam»defines the terms resource and reserve.

In the United Sfates, geothermal resource assessment is the responsibilityv
of the U.S. Ceological Survey. In meeting‘this'resbonsibiiity, the USGS;has
during the past decade produced three geothermal resourde-assessménts (White
_and Williams, 1975; Muffler, 1979a; Reed, '1983a).  Collectively, these

national resource assessments evaluated geothermal energy in five categories:




1. Regional cbnduétion—dominated regimes

2. Igneous-related geothermal systems

3. Geopressured-geothermal energy

4. Hydrothermal convection systems at temperatures >90°C.

5. Geothermal regimes at tempteratures 90°C.

Geothermal resources were estiméted only for categories 3, 4, and S.C'Energy
calculations made for cétegories 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-reiated
geothermal systems, the thermal energy still remaiﬁing in silicic intrusions
and adjacent couﬁtry rock was calculated by conductivevcooling models using
estimates of the size and age of intrusions (Smitﬁ and Shaw, 1979). This
calculation assumes that cooling of the igneous. "body by hydrothermal
convection was offset by the effects of magmatic preheating ;nd a&dftions_of.
magma: after the assumed time of emplacement (Smith and ‘Shaw, 1975).

The figures estimated and calculated in the 1978 USGS geothermal resource
assessment of the United States suggest that the energy in igne6ﬁ3frelated
systems to a depth of 10 km'is 100 times gfeater'than'the energy in all
identified aﬁd undiscovered hydrothermal “convection systems to a depth of 3
km, and mnearly 1000 'timeé greater than the  energy in ~all hydrothermal
- convection systems identified to date. From this comparison it  can be
inférred that very large amounts of geothermal energy yet remain to be fOuﬁd.
The major geothermal questions facing us for the.United States in general. and
for the Cascade Range in particular are:

-- What is the true value of this igneous-related energy?
—%- What is the distribution of this‘energy amoné,maéma;‘hot'dry rock, and
hy&rothermal convections systems

-~  Where is all this energy located?




References

Flawn, P.  T., 1966, Mineral resources: Chicago, Rand McNally and Co., 406 p-.

Muffler, L. J. P., ed., 1979a, Assessment of geothermal'resources of the
United States--1978: U. S. Geol. Survey Circ. 790, 163 p.

Muffler, L. J. P., and Cataldi, R., 1978, Methods for regional assessment of
geothermal resources: Geothermics, v. 7, no. 2-4, p. 53-89.

Netscherf, B. C., 1958, The future supply of oil and gas: Baltimore, Johns
Hopkins University Press, 134 p.

Reed, M. J., ed., 1983a, Assessment of low-temperature geothermal resources of
the United States--1982: U.S. Geological Survey Circular 892, 73 p.

Schurr, S. H., and Netschert, B. C., 1960, Energy in the American economy,
1850-1975: Baltimore, Johns Hopkins Press, 774 p.

Smith, R. L., and Shaw, H. R., 1975, Igneous-related geothermal systems,
in White, D. E., and Williams, D. L., eds., 1975, Assessment of geothermal
resources of the United States--1975: - U. S. Geol. Survey Circular 726,
p. 58-83. e e '
Smith, R. L., and Shaw, H. R., 1979, Igneous-related geothermal systems,
in Muffler, L. J. P., ed., Assessment of geothermal resources of the
United States--1978: U. S. Geol. Survey Circ. 790, p. 12-17.

White, D. E., and Williams, D. L., eds., 1975, Assessment of geothermal
resources of the United States—-1975: U. S. Geol. Survey Circular 726,
105 p. ’




—_—
> —_

_ PREVIOUS ESTIMATES BY THE U.S. GEOLOGICAL SURVEY
OF GEOTHERMAL RESOURCES OF THE CASCADE RANGE."

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

Introduction - '

As part of a second assessment by the U.S. Geological Survey of geothermal
resources of the'United States (Muffler, 1979), estimates were made of thermal

energy in igneous-related geothermal systems and in hydrothermal convection

-systems with reservoir temperatures 290°C in the Cascade Range. The assessment

is based on data available July 1, 1978, and is a revision of the first national
geothermal resource assessment (White and Williams, 1975). This paper
summarizes results of the 1978 assessment for the Cascade Range, in orde} to
provide a starting point for a revised regional assessment of the Cascades.
Medicine Lake vo]tano, California, and Newberry volcano, Oregon, are considered
as part of the Cascades in this discussion, although in the 1978 assessment they

were not included in that province.

Igneous-related systems

Thermal energy stored in magma, solidified pluton, hot country rock and
associated hydrothermal convection syétems to a depth of 10 km was estimated for
young igneous centers in the western U.S. (Smith and Shaw, 1979). This thermal
energy was calculated using a conductive cooling modei based on estimates of
volumes and ages of presumed shallow silicic magma chambers. Thé primary

assumption of the model is that for a given system a single ‘pulse of magma was

" emplaced instantaneous]y and cooled conductively from the time represented by.

the youngést age of the system.  Another assumption is that effects of magmatic

preheating and resupply to the system are balanced by hydrothermal cooling. As

. a best guess, it was estimated that about half of igneous-related geothermal
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energy exists as magma and nearly that much as solidified intrusion and hot

sukrounding rock, with only a few percent expressed by hydrothermal convection .
systems (Muffler, 1981).

The thermal energy calculated for 11 igneoﬁs-related systems in the
Cascades is approximately 3900 x 1018 joules (table 1), an amount approximateiy
‘equa] to that calculated for the Clear Lake volcanic center near the The Geysers
geothermal field in California. The 11 Cascades systems represent about 8% of

the igneous-related energy in the United States, excluding the thermal energy in

the very large Yellowstone-Island Park system. Six igneous-related systems in

the Cascades were not evaluated for thermal energy -- Mt. Hood, Mt. 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 evaluated systems, eight

appear to be at least partially ﬁoTien and thus may éerve as geothermal heat
sdurces. Theﬁe are Lassen'Peak,vMedicine Lake, and Shasta. in California; Crater
Lake, Newberry, and South Sister in Oregon; Gldciér‘Peak and Mt. St. Helens in
Washington, | '

. One aspect of a revised assessment of the Cascade geothermal regime might
involve a refinement of igneous-reiated thermél energy estimates. .Based on
detailed geologic mapping and geochronological. and geophysical studies at
several volcanic centers in the CaScades, new age and size data may permit
revision of existing estfmates, as well as ﬁa]cu]afion of thermal energy at some
of the'preyiously-unevaludted systems. However, the assumptions of the
conductivg cooling mode] may be poorly approximated in the Cascade Range.
Although-the Cascades has high regional heat flow and extensive Quaternary
volcanism, substantial magma chamberé in the upper crust have not been-detected

by various geophysical techniques (Iyer, 1984). What, theﬁ; are the geometries .




and depths df crustal magma reservoirs underlying Cascades volcanic centers? At
what rates is magma supplied to these igneous éenters of predominantly
intermediate composition and how is ft stored in the upper crust? How efficient
is hydrothermal cooling of Cascédes magma bodies? What is the divfsion of
therma] enefgy among magma, solidified intrusion, and hydrothermal -systems ih

the Cascades? What is the nature of magmatic supply and storage to areas

between the major stratovolcanoes?

Hydrothermal systems

Fourteen hydrothermal systems in the Cascades (including Newberry volcano)
were estimated in 1978 to contain 84 x 1018 joules (table 2), about 5% of the
hydrothermai energy of all.identified systems in the,Uhited Statés. The
recoverable thermal energy (resource) in 3 high-temperature systems -- Morgan-.
Growler H.S. near Lasseh,Peak, Ca]ifornia5 Gamma Hot Spfihgs near Glacier Peak,
Washington; and Newberry volcano, Oregon ;ﬁfis equiva]ént.to 883 MW. of |

electricity for 30 years (as a comparison, the current electrical generating

capacity at The Geysers is about 1400 MW.) Because the Lassen system: and -

Ohanapecosh Hot Springs are in National Parks and thus ﬁot available for .

: exp]oitatidh, the resource was not calculated there. - Beneficial or usable heat
of O.5x1018 joules was estimated for hydrothermal systems with reservoir |
temperatures between 90° and 150°C.

Determination of the portion of igneous-related energy that is expressed
hydrothermé11y for various Cascades volcanoes is a first step in characterizing
the relationship between magmatic heat.sources and hydrothermal Systems.. Unfor=.
tunately, éssessment data for this purpose are incomplete in the Cascades. <0n1y
three systems have both igneous and hydrothermal estimates to permit calculation -

of the hydrotherma]-to-ignedus ratio: Lassen, 5%, Glacier Peak, 4%, and



Newberry, 11%.- These values are fafrly high compared to some other systems such
as Long Valley, Valles, and Ye]]owsﬁone, where the hydrothermal portion is l-
3%. The overall hydrothermal-té-jgneous ratio in the Cascade Range‘islz%,
excluding hydrothermal systems not obviously associated with igneous systems.
Undiscoveféd thermal energy in hydrothermal systems in the Cascades is
estimated to be very large amount, approximately 20 times the amount stored in
identified systéms. The undiscovered estimaté>is‘simp1y a mu]tip}e of the
identified component, chosen subjectively on the basis of the favorable geologic
setting. The transport of heat into the upper crust by magma movement, as
evidenced by the abundance of young volcanic rocks, and the occurrence of
hydrothermal systems along the Range,Acoup]ed with the possiblilty of
groundwater masking, suggest that a 1érge resource may exist. To confirm the
Targe undiscovered estimate would require some combination of the following:
1) Previous thermal energy estimates be revised upward by applying new
. temperature and volume data. Forfexample, drilling results at Newberry
- volcano in Oregon (Sammel, 1981) indicate a higher subsurface temperature
thére than previously thought,3265°C compared to 230%C. Also, the hot-spring
systems along the Western/High Cascades boundary may represent larger, hotter
systems at depth. Nomiﬁai volumes of 3.3 cu km that were assigned to these
systems should be re-evaluated in light of new data;
2) Previously unidentified hydrothermal systems be evaluated. For example,
ﬁo hydrothermal resources have yet -been quantified at Medicihe Lake or Crater
Lake. ’Thé‘diSCOVEPy~0f new Lassen-type systems is un]ikely, but more
“Newberries" might be uncovered benéath the rain curtain at other volcanic

edifices. And we need to,détermine what, if any, concealed hydrothermal

systems exist at depth between the major stratovolcanoes.




Certainly, the educated guesé made in 1978 should be re;eva1uat§d in light
of a refined magmatic-hydrothermal model for. the Cascade Range. What dis-
tinguishes the volcanic centers that have hydrotherma]_systems'fromlthose that
do not? To what extent does-mASking of hydrothermal systems by cool groundwater
occur? Where are convenient structure§ for localization of hydrothermal
activity? Can we apply information gained at a few type hydrothermal reservoirs
to systems. elsewhere in the Céscades? If hydrothermal reservoirs are masked and
not expressed at the surface, how do we obtain the necessary data on ..
temperatures and sizes for energy estimates, short of extensive drilling? If

the Cascade Range does not have large hydrothermal resources, why not?
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Table 1. Thermal energy calculated for young igneous systems of the Cascade Range.
Data are from Smith and others (1978).

CA Lassen Peak
CA Medicine Lake
CA Mt. Shasta
OR" Crater Lake
OR Newberry

OR South Sister .
OR Melvin-3 Crks
OR Cappy Burn

OR Bearwallow

WA Glacier Peak
WA Mt. St. Helens

Age, Chamber ) = Chamber 3 : '-Heatlﬂow

Years " Area, km . Volume, km” . 10°°d

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 ? 3 30 41

12,000;<70,000 5 12.5 35

Active 5 >12.5 >35 1
TOTAL 3900 x 1018 4

Table 2. Thermal energy estimates of hydrothermal systems in the Cascade Range.

Data are from Brook. and others (1979).

Values of temperature, volume, and

stored energy are mean values; associated.standard deviations are omitted here
for simplicity of presentation but are given in Brook and others (1979).

>150°¢C

CA Lassen

CA Morgan-Growler
OR Newberry

WA Gamma H.S.

90°-150°¢C
CA Big Bend H.S.

QR Mt. Hood area
OR Carey H.S.

OR Breitenbush H.S.

OR Belknap H.S.
OR Foley H.S.

OR McCredie H.S.
OR Umpqua H.S.
WA Baker H.S.

WA Ohanapecosh H.S.

Stored Recoverable
Temp. Vo]uge : Enﬁggy Eniggy Electricity or
9 km 10°° g 10*°°°J  Beneficial Heat
237 71 4?2 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 4
TOTAL: 8 x 1018 4




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

Craig S. Weaver
U. S. Geological Survey

If the assessment of the geotherrnai potential of the Cascade Range were a
straight-forward application of existing techniques, one could argﬁe rether per-
suasively that the gi‘oss plate tectonic s‘etting. although interesting, was ifizely of
marginal use in the assessment process. That is, the rezal world of geothermal
assessments deals with the nature of megmatic/hydrothermsal systems in the
shallow crust (0-10'km) in locelized areas (horizontal sceles of at most a few 10's
of km). The loca_’:.ion of the seismic Beniof zone, the dip of the Juan de Fuca
plate, and the like, although ultimately responsible for the volcanism obssrved
in the Cascade Ra:‘.ge,, would not be the primary input (and in reziity protebly
not considered at all) to the geothermal assessment.

On the 6thef hand, during the pést seven ye.a.rs. it has beéome increasingly
apparent that the Cascade Range does not represent a simple assessment preb-

lem that is amenable to application of existing methodology. Part of the prob-

[¢]

lem with attempting to understand the geothermal poientiel cf tie rangez is th

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

failed to recognize the significent sczale changes that exist threughout the ranze. .

As an example, it is widely known that the Cascade Range is the voleanic erc fcr

the subduction zone created by the convergence between the Juesa ds Fuez and

the North American plates. On the other hand, the tectonic setling of the ranze
changes markedly from north to south, and these changes are in large pert the
result of changes in the geometry of the Juan de Fuca plate and the interaction

ﬁth the North American plate. In.this paper 1 suggest that the changes in the

- tectonic framework, when coupled with the distribution of late Cenozoic and -

Quaternary volecanism in the Cascade Range, provide a simple first order

1
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geothermal assessment of the Cascade Range‘frorn the American border south
to about Crater Lake: 1) north of Mount Rainier- zero potential, 2) Mount Hood to
Mount Rainier- slight potential '(but. -probably not much above "zero)‘ and 3)

Mount Hood to Crater. La.ke— moderate potentxal (pe*haps locally some areas mth

hxgh potentxal) Although 1 have not yet modeled the southern portion of the

range (Crater Lake to Lassen Peak), this entire region probably 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 iuan de
Fuca plate as it subducts benéatl:i the North American plat;'e. (In this report,
segmentation refers‘ to the change in dip of the Juan de Fuca plate landward of
the coastal thrust zone). In subduction zones, the tectonic framework is deter-
mined in part b.y bbth georﬁetry (including convé'rgence rate, direction, dip
a.ngle) and the type of interaction betw_een the pla‘tes (aseismic- withdut large
' magrﬁtudé thrust‘ ea.-rthquakt-':s of seismic). ‘The lack of Benioff zone earthquakes
along most of th'e subduction. zone has made if difficult’ to determine -those
aspects qf’plate geometry related to f:he dip of the Juan de Fuca plate, and there

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

Although 'northwestern Washington is the simplest portion of the Cascade
Range from t;he point of view of,g'eot;he:rma.l assessments (zero), it does provide
the only area'in the range where there-is a tie between the gecne try-cof the Juan

“de Fuca plate as deduced from the ‘occurrence of Beniofl Zcne earthquakes, and
the distribution of crustal seismicity and volcamsrn in the overlying North Amer-
ican plate. The lack of-CenozoiC'-vol‘c:aﬁisrn probably is the result of three fac-
tors: 1) the shallow dip of the Juan de Fuca plate and the thick. crust beneath
the Olympxc Mountams. 2) the tmckness of the continental lithosphere in the

" North Cascades, and 3y the continuous nature of the slab as it subducts to.the

]2
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nor,theést,. The thick crust beneath the Olympic Mounta.ing allbws a significantly
increased area for the direct interaction between .the Juan de Fﬁca‘é.nd the
No:;tl'n American plates, and this fesults in horizontal compression dominating
the fore arc. The stresses from the plate in_teréction prodﬁce high rates of
seisrnidty 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 tdgether to inhibit volcanism by acting as either a
heat sink or preventing hot aesthenosphere f;'orn ’cofn'mg in contact vlrit".h 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 Mount Hood, the geometry of the Juan de Fuca
plate is not as well constrained as to the north, but the few Benioff zone earth-
quakes suggest that the dip of the sﬁbduct’mg plate (landward of the .thrust
- zone) is greater than to the north. The sudden end of the Benioé‘ zone earth-
quakes has been used to suggest that the Juan de Fuca élate 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 cf tke Juan

de Fuca plate 'rr_Lay decrease internal gravitational stresses to the point that

seismicity ceases within the slab. However, because the sleb (oceanward of ths

proposed break) is still strongly coupled with the overlying North Amsricen
plate, horizontal compression again dominates the arc region. Eerthgualie icczl
mechenisms are largely strike-slip on vertical fault planes, in good agreement

with the horizontal stress dii'ection expected from gross plate convergence..

The poor geothermal prospécts in most of this area reflect the lack of vol-

canism observed at the surface and the compressiorial nature of the crustal

stresses.. As an example, Mount St.. Helens is located at a left-stepping offsest

-along a regional strike-slip fault zone characterized by right-lateral motion. It is

13
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likely thzt the resulting compression at Mount St. Helens has limited the

development of secondary vents away from the immediate vicinity.of the-ccne -

and is responsible for the very small scale of the upper crustal magmatic sys- .

3 in the upper 7-10 km). My designation of a slight potential for

tem (710 km
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 Cenozoic

volcanism southward toward Mount Hood.

Finally, south of Mount Hood, seismic data offer esssntizlly no ccnsireints
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 zonz earthqualkes

beneath Oregon may suggest that the plate is broken nezar the ccastzl thrust

zone. Further, the crust beneath the Oregon Coast Range is significantly thinnar

than that beneath the Olympic Mountains in Washington, as a conseguence the .

contact between the Juan de Fuca and the North American plates is reduced..

Superficially, this geometry might lead to extensional processes dominating the

-arc region, and the volume of late Cenozoic volcanics found in-the Orezex Cas-

cad=s is consistent with this proposed extension. Simply beczaus= the ecruast is.

under extension rather than compression, the geothermal potentizl skoulé k=
higher than to the north'in Washington. In addition, local areas writh abnermally

high rates of crustal extension may exist, and these areas would be exsaciasd to

have the hizhest gecthermal potential.

9
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Volcanism in the Cascade Range

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

Geological Survey, Vancouver, WA.

v§1'can1'5mfn“'th"e*Cascad‘e“Range ’start.ed about 36 m.y. ago and‘produced
such widespreéd units as the Ohanapecosh Formation in Washington and the
Little Butte Volcanics in Qregon. 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 exaﬁple, in Washington few volcanic
rocks were erupted 17-15 m.y. ago at the time of maximum outpouring of the
Columbia River Basalt Group from fissure vents farther east.' In Oregon, on
the other hand, that period produced voluminous flows and tuffs 6f the Sar-
dine Formation. Despite contrary claims, evidence {s weak or lacking for
regional volcaniC'episodicity in the Cascades, a concept whose'testing is
‘beset with sampling problems. |

There is'no.compeliing evidence that volcanism formed a narrow linear
‘chain befére.about 3?4 m.y. ago. qu example, in central Oregon vents of
Oligocene ;gé extend from the western Cascades more than 100 km to central
Oregon. 'Even since 3 m.y. ago, volcanism has not been confined to a narrow
belt;.Mouht Adams is 50 km east of Mount St. Helens, Newberry Volcano 60 km
.east of the Cascade éfest,-and Medicine LakéASS km east of Mount éhasta.
Minor vents are even more widely scattered. Nonetheieés, most eruptions
during the last few millioq years'in Oregon have OCCurred élong a‘very
linearhchain forming the High Cascades. This chain is aiso exemplified by
,ﬁorth-trénding linear fissures, normal féults,vand alignments éf,cinderA

cones and widely spaced stratovolcances. . .



Most volcanism in the Cascades during the last few million years has been
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south of Mount Rainier. -Only a few volcanoes occur farther north, ‘and all of = =

these fall along a northwest-trending linear belt between Glacier Peak, Wash™-

ington, and Meager Mountain, British Columbia, that is strongly discordant -to
the chain that trends south from Mount Rainier.. The Glaciéf Peak-Meager. -
Mountain Beit projects southeastward tﬁrough‘séveral known Tertiary struc-
tures to. the western Snake River Plain and thus may be partly controlled by~v
an old crustal weakness. The belt is nearly perpendicular to the direction
of plate convergence, and moderately high>seismicity outboard of the belt has
been interpreted'to define a Benioff zone with low dip. In contrast, the
area west of the Oregon and northern California Cascades has. low seismicity
except along spreadipg ridges and related transform faults, and no Benioff
zone. In that area the Cascade crest is oblique to the convergence direc-

" tion, nommal faults and fissure vents indicate east-west extension, and vol-
canism is much more voluminoué'than farther north.

More than 2,000 volcanoes of late Pliocene or Quaternary age have. been
identified in the Cascade Range; many others lie bufied by younger flows.
About -50 percent of the volcances are in Oregon, 35 percent in California,
and 15 percent {n Washington and British Columbia. The vast majority of
these volcanoes are monogenetic cinder cones or fissure vents that erupted

basalt or ?asaltic andesite flows. In some parts of the range Ehe cinder

cones and fissure vents are randomly dispersed, but in other parts they occur

in distinct clusters. One.such cluster of late Holocene basalt .and basaltic=. -

andesite vents occurs between the Three Sisters and Three Fingered Jackin
Oregon, and~anothér gomewhat older cluster occurs in the Indian Heaven-area:
between Mount St. Helens and Mount Adamé, Washington.

‘Smail stratovolcanoces and relatively steep—sided lava shields form per-~

haps 5 to 10 percent of the total vents. Many appear'tb be of basaltic—




andesife composition, with lesser basglt and andesite, and they rise as much
as 500 m above the . surrounding lava fields. . Most of these volcanoes are
probably short—iived; perhaps being formed in-a few years to as muchlas a
few thousand years.

Large stratovolcanoes form only about 1 percent of the total volcano
ﬁﬁﬁﬁlation, yet'theif'Imﬁbéfﬁg'gfzé‘léaag"tb popiular identification of the
range with stratovolcanoes. The largest volcanoes, Mount Rainier in Wash-
ington and Mount Shasta in Californfa, lie near the ends of the chain of
greatest volcanism in the Cascades. The deeply eroded remains of several
large Pliocene anvaleistocene stratovolcanoes have been identified along
the éhain; few stratovolcanoces persist long as imposing edifices because of
erosion, especially by glaciers.

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

Large shield-shaped volcanoes or volcanic fields 1lie in a north-trending

‘belt along the east side of the Cascade Range. These include Newberry vol-
cano in Oregon and Medicine Lake volcano in northern California; Lassen Peak
‘may lie along this trend. Similar volcances or volcanic fields several
million years older bccuf along this same alignment at Yamsay Mountain and
Bal@.Mountain, Ofegon, and in the Si§coe, Washington, area. _All of these
eastern vent areas have -erupted silicic as well as mafic lava; and several
have summit calderas;

. The petrochemiétry of many of the stratovolcanoes has been studied, but
mést of the lava filelds ﬁet&een étratévolcanoes have received no such atten-—

tion and few generalizations can be made about them. Basaltic andesite and
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basalt appear to dominate in areas between stratovolcanoes, and even some

of the gtragovolcanoeé‘consist maiﬁly of bgsaltic andesite rather than an-
desite; calc—alkaline rocks dominate, but tholeiitic types also occur. An-.
desite is locally abundant, especially on some of the stratovolcanoes, and
in a few areas dacite, rhyodacite, and rhyolite are commotn. . With the pos-
sible exception of Ybutﬁfﬁl'ModﬁE"SE? Hélehé;“hdﬁi"aféab'1d;§hiéﬁ'§111cic
rocks are abundant appear to be products of loﬁg*lived magmatic systeﬁs from
which eruptions have occurfed over periods of hundreds of thousands of years.
These include Lassen Peak, Shasté,land Medicine Lake in California, Crater
Lake, Newberry Volcano, and the Three Sisters-Broken Top highland in Oregon,
possibly Glacier Peak in Washington, and Mount Garibaldi and Meager Mountain
- in British Columbia. Local centers of silicic volcanism that have generated
voluminous pyroclastic flows occur at Crater Lake, Medicine Lake, and New-
berry Volcano, all of which have calderas; a caldera may lie buried in the

. Three Sisters—Broken Top‘highland, judging by the distribution of ash-flow
tuffs around that area. This paucity of Quaternary calderas suggests that.
large high-level silicic magma bodies are not common.

Geothermal resources have béen identified at Meager Mountain, B. C.,
'high temperatures have been encountered in shallow holes on Newberry volcano,
and several of the volcanoes have fumaroles. Geothermal resources are
presumed to -be most likely to occur at long-lived volcanic systems-that have
pfoduced silicic rocks. Some andesite and basaltic-éndesite stratovolcanoes
may have gépchefmal resources, although driiiing at Mount Hood was not
encouraging. A background of relatively high heat flow in the Cascades as a
consequence of long-lived volcanism throughout‘most of the chain may

indicate an extensive deep .resource.
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Quaternary Volcanism in the Southernmost Cascade Range, California

1 Michael A. Clynne
‘U. S. Geological Survey -
345 Middiefield Road MS.910
Menlo Park, CA 94025 = -

Yolcanism in the southernmost Cascade Range.can be characterized on two
scales. On a regional scale volcanism is basaltic to andesitic. - Individual
volcanoes have smali volumes and relatively short 1ifetimes. Many eruptive
centers coalesce to form the crest of the.Cascade Range. Individual volcanoes
range from monogenetic basalt and basaltic andesite cinder cones to larger
lava cone and shield volcanoes of basaltic to andesfitic composition. Rocks
with greater than approximately 60 per cent 5102 ére sparse. Superimposed
on the regional mafic volcanism are long-1ived, larger volume volcanic centers
that have produced eruption products spanning a wide range of composition from
mafic andesite to rhyodacite or. rhyolite. |

Each volcanic center consists of a-large andesitic cdmposite cone and
flanking s{licic domes and flows. Three.of these vo1can1é centers younger
than about 3 Ma have beeh recdgnized-inlthe Lassen area.. Each has had a -
similar history, consisting of three stages: (1) an inftial cone-building
period of mafic andesfte and andesite lava flows and pyroclastics; (2) a later
cone-building period characterfized by thick andesite -and §f1jcfc andesite lava
flows, and (3) sf11c1C'vo1Canism flanking the main cone.f The si1fcic magma -
chamber of the third stage provides a heat -source “for development of a.
hydrqtherﬁa1 system within the core of the main cone. ATterat1on ofypermeablel
rocks of the cone fac111tatesvfncreased glacifal and fluvial erosion of the
central area of the volcano. - The result is preservation of a resistant rim of -
the thickZIater cone-building lava f1ows.and‘f1anking'si11c1c rocks

suérounding a depression'in the altered and eroded core of the'éomﬁosfte'

cone.



The'two older volcanic centers have reached this stage, and their
hydrothermal systems are extinct. The younger Lassen volcanic center (LVC)
however, hosts active silicic volcanism and a well developed hydrothermal
system, including the thérma] features {in. Lassen Volcanic National Park (LVNP)
and Mi11 Canyon.

The LYC developed in three stages. Stages I and II produced the Brokeoff

3 andesitic stratocone. Stage I deposits consist of

Yolcano, an 80 km
olfvine-augite and olivine-hypersthene-augite andesite lava flows and
ﬁyroc1ast1c rocks erupted from a cenfra1 vent during the period from about 0.7
to 0.55 Ma. Stage I culminated in eruption of a §ma11 volume of
hornblende-pyroxene dacite. An.fnterva1 of erosion 1ést1ng 0.1 Ma followed
stage I. Ddring stage II, which lasted 0.1 Ma, thick .flows of porphyritic
augité-hypersthene sflfcic andesite, generally lacking interbedded pyroclastic

materfal, were erupted.. Volcanfism 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 initfated stage III. This eruptfon
probably produced a collapse caldera now filled by a dacite domefield. The
dacite domefield consists of two groups of rocks tbtaIing on the order of
.30-50 km3. During the peffod from 0.25 to 0.2 Ma pyroxene-hornblende dacite
magmaAproddcéd a group of six domes and flows. ‘Hornb1ende-bfot1te rhyodacq te
has been erupted as domes, lava flows and pyroc]astfc:f10ws in at least ten |
epi#qdes over the past 0.1 Ma.: At 1gast.s1x times during the past 0.1 m.y.
hybr{d andes{te totaling 10 km3 and consisting of thoroughly mixed mafic and
sf11§1c magma has been erupted from the margins of the dacite domefield.
Pbrphyriti’é andesite and dacite with high A1,04, Tow Ti0,, and .
.medium K,0 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 andesfite

are subordinate in abundance. Rdcks of the LVC resemble other calc-alkaline

R0



volcan1é rbcks emp1aced~qn a continental margin overlying sialic crust.
Harker varfation d1agraﬁs of the majar element chemistry of rocks from. the .LVC
show smooth trends from 55-73 per cent 510?.4 The overalT‘évoTﬁtion is from
mafic to si]icic. However the evo1ut10n~1s not strfcf]ytseQuent1a1¢(see -
fig). Sparse 1sotope_data suggest that crustal {nteraction fs not significant
in the development of the sflicic rdcks. However, partfaf-melting of young
mafic crust may play a role in the origin of the silicic magmas at LVC.
Smooth geochemical trends, increasing silica content with time, and 1sot§pe
data al]'suggest the origin of LVC magmas by crystal fractionation of a mafic
parent. The long time span of activity at LYC and the presence of a
hydrothermal system imply the presence of an evolvfng magna chamber. However,
the current conceptual model of the magmatic system of the LVC as outlined
below is poorly constrained and somewhat speculative.

The Lassen volcanic‘center di ffers from other-Cascade4v61canoes'by having
a larger volume of silicic rocks. - The stress regime in-the southern.Cascades.
is moderate eést-west extension, which favbrs retention of mafic magma. in the
crust and development of zoned systems with large volumes of derivat1ve-
silicic magma. Systematic géochemical variation of the rocks of the Lassen
vofcanic center and the minera]qgic and geochemical homogeneffy of -the
youngest rocks suggest derivation from a s{hg1e-source; The magma system of
the‘Lassen volcanic center can be envisaged as an evolving pluton-sized body
of magma fn the middle crust (10-20 km &épth)a The pattern of young vents
suggests that an 5-8 km diametef magma body underlies thevnorfhwestern corner
of LVNP. The young volcanic vents and hydrotﬁermaI'system<may.fnd1§ate the
position of a cupola on the magma chamber, which may be as shallow as 6 km
beneath Lassen Peak. The hybrid andesites are produced by mixing of mafic

" magma intruded into silicic magma and may indicate a sfl11-11ke projection.of

21
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the magma chamber beneath the. central p1afeau of LYNP. Alternatively the
hybrid andesites may be erupted by tapping the main chamber at depth.

The upper portion of the chamber contains crystal-rich rhyodacite, and has
varfed 1ittle in composition over at least the last 50,000 years. The system
is probably zoned to more mafic compositions at dépth. Regional basalt
provides heat and material input to maintain the system in the partially
mol ten state. There {s abundant evidence for the {nteraction of mafic and
silicic magna. A small volatile-rich cap has per{odically developed at the
top of the magma chamber but 1s removed by Qenting before increasing to
substantial volume. Assuming that the vertical extent of the magma chamber fs
10 km results fn volume estimates of 250-500 km°. |

Despite the volcanologic and petrologic eQidenée of a magma system beneath
the LYC, geophysical evidence for the presence of a magma chamber fs lacking.
A 25 km oval, -50 mgal gravity anomaly is centered on the dacite domefield and
central plateau (hybrid andesites) of LVC. The gravity low 1s probably an
expression of 11ght-vq1can1c rock§ in the near surface and the presence of ..
Quaternary plutonic rocks below the volcanic ffefd;u

Teleseismic and sefsmic refraction studies have fafled to show the™™
presence of a magma chamber beneath LVC. ‘However the resolution of these
studies is such that magma chambers sma11ér than 5 km in diameter could not be
éeen. A compilation. of regional seismicity reveals an area lacking crusfa1
earthquakes that corresponds to the gravity loy. “Future geophysica1 studies
will héve to be of higher. resolution to- detect the magmatic system of LVC.
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The Mount Shasta Magmatic system

Raobert L. Christiansen
U.S. Beological Survey

Menlo Parﬁ, California

'The still-active compound stratocone of Mount Shasta, 14,162
feet high amd more than half a million yearé old, has grown mainly
during several distiqct epilsodes of cone building from single
central vents, each of which was active only brie(ly——poséibly only
a few hundred vears (Christiansen and Miller, 1974; Christiansen and
others, 19773 Christiansen, 19825. Four such cone-building episades
younger than about 250,000 years have been recognized, two of them
Holocene: major cone building was separated by longer, predominantly
erosional periods during which smaller volumes aof lava were added to
the cones.  In addition, an .older but similar edifice at the site of
Mount Shasta was lafgely destnoyea by & huge volcanic sector
avalanche abbut‘ZOO,DOO vears ago {(Crandell and others., 1984). The
oldest exposed rocks of Mount Shasta, on its west flank and having &
H/ArAage of about 590,000 yvears (G. E. Dalrymple; written commun.

197%9), probably are a remnant of that earlier edifice.

The bulk of thelétratoécne consists of silicic andesites to
mafic dacites, probably avefaging just over 604L %i0z. More or less
uﬂiforﬁ silicic pryroxeneiandesites constituﬂe most of each cone of
the compound volcano,'probabiyAaggregating~ébmut BO-85% af the

whole. More silicic rocks, including hornblende-bearing andesites,
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dacites (mainly 63;&62 Si0z), and rare rhyvolites, occur principally.
as domes or relatively small lava flows, erupted both within the
earlier central craters and on the flanks of the edifrce.
Significant volumes of dacitic pumice occur largely as fallout to
the northeast. Numerous pyroclastic flows were emplaced during
early Holocene time, eépecially on the west.flank of the volcano
(Miller, 1978); older pyroclastic flows occur on all sectors. In
the past few thousand vears the system has erupted every few hundred

yvears (Miller, 1980).

Mount. Ssasta 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 af about
?P,000 feet elavation. No magmas similar to cregional high—alumina
olivine tholeiites (Hart and others, 1984) are known. to have vented
from Mount Shasta. Freliminary petrologic Studies sugaest that much .
of the rangé of éomposiiions constituting the bulk of the volcano
ﬁay have evolved by fractional crystallization énd mixihg of
variously evolved m%gmas from & calc—-alkalic basaltic parent like
some of those erupted from Mount Shasta's flank vents (Raker and

others, 1984).

Both the andesite—dacite stratocone of Mount Shasta and the more
oﬁ less bimodal shield volcano of Medicine Lake, probably at least a -
millimn yéars old (Donnellev-Nolan, this volume), are vdiQminQus

long-lived systems near the margins of & large negative gravity

anaomaly. This gravity low extends across the High Cascade axis,



Mount Shasta lving distinctly. on fhe west and Mediﬁine Laké'on thet‘
east Side’of thé nearly north-south avis at the‘ends.of éllinear
svatem éf voung venfe-that trendﬁ-éast"northeést, suggesting a
lwcall? anmmaloua stress—fiéld control. <BetWéen thé‘Hlamath and
McCloud Rivers, the Plioéeﬁé to Quaternary Qolcanéés of the main
Cascade axis are predmminéntlylﬁathér %impié mafic—andesite
shields. within.ﬁhis séctér Qf the chain, substéntial volumes of
silicic‘andesites to aacitesyhave been produced only near the

intersection of this main axis with the Shasta~Medicine Lake'trend:

Taken together, the foregoing relationships suggest a'teﬁtative_‘
view of the Mount Shasta magmatic svstem. Thé'afeélly extensive
gravity anomaly, local stress—-field cmntrqliof adjacent volcaﬁiﬁ'
systems, and the systematic relation of two major loné—iived éﬁdf
highly evolved systems tolthe-méin Cascade émis 5uggest>£hat fhe
Shasta-Medicine Lake zone represents an anomaly in>£hiS'sec£or bf
the Cascade subduction zone, perhapS'reléted tolexcess produetion of.
femic magma in the mantle. Growth of the-MDunt'Shasta syétem iﬁ
this excess—production region during a few,répidiéncrementsimay 
represent distinct upper—drustal emplacements Qf magma“that héd
evolved. a2t deeper levels to silicicvpyroxene andesite from parental
compositions like the common mafic calc-alkalic lavas of thé
region. During the interveniﬁg much‘lohger times beiween'#hése
“major emplacement events continued mantle 6agmatism probébly-drivesl
relatively slow evolution of the Shasta magmas in upper—cruétal
chambers by open-system differentiation-procésses, includdng
fractional Cryﬁtallizat;on accompanied by wallrock ;:15';."5,i.mi-1a’éiCJ‘rT‘and'~

mixing of variously evolved magmatic batches.
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It is during these extended periods of upper—crustal magmatic
evolution, during which dacitic and even rhyolitic magmas are
produced, ihat any extensive hydrothermal convection.might develop
in the vicinity of the magmatic system. Based on baoth the slow
eruptive rate and thé lack of major cone building during the past
several thqusand years and on the abundance of dacites among it%
Holocene volcanic products, Mount Shasta may. now be in such a
magmatic state. No evidence is knpown for the existence of a cryptic
hydrothermal system beneath Mount Shasta, but the high downward flus
cf cold water through the volcanic edifice from its heavy winter
snowpack and extensiye summer melting could mask hydrothermal

convection at shallow crustal depths.
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GEOTHERMAL POTENTIAL OF MEDICINE LAKE VOLCANC
Julie M. Donnelly-Nolan, U. S. Geological Survey

Mail Stop 910, 345 Middlefield Road, Menlo Park CA 94025

Medicine Lake Volcano (MLV) lies east of the main Cascades trend about 50
km ENE of Mt. Shasta. Thg volume of MLV is estimated to be 600 km®, larger
even than Mt. Shasta which is the largest of the Cascade stratovolcanoes.
Several lines of ;easoning suggest that MLV has geothetﬁal potential,
including'thé suggestion by Eichelberger (1981) that a large silicic magma
chamber underlies ;he volcano. Several late Holocene silicic units are
present across the top of the volcano. Two of these, the rhyolite of Glass
Hountain on the east side'of the central caldera and the rhyolite of Little
Glass Mountain and Crater Glass flows 16 km to the west, have nearly identical
major- and trace-element chemistries. The close similarity of composition
suggests that a single large silicic magma body is the source for these two
units. Heiken (1978) explained the Glass Mountain-Little Glass Mountain
chemical similarity by proposing tapping of a central small magma body by ring
dikes. Other sili;ic lavas have erupted throughout the history of the volcano
although the total volume of such eruptions appears to be relatively small.
The earliest such lava is a rhyodacite ash flow about 1.25 million years old.
Growth of the volcaﬁd apparently followed eruption of large voluﬁes of -
high-alumina basalt that form the principal rock type of the Modoc Plateau.

. No obvious pattern can be discerned in the chemical evolution of the volcano

except that higher silica eruptions occur on the higher parts of the volcano

page 1
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while primitive high-alumina basalts have continueq to erupt around»the lower
.flans. MLV consists'of‘these égrental thoieiiticxbasalts‘plus calc-alkaline
derivatives. The avérage composition of MLV is probably andesitic, and
andesitic lavas are abundant especially on the upper'slbpés of the volcano.
Anderson (1941) sugéested that the caldera probably formed by eruption of
voluminous andesite flows. Andesitic lavas at MLV are typically crystal-poor
and fountain-fed, both characteristics suggesting that they were very hot when
they erupted. Most of the volcano's lavas are crystal-poor suggésting
relatively high temperatures or short residence times before eruption. Rather
than a single 1arge 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 intrusion 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. Intrusion of primitive basalt appears to-be intruded 'into shallow
crustal levels at the volcano, followed by fractional crystallization and
assimilation, resulting in small, relatively silicic magma bodies. . Small"
bodies of rhyolitic magma were probably produced by<fractiona1rcrystéllizatioﬁ

of andesitic magma (Grove and Donnelly-Nolan, 1983). - Given similai bodies of

andesitic magma, derivative rhyolites of nearly identical composition might be

produced by the same set of processes. Thus, nearly identical rhyolitic

products such as those seen at Glass Mountain ard Little Glass Mountain might

be produced. Both lavas contain a variety of inclusions ranging from granitic

(probable country rock) to andesitic (liquid when incorporated) to. cumulate

hornblende gabbros. The variety and abundance of: these inclusions argues

" page 2
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against tﬁe ﬁfesence of &‘singie-lafge silic;c magma chamber. Tlie granites
would h;ve beeﬁlquickii d{gestediand theAcumulate-hornblende gabbros should
represent-mate:ial'off»the'bottom of the chamber. ‘Also, none of these young
silicic lévas-afg,truiy high—siiica rhyolitesl.iuone contains‘more,than 74%
sioz, compgred go‘thé oldé{_rhyélites a£ HLVlthat cbntain 75-77% Si02 and are

inclusion-free. The younger rhyolites may have erupted after disruption by

intruded mafic. magma before the silicic magma body had completed its evolution.

Structurally, ﬁLVilieS'in an E-W extensional environment. It is located
at thé inﬁers§cti6q of a:méj§r~1ineament trending ENE across the Cascades and
the uﬁsternmn#t Nfé-ttéﬁding.nofméi faults of basin and range type. One of .
these faults forms Cillém.sluff at the-north;rn édge of the volcano. Farther
south, this fﬁult i; bu:iéa byiyoungerllavas of MLV, but alinements of vents
as well as the relhtive1y abfupt'éastetn topographic margin of MLV strongly
suggest that the faﬁit bends;SﬁE and:csntinues S at least 35 km‘through the
vents for the-Gla?s-Héuntaiﬁxflow and démes. A strong NE structural trend is
manifested high on the Nw‘siae’of the: volcano by open ground cracks, the
Little Glass Mountain-Crater Glass Elows”and'domes, and late Holocene basaltié
eruptionsu A;similarwAiféctign;{s-evideqt at a set of Holocene‘andesiéic pit
craters on;the SE side‘Afltheugald;ra,  This.evidence tdgegher with the E-W
extension and dominant N;é'ali;eﬁeﬁf.oﬁ'vents.ovef 50 km on MLV, the ring
faulﬁs of the voIc#nofs caldgrm,jaqd-other‘aIinements of vents and open ground

cracks, provide evidence of -fracture permeability at depth.

1s: there enough“fluid,for power ptoduction?'-&lthoﬁgh springs are rare on -

the vqléano, VeryulargervolpmeS‘of cold water emerge at the southern edge of
MLV lavas to form the Fall Rivet; suggesting that adequate sources of water .

are available. Whether water isfstorediand~heated directly under MLV is

page 3
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unknown. Hot springs are absent, but this does not preclude the existence of-
hot water at depth.

Whether or not a large silicdic magma body exists under MLV, the vdlcano

still haé-the potential to be a major geothermal resource. Sufficient heat - .

could be supplied by continued intrusion of mafic magma into shallow crustel
levels. Numerous Holocene vents and intermiﬁtent rhyolitic volcanism for at
least 1.25 m.y. suggest that MLV is a prime target for geothermal energy
exploration. Several companies are actively engaged in exploration..'One deep
hole was drilled during the summer of 1984 and more are planned. Results of

the drilling by private companies are proprietary but the amount of interest

shown suggests that the companies believe there is geothermal potential at MLV.

Outflow of»hot water from MLV might also be possible, particularly in the
dominant N-S structural direction. Only 30-50 km N of MLV, geothermal fluids.
in and near Klamath Falls, Oregon, are used for low-temperature applications.
such as space hgating. ~ Klamath Falls lies equidistant between MLV and Crater.
Lake Volcano, at the lowest point in the Klamath graben that. lies between
these two major young volcanoes. The KIAm;th Falls geothermal system,
unrelated to any recent volcanism at the surface, may be at least partly

supplied by hot water from MLV.
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Mount Hazqﬁa and Crater Lake Caldera
Chérles R. Bacon
U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

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

hount Mazama was composed of overlapping short-lived shields and
stratocones and thick lava flows, constructed west and north of a voluminous
field of rhyodacite domes and flows. The rhyodacite evidently was extruded in’ -
a few pulses, probably of short duration, at various times between ~750 and
~500 ka (thousand years B.P.). It seems likely that basalt lies beneath the-
rhyodacite, the thickness of which is unknown.

The oldest exposed stratovolcanoes of the Mount ﬁazaya clustér are Phantom -
Cone and Mount Scott, ~420-395 ka. These are overlapped by andesitic and |
dacitic lavas erupted ~355-230 ka. Hafic-agdesiﬁic shields were built .near
Cloudecap ~290-220 ka and near Llao Rock ~185—110 ka. Andesitic to daciﬁic
lavas were erupted near Llao Rock ~130-110 ka, followed by rapid growth of a -
complex andesitic stratocone near Hillman Peak ~70 kar Shortly after the
Hillman Peak cone was conétructed, dacite pyroclastic flows descended the
southwest flank of Mount Mazama and dacité'airfall pumice was erupted from

vents near Llao Rock and Cloudcap. Provisional Fe-Ti oxide equilibration



tempérﬁtures for the three sets of dacitic pyroclastic rocks are ~930, 990,
and 960°C, respectively#' Dacite la;a flows, one of which is dated at ~70
ka, were associated with théApyroclaSitic.activity. Although there is no
evidence preserved for caldera formation, several km? of dacite magma:mnst
have beeh'erupted. Following these eruptions, the existing evidence suggests
that Mount Mazama reverted to producing only andesite for ~20 ka.

About 50 ka the dacitic Watchman flow was erupted from a vent now exposed
in the west caldera wall, adjacent to the éoutﬁ 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. ‘Simiiar inclusions are pre#ent in dacitic blocks found in
monolithologic avalanche breccias-or:-lithic-pyroclastic-flow deposits on the
south and southwest flanks of Mount Mazama. These deposits were: formed by
collapse of lava domes near the. summit of the volcano ~40 ka. -Stratigraphic
evidence and K-Ar dating indicate that andesite lava flows on the north and
west caldera rims were erupted between ~50 and- 40 ka. Known younger
precaldefa lﬁvas were almost exclusively silicic in composition.

A small hornblende rhyodacite dome on the north.caldera rim was emplaced
~~30 ka.f Similar lava'domes'of_th;-Sharp-Peak group northeast of the caldera
may be of similar age. Williams Crater, formerly "Forgoﬁten Crater", west of
-Hillman Peak may be also approximately the same age; Hilliamé Crﬁter and .a
vent about 1 km to the west erupted;basalt and caused the emplacement of an-.
extensive lava flow and several domes of commingled andesite #nd dacite.
Thus, Qiliiams.Cratér probably:marks-the west margin of the silicic magma

reservoir at this time. . The Redclbud'cliff.fldw, é thick hornblende
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.rhyodacite flow on‘the east caldera wall, evidently is latest Pleistocene in
age, and may be as old as the ~30 ka dome on the north rim. There is no
evidEnce preserved for .any volcanic activity after eruption of the . above units
and before Holocene volcanism began.

~ About 7,000 ka the shallow chamber began to leak significant volumes of
thjédécitic magma 1in thé form of three lava flows: Llao Rock, Grouse Hill, and

- Cleetwood. vOther rhyodacitic flows may have been present within the area that

collap#ed to form the caldera. Paleomagnetic evidence.suggesté that the Llao

Rock and Grouse Hill fléws were erupted in short succession. About 140 yr.

. later, the Cleetwood flow was erupted. The bulkvcomposition (on a
volatile-free basis) and Fe-Ti oxide’phenocryst equilibration temperaturé

;(*9409C) of this lava are virtually identical with those of the pumice of
the climactic eruption, except that the lava had a much lower water content
‘upon eruption. Surprisingly, the climactic eruption began before the
Cleetwbod flow had cooled. Although most, if not all, of the precursory lava
eruptions began with an explésive phase, flow of magma to the surface
.apparently was sufficiently sluggish to allow the magma to de-gas during
.asceﬁt so thﬁt conduits eventually were plugged with viscous rhyodacite. Only
thérL;ao flow was preceded by a voluminous pyroclastic phase, but this spread
teéhra over patts.of several western states.v Loss of several km3 of magm;
fpom the top of the chamber over a comparatively short period to form the lava
flows and related pyroclastic rocks may have depressurized the system,. without
aécompanying'loss of volatiie pressure, so that vapor saturation occurred at
greater depth than before and the climactic eruption could be sustained.

: The climactic eruption took place jn gwo stepé: (1) a single—ven£ phase
;nd;(Z) a.ring—vent.phase.. The first.phase-began with eruption of the
:widespréad,airfall.de#osit from a high Plinian column, which'lgter:collapsed

to produce pyroclastic flows as the vent became enlarged. The pyroclastic



flows deposited the Wineglass Welded Tuff in valleys on the north and east of
the caldera,'its~di;tribution being limited by the summit of Mount Mazama
which iay to the south of the vent. . Phase (1) ended when the caldera began to .
coilapSe, initiating phase (2) which produced much more mobile pyroclastic.
floﬁs from higher eruption columns. These flows deposited nonwelded to partly
welded tuff in the valleys all around Mount Mazame and left a lag deposit of
lithic bréccia near the rim aﬂd on high ground, including even the summit of
Mount Scott. These deposits show spectacular compositional zonation of
homogeneous rhyodacite (70-71% Si02) below andesite that decreases fairly
regularly in silica content with stratigraphic height (~62-51% SiOz)"
Equilibration temperatures for Fe-Ti oxide phenocrysts in the silicic part of
the eruption group tightly near ~950°C and, like other "“climactic™ rocks,

até more oxidized than the ~70 ka dacites. Over SO-kmB-of magma were

erupted in ﬁhe climactié eruption, most being rhyodacite. Although the exact
depth is unknown, the existence of the caldera suggests that the top of the
magma chamber must have been only a few km below the surface.

A provisional model of the magmatic system beneath early Holocene Mount -
Mazama would have relatively differentiated (up.to ~72% Sioz)'gnd cooler
(2870fC) porphyritic magma overlying well-mixed,.convecting rhyodacite .
magma, which was in.turn underlain.by-zoned, crystal-rich aﬁdesite.
Presumably, basalt underlay the entire reservoir,.-because basaltic eruptions -
from monogenetic cones and small shields took place beyond and on the lower
flanks of Mount Mazama thoughout its history. . Such a 1ong—lived crustal
maghatic system must have had hydrothermal phenoﬁena associated with it. The
hppermost deposits on the caldera pim were ‘formed by phreatic explosions that
took place when this hydorthermal system was-disrupted by caldera collapse.
Pbstcaldéra volcanism,‘consisting of andesiticvactiQity outboard of

rh&odacitic eruptions, suggests that the remains of the old magmatic -




system--or a new pnei-are still viable. High heat flow in theifloor of Crater
Lake; elevated chloride concentration in the lake water, and the wéll_mixed

" nature of the lake suggest that hydrothermal convection continues beneath the
lake floor (Williams and Von Herzen, 1983). .Conceivgbly, lateral flow of
.thermal waters might produce geothermél reservoirs beyond the'boundaries of
Crater Lake National Park where they might be utilized for extraction of
geothermal energy.

Beyond the potential for geothermal resources, Crater Lake caldera
provides a natural laboratory in which to study not only the evolution of a
crustal magma bodj, but also hydrothermal alteration within an andesitic
stratovolcano. Alteration of the older rocks of the caldera walls is
ubiquitous, and the lithic breccias of the climactic eruption contain
partly-fused plutonic rocks and highly altered fragments from deep within
Mount Mazama. These may offer clues to the precalder§ hydrothermal hi;tory of

this long-lived volcanic system.
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The Magmatic System of Newberry Volcano, Oregon

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

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

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

.The most recent eruption cycle was 10,000 to 1350 lag yr ago..
Widesp;ead basaltic-andesite flows on the«fl;nks, 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, aﬁd tephra
deposits Setween 6845 L4 yr (appfbximate‘age of Ma?ama’ash, a regional

-stratigraphic marker) and 6100 l4c yr ago. . Numerous basaltic—andesite
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flows 1ssued from Qents on the northwest and southeast flank about 6100
léc yr ago;‘eruptions s;nce then have been rhyolitic. Eruptions
4000-3000 Yf ago produced obsidian flows and éumice deposité,vand 1350 fr
ago air-fall tuff, ash—flow tuff, and an obsidian flow were erupted.
Although 10,000-8000 yr and 6100 yr-bas#ltic flows are common on the
flanks, they are nearly absent in the calde:a; those that are present
were erupted from fissures on the caldera walls. Mixed basalt-rhyodacite
lavas that erupted from near the top of the east wall suggest that
‘basaltic magma may have intercepted silicic magma bemeath the caldera.

| Analysed rhyolitic rocks younger than about 10,000 yr are chemically
similar, They are readily distinguished from abundant older silicic
rocks at Newberry by their relatively evolved majbr- and trace—element
composition, especially their higher Rb/Sr ratio ( 2, compared to 1lin
older rhyolitic rocks). Also, even though the range in composition is
quite small, successively younger rocks show a progressively more evolved
composition. The young rhyolites are all very low in phenocryst content
and successively younger rocks have fewer phenocrysts; the youngest
obsidian flow contains less than 0.01 percent phenocrysts. This suggests
that the rhyolites were erupted from a magma éhamber whose upper part was
near the liquidus énd,that the tapped part of the magma did not
crystallize during a~quch longer period than that since the most recent
eruﬁtion. ‘We attribute the decrease in phenocryst content to increasing
water éontent in the magma or to influxes of heat owing to underplating
of a silicic magma chamber by hot basaltic magma 10,000-8000 and 6100 yr
ago. The basaltic flows erupted during.thé last 10,000 yr.are presumed

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



The silicic body bengath Newberry (uhether‘stili magma or a
solidified pluton) apbears to be a single body, because the -chemical"
compositions and petrography of the young rhyolites are sozsimilar.~.Thé
restrict#on of the vents for the young fhyolites-to‘the eastern part-of
the caldera and the absence of mafic vents there (a "shadow effect™)

\suggést that the ﬁagma body‘waé cenﬁered undér the eastern half of the
caldera. A 932-m—deep hole drilled by the USGS in the caldera
encountered temperatuteé aé high as 2650C and high heat flow, such as
would exist above a magma body or a hot but solidified intrﬁsion.~

Hydrothermal convection beneath the drill hole, however, could extend. an

unkndwn distance downward to a deep hot body. If magma is still present,

the body apparently 1s small, deep, or complex in shape inasmuch as it

has not been definitely detected by geophysical methods.
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THREE SISTERS TO. MOUNT JEFFERSON: MAGMATIC SYSTEMS AS HEAT SDURCES

U.8.6.5. Workshop aon Geothermal Resources of 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 sources of geothermal heat, should inclﬁde their.pre—Pleist—
ocene antecedents because modern heat flow is probably influenced
by structural features produced prior to development of the
modern High Cascades and by the long-continued evolufion of a few
isolated silicic magma systems in a mafic vqlcaﬁic province. The
most complete-retprds of early High Caséade volcanism arelfound
in the Deschutes Formation on the east flank of the range and in
correlative depositsiexposed in the Western Qascades. An episode

'oflcrustal"tension‘and production of associated mafic lavas was
initiated over a broad part of the eastern Cascades, 8-10 m.a.
A combined tholeiitic and calc—alkaline volcanic arc was const-
"ructed in the position of .the modern High Cascade axis. Shields
and cohposite-cones of basalt and basaltic andesite predominated.
However , many of the volcanoes produced 'silicic lavas;"in the
distai depositS'there is a record of hundreds of discrete
eruptions of airffall.pqmice and pyroclastic flows ranging in
'tomposition from matic andesites to rhyolite; Tensional stresses
~in fhé crust'appareﬁtly;in;reased to a maximal conditfon 5y 4-5
m.y.,vat wﬁich time-thé early High Cascade volcanic,afc subsided

aléng discontinuous north-south normal faults, leading by.inter—‘
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'mittent étages to a broad, graben-like depression of the volcanic.
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axis. Egplosive volcanism was enhanced at fhis time and wai///q‘fhpﬁ
characterized by the appearance of andesitic ash—-flow tuffs and
abundant, inhomogenéous, mixed magmas of diverse éompositions.

Much of the vblcaniclastic output was pFobably trapped within

.segments of the subsiding graben.

Atter 3 m.a. the intensity of volcanism decreased and the'
magmas brought to the surface were almost entirely basalt and.
basaltic andesite. Coﬁsequently, the modern central High Cascade
Range is a broad platform of mafic volcanoes ranging from large
composite cones and shields such as Nokth‘Sister,'Mount Washing—
ton, and Three Fingered Jack, to smali cones and cone groups with
associated lava flows such as Belknap Crater, Sand Mountain, . and
South Cinder Feak. Late High Caécade silicic volcanism‘has been
restricted to the vicinity of Three Sisters and Mount Jefferson.
The Three Sisters volcanic group has been intermittently active
for several 109 years and has produced basalt, basaltic andesite,
andesite, dacite, and rhyodacite in the form of lavas, ddmes, and.
volcaniclastic deposits represenfing three clearly distinct
hagmatic series. All of these‘ coﬁpositional types have been
erupted duriné Holocene time;. the most recent example 1is the
1900~year-aold rhyqdaéite of Rock Mesa at tﬁe southwest base of
South Sister. The development of Mount Jefférson is less well
knowns; it is & composite céne 0of basaltic andesite surmountéd by
youhger andesite  lavas and. dacite domes. The most recent
eruptions:produced dacitic air—fali pumice and pyroclastic—flow -

deposites that appear to have issued from vents oh'the northeast




flank, while late Fleistocene glaciers were retreating.

The central H;gh Cascade 4pfovince has " been a locus of
intrusion by mafic dikes, sills, aﬁd plugs during the lést 9
million years; this has probably contributed to a regional back-
ground of geothermal heat. Ferturbations in this backércuﬁd are
to be anticipated where hydrothermal circulation is influenced by
buried grabeﬁ faults and thick accumulations of volcaniclastic
material. Of particular significance in this context is the
prblonged localization of silicic wvolcanism in thé vicinity of
Three Sisters.and Broken Top. Ash-flow tuffs were produced from
source voltanoeé near the sites of‘médérn Three Sisters 4-5 m.a.
Later, an extensive highlahd‘of‘silicié“domes was constructed and
several late High Cascade ash—flow sheets spread as - far east as
Bend. The modern Three Sisters group ié‘thé latest manifestation
0f a long-lived source that hés beén contributing silicic mégmas
to the shalléw crust. It would be surprising indeed‘if young,

hot, plutonic bodies were not present beneath this area.
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MOUNT ADAMS: Eruptive history of an andesite-dacite stratovolcano at the

focus of a fundamentally basaltic volcanic field.

Wes HILDRETH and Judy FIERSTEIN

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

Mount Adams (3742 m) is a late Quaternary sttatovolcano.SO.km due E of
Mount St. Helens, 75 km SSE of Mount Rainier, and 90 km NNE of Hount‘Hood. At
350 km®, its volume is exceeded in the High Cascades only by uoﬁﬁt Shasta;  -
but the Simcoe, Newberry, and Medicine Lake back—aré systemq.ate‘ali‘lafger.
Mount Adams stands upon the Cascade crest and is drained radialiy b& ﬁany;-

streams fed by glaciers radiating from its summit icecap. Only 2.Si\of'its-v

650-km? area is glacier-mantled today, but as much as 90% was ice-coveted‘in;,:y

latest Pleistocene time.

There have been no recorded eruptions of Mount Adams and pfobablynjust one:
in the past 3500 years, but at least 7 Holocene eruptions and. the pecsistehcei
of sulfurous summit fumaroles indicate that the~volcaﬁo remains potentiaiiy‘
-active. Thé 7 Holocene eruptions on the stratocone took.plaée‘at fIang’vgnts
2000-2500 m in elevation and ptoduced a4 wide range of composiﬁions, 49—61%"
SiOz. |

Nearly all of the high cone above 2300 m in elevation was cqnstructedﬁ
during latest Pleistocene time, frobably between 20 and 10 Ka, expl&ining'the 
abundance of laﬁe—glacial till and the scarcity of oldér till. .froducts_pf

this eruptive episode range from 54 to 62% Sioz,on the main. cone.

Contemporaneous and younger peripheral vents yielded lavas and Séoriae in the

range 48-57% sioz, and, along with Mount Adams, they define a recently"

" active N-S eruptive'alignmént éovkm‘long and only 5 lkm wide. Basalts within:

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

1%



K_O at 48-48.5% SiO

2 2’

Beneath the young edifice, deeply eroded elements. of a long-lived compound
stratovolcano are as old as~500'Ka;.representingnseveral eruptive episodes ‘and

an unbroken spectrum of rock compositions from .52 to 69% SiO Peripheral

2
to the stratovolcano complex, coalescing shields‘of basalt (49—5}% sioz)
underlie and interleave with lavas from the andesite-dacite focus of the
overall magmatic system.

Persistent eruption of peripheral mafic shields and cinder cones
throughout. the lifetime of the stratovolcano suggests their fundamental role
in transport of heat and maéma into the crust. The term "parasitic" shduld be
abandoned for such vents, as it ptomotQS-tﬁe view that mafic flank eruptions
are leaks from a central chamber and implies dependence on the main cone. For
large andesite-dacite systems, nearly the opposite is true: The stratocones
are the more derivative features, built up of magmas that evolve by concurrent
fractionation, crustal melting, assimilation, and recurrent internal mixing
within the foci of the larger domains injected ‘by the  various ﬁantle-detived
basalts that also yield variable arrays of peripheral eruptions. |

:Dacitic lavas and a few block-and-ash flows (63-69% Si02)»9rupted
seyecalltimés from the-fﬁcal atea,~bﬁt.ptobably.none.are'youngér than 100 Ka.
A single rhyolite (72% Sioz), as yet unda£ed,-is‘also old. The antiguity~of
all known silicic units, in conjunction with the andesitic compositions of the
late Pleistocene summit cone and the Holocene lavas that erupted high around
ﬁhat cone,:mﬁke i£ appear unlikelj that Mount Adam; is now underlain by a
magma reservoir large enough to support .either .a major ﬁydrotherm;l convéction
system or f;actionation of voluminous silicic differentiates. .

The highAprecipitation on thg'stratodone, estimated to-be.~§;gg mm/a,
‘makés ﬂount Adams aﬁ important gite of ground water‘recﬁarge.  The high

permeability of its rubbly lava flows suggests that much of this ground water

2
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moves rapidly downward and outward from the stratocone; failing ;o remain in
the warmer central region of the volcano long enough to develop a hyd;othetmal
convection pattern but, instead, dispersing and dissipating whatever heat is
supplied from depth to.the fumarolically aitered core. The weak and diffuse
fumarolic emissions on the summit are the only manifestations of possible
hydrothermal activity anywhere on the stratocone. The warmest spring that we

(M% dams

have found on the stratb#ﬁlcano measured 3°C, on a summer day. Nonetheless,
in surrounding areas, springs as warm as 24°C and gradients of 50°C/km‘in
heat-flow holes offer some hope that ground water sufficiently warm for local

space heating or agricultural uses might be found by exploring the lowland

periphery of the volcano.
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Cascades WOrkshop, Menlo Park, May 22-23, 1985

Characteristics of Cascades magmatic systems determined

from seismic studies

-H. M. Iyer

Introduction

Seismic techniques (refraction, reflection, seismicity mapping, and
velocity and attenuation measurements using seismic waves from local -
earthquakes, regional earthquakes; and teleseisms, have been used to delineate
magma chambers in several silicic volcanic centers in western U.S.A. (Iyer,
1984). However so far, such techniques have only been marginally successful
in detecting mégma chambers in the Cascade volcanoes. Seismic refraction and
seismicity data have provided valuable information on the volcano-tectonic -
setting of thé Cascades (California: Berge and Staubef,‘1985;~2ucca‘et al.,
1985; Oregon: Ieaver et al., 1982; Washington: .Rohay, 1979; Taber and Smith,.
1985). The most exciting result from teleseismic residuals is the detection
of the subducting Juan ae Fuca plate beneath Washington and Oregon (Michaelson
and Weaver, 1985;'Mich€elson, personal communication). Télesgismic-residual
data at the andesitic stratovolcanoes of the CascaéeS'do.not reveal -detectable
magma chambers. Examples are Mt. Hood, Mt. Shasta, and Mt. Lassen. On the

other hand ;he Newberry and Medicine Lake volcanoces 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 platé beneath the Cascades, and.results from teleseismic-residual
experiments in Cascade stfatovolcanoes and shield volcanoces. I also present
preliminary results from a high-resoldtion experiment at tﬁe Newberry volcano

to detect small (diameter 1 km or ﬁore) magmatic intrusions.

Subduction Zone

Unlike in other majof subductién zones of the world, due to the lack of a
Benioff zone of deep éarthquakes, it has been diffiéult to delineate the
subduéting lithosphere beneath the continental margin in western north
America. At least in Washington and northern California, intermediate depth
earthquakes seem to define a zone that looks like the shallow segment of the
subducting plate. In Oregon, on the othér hand, subduction seems to be taking
place completely aseismically.

Miéhaelson and Weaver (1985) used teleseismic. P-wave arrivals from
earthquakes recorded by a dense network of seismic stations in Washington and
northern Oregon, and usingbinverse and forwérd-modelling techniques,
delineated an eas;ward dipping high-velocity anomaly in the upper mantle,
inferreé to be -the subducting plate. It -is about 50 km thick, has P-velocity
higher than the surrounding region by 3-7%, and extends from 45 to 300 km
depth.  Its dip angle is of the order .of 60-70 Degrees. Michaelson and Weaver
also found evidence for segmentation of the-pléte?intd three different
configﬁratidns between northern Washington and northern Oregon. |

| Evidence for the slab beneath Oregon comes ffom ;he igvérsion of
P-residuai data from a USGS seismic hefwork-operated for two years in-the

Oregon Cascades and from a linear, northwesterly, profile of stations. in
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southern part of the étate. Both data sets reveal the presence of an
éast—dipping, tabular, high-velocity anomaly in the upper mantle. The
inversion and forward modelling of residual data from the profile (Caryl
Michaelson, personal communication); show an eastward dipping 50-km thick slab
in the depth range of 40-200 km. The dip angle is about 50 degrees and the
velocity contrast in the slab from the surrounding rock 1is about 10% at the

top and about 4% at depth.

Stratovolcano

We have looked at the three-dimensional crustal structure of three
stratovolcanoes in the'Caséades, Mt. Hood in Oregon (Weaver et ai., 1982), and
Mt. Shasta and Mt. Lassen in California, using teleééismic residuals collected
by dense seismié.networks. In all these cases the results show only‘reg;onal
‘heterogeneities in crustal structure with no clear evidence for the presénce
of magma chambers-of horizontal or.verticél dimensions greater than about 5

km, the resolution limit of the teleseismic technique.

Shield Volcano

Seismic and other geophysical data show the presence of high-velocity-
intrusions in the crust in the Néwberry-vdlcano, Oregon, and in the Medicine
lake volcano, California. Three;dimensional modeling'of teleseismic P-wave
residuals collected using a dense seismic afray-over Newberry volcano
delineate a columﬁ of high-velocity material extending from within-10 km of
the surface below the volcano summit to mid-crustal depths near 25 km (Stauber

et al., 1985). The P-wave velocity in the column is -about 6-14% higher than
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_in the surrounding crustal rocks. Stauber et al., (1985) interprét this
>intrusive body to be an expression of a swarm of predominantly sub-solidus
gabbroic dikes and sills which were intruded as the volc&no was built., A
similar high-velocity body has beén tentatively identified beneath the

Medicine Lake volcano by Evans (1982).

High-resolution experiment

Neither the teleseismic results nor results from othér geophysical
experiments, however, can explaih the high temperatures encountered in two
shallow drill-holes drilled in the Newberry caldera. To investigate if magma
intrusions undetectable due to the limited resolutioﬁ‘of.the teleseimic method
are responsible for these high temperatures, we carried out a high-resolution
version of the teleseismic-residual experiment by -recording 8 large shots
using a dense array of 120 seismographs deployed over a 12 .km diameter- area
centered on the caldera. Preliminary interpretation of.the traveltime
residuals reveals a ring of high velocity material coinciding with the inner
ring fault system of the éaldera in the upper 2 km.and a:zone of lower
velocity extending deeper tham 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?
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GRAVITY AND MAGNETIC STUDIES IN THE CASCADE RANGE
Carol Finn

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 inéluding a free air anomaly map, Bouguer anomaly map at a
principle (2.67 g/cm3) and an alternate (2.43 g/cm3) reduction density, and
filtered anq derivative versions of the Bougugr anomaly map. The set 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 Caséade Range and deliniate majér structural
elements in the rangé. The more local anomalies and gradients may delineate

low density basin and caldera f£ill, faults, and shallow plutons.

Introduction

The U.S. Geologicai Survey (USGS) has supported gravity studies as part
of its Cascades Geothermal Program. Gravity data are particularly‘useful in
areas where theré are large lateral density conﬁrasts'such as in Qolcanic
regions., These density contrasts cause variatisns in the earth’s gravity
field which can 6ften be related to subsurface geologic features such as

faults, intrusions, ore bodies, etc.




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

The Pacific.Northwest, the.location of ;he Cascadeé Range, has a complex
tectonic hisﬁor& invdlviﬁg changés in plate tectonic settiﬁg f;om a passiﬁe
Atlantic-ﬁype margiﬁ to an acti&e subduction zone (Dickinson, 1976; Hamilton,
1978; and Hammond, 1979), changes in the location of the subduction zone and
its aéséociated magmatic arc, accretion of various terranes and micro-plate
rotations. ' The Cascade Range is a volcanic arc extending from Lassen Peak,
California to Mt. Garibaldi; British Columbia and is related to subduction of
the Juan de Fucé and Gorda plates. The Cascades consist of a wide range of
rock types and ages ranging in composition from basalt through rhyolite and in
age from Miocene to recent (they do, however, overlie Mesozoic and Paleozoic
rocks in Washington and Caqada). The diversity of rock types results in
numerous density contrasts that produce a wide variety of gravity anomaly

patterns.

Local Gravity Anomalies

Local gravity anomalies in the Cascades are generally caused by sediment
filled basins (gravity lows), an incorrect Bouguer reduction density (can.
cause elther gravity highs or lows, but lows are more common when a Bouguer.
reductionAdensity of 2.67 g/cm3&is used), intrusions (gravity highs) and
caldera'fill (gravity lows). Since the Cascades south of Mt. Rainier are
mantled by a layer of low density volcanics, gravity anomalies in this region
usually deliniate rocks which differ from the densit& of these volcanic
rocks. Althouéh the proper Bouguer reduction density for much of the High

Cascades is between 2.67 and 2,43 g/cm3, most of the young, recently active

E5

" volcanoes inithe range have a bulk density of 2,2 g/cm3. When this -density is
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used to reduce the gravity data for most individual volcanoes, gravity highs,
not lows, are commonly observed (Finn and Williams, 1982; Williams and Finn,
in presg).' These positive anomalies are due_tosshéllow, dense intrusions that
probably range in composition from intermediate to mafic. Many other.local
gravity highs have been identified with old, eroded volcanic centers.

Examples are the Goat Rock volcano in the Goat Rocks Wilderness, Washington
anq,the Still Creek and Laurel Hill plutons just southwest of Mt. Hood

(Williams and Finn, 1983).

Aeromagﬁetic 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
| .Chrfstiansen, 1978), Mt. Hood (Flanigan and Williams, 1982), Medicine Lake
(Finn, 1982), Newberry (Griscom and Roberts, 1984) Goat Rocks Volcano
(Williams and Finn, in pres§5, and Mt., St. Helens have been made. In most
cases, l.e. at Medicine Lake, Newberry, and Mt. Shasta, the mégnetic anomaly :i:P
has been interpreted to be soley due to the terrain. -At Mt. Hood, an old
" reversely-magnetized volecano upon which the present mountain was built was
&elineated with the magnetic data. .Preliminary results from a combined
gravity and magngtic4study.of Mt. St. Helens indicate that a magnetic and
gravity high, unrelated to the terrain is associated with-Mt. St. Helens.
They may be related to a. pluton under the volcano.. More interesting results,
t,in terms of delineation of geothermal resources, come from a.study of gravity
"and m;gnetic data. from Goat Rocks-Volcéno'(Williams and Finn, in.preégx. Two
A'apd one;hﬁlf-dimensional modeling_of the positive gravity and magnetic
' andmaliés delineated a shallow pluton. In most -places the gravity and

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



There are places where a magnetic low occurs where there is the gravity high

associated with the pluton. These lows éotrespond to mapped areas of

57

alteration, indicating that the zones of alteration is not just surficilal, but

must be meters thick. Other areas of mapped alteration do not have magnetic
lows assoclated 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 faults and local features

. such as intrusions is useful for geothermal exploration. Faults can be zones
of increased permeability. Intrusions under active volcanoes are often

" asymmetric to the volcanic cone 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-S50,, CO_-charged, and dilute Na-HCO - The most interesting,

4 2 37
from a geothermal point of view, are the Na-Cl waters which ocecur in the
Oregon Cascades and at Lassen Volcanic National Park. Thé largé chloride
content of these waters, up to 3,350 mg/L, must be derived from rock
depositéd in a marine environment, and in most of the Cascades this re-

quires circulation to considerable depth. Most thermal springs in the

central Oregon Cascades discharge Na~Cl waters which have a Ca~Cl compo-

nent. In "Ca-Cl component' waters, such as Belknap Springs, some dissolved

calcium must be used to electrically balance the chloride in the chemical
analysis because insufficient sodium is present.

Belknap Springs

t°c pH S0, Ca Mg Na- K HCO, SO, 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 nof occur in the Cascades, several
Ca-Cl mineral springs occur in western Oregon ana Washington. Pigeon
Springs, a coid minéral.SPring in western Washington, is aﬁ exémple éf a
Ca-Cl water:

Pigeon Springs

t°c pH Si0, Ca Mg Na K . HCO S0 cL

=29 =3 =
mg/L 11 . 8.23 -9.2 7,450 5.4 6,400 7.2 - 250 250 22,500

meq/L . 372 278 : 635

6o
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Ca-Cl waters develop. from Na-Cl waters by extensive albitization of .
'plagioclaSe (Hardie, 1983). 1In the albitization of plagioclase, sodium
. and silica.are consumed, and calcium ié released: |
anérthite component - albite

CaAl.Si 0. + 2 Na® + 4 H,Si0, = 2 NaAlSi.O

++ i
551,04 4 4 1%g + Cé + 8 H.O.

2
A secondary reaction, brought.about-by the increase in calcium concentra-
tion is precipitation of anhydrite:

anhydrite

4 CaSOa.

cat™ + s0° =

Provided that little or no water-rock reaction has taken place after the
thermal water left the.aquifer at depth, and that mixing of thermal and
cold groundwater are not important, we can estimate the aquifer-tempera-
ture at depth by increasing the water temperature until the activity
product constant‘for the reaction’ of interesf equals the equilibrium
constant. At Belknap Springs, equilibrium with respect to the albite-
anorthite pair would be attained at 152°C. A simila? calculation with
£espect to anhydrite, also produces an equilibrium temperature of 152°C.
Testing the "Ca-Cl" component waters of the Oregon Cascades fof
equilibrium with the‘mineraltpair,albite;anorthite‘and anhydrite, produces

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

48
thermometer (table 1). Quartz geothermometry does not work in this
envirénmedt, probébly because'quértz is not present in the deep aquifer.
.Diésolved silica concentrations are limited by the albitization reaction

- not the dissolution of quartz.. With the exception of Breitenbush;

tﬁa-K-Ca indicates temperatures within 25°C of'the»measufed spripg temp-

eratures.



Albitization of plagioclase should be a common process in voléanic
terranes such as the C#scades. However, before trying these équationslin
other areas, the effects of dilution with a low TDS water should be dis-
cﬁssed. As an example, Belknap Hot Spring water was "diluted" with 10%,
25% and 507 distilled water. The apparent temperatues of equilibrium of
these waters with the mineral pair albite-anorthite and anhydrite were
calculated.

Percent dilution of Belknap water: 0% 107 257 5

%
tanhydrite 152 158 166 185
talbite—anorthite 152 148 140 .125

Dilution increases the apparent anhydrite saturation temperature but
decreases the apparent aibite—anorthite equilibrium temperature.

At Lassen, Growlet'and Morgan hot springs have'anhydritg saturation
and albite;anorthite eqﬁilibrium temperatures which range from 197 to
226°C. 804-H20 isotopic equilibrium temperatures indicate 225 or 210°C,
depending on whether conductive or adiabatic cooling is assumed. Gas
geothermometer calculations indicate possible equilibrium temperatures
of 242°C (Muffler and others, 1982).

Na-SO4 waters of the Modoc Plateau and Klamath Falls are also low in.

ium. d R
magnesium ;n the Modoc Plateau, tAnhy and tap-an Bive temperatures of

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

and t indicate 165 to 175°C,

by t:Anhy Ab-An

'tSO4—H20" At Klamath Falls,
t, indicates 185 to 200°C. This may indicate that .chemical
50,-H,0 ; . ,

eduilibrium last occured in an aquifer at about 170°C but that SOA-HZO

while

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

values which range from 183

sand €y an Qtz

data) and haye tquartz’ tNa-K—Ca

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
concentrations 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 Mountain (t of 220.to 290°C) are also higher in dissolved

SOA—HZO

silica than the other CO_ -charged thermal waters of the Cascades. Virtually

2

and t values in the

all CO,-charged waters of the Cascades have tAnhy’ Ab-An

2
170 to 275°C range. However, the SOA-HZO-isotopic equilibrium temperature
raﬁge is much wider, 10-290°C. It appears that the albitization reaction
and anhydrite saturation temperatures. are meaningless in C02-charged water.

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

tures near the spring temperatures for most CO

2-charged waters. Although

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 surfacei>'Thé depth at which the CO2 is being generated

could be considerably beyond economic drilling depthu
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Discharge rates for individual spring systemé in the Oregon Cascades
were determined from the chloride content and discharge rates of the
streams at U.S.G.S. gaging sites. Tot;l discharges (L/S) for individual
spring groups, in the bregon Cascades, correlate with the maximum spring
temperature at the respéctive sites (figure 1). This correlation indicatesA
that conductive cooling is the primary factor which determines spring
temperature. A major entry of chloride water nbt associated with a hot
spriné occurs at Oakridge on the North Fork of the Middle Fork of the
WillamettelRiver. Both a cool saline well (22;C) and a saline spring (18°C)
occur in Oakridgé (Brown and others, 1980).

Chloride data for streams on the east side of the Cascades iﬁ 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 Metolius River seem to carry about 25 L/S of
1,200 Qg/L chloride equivalent waters (Breitenbush equivalent), while the
headwater springs of the Spring River carry about 10 L/S pf 1,200 mg/L
chloride equivalent water. ‘

Deuterium compositions of thermal waters of the Oregon Cascades match
the composition of cold springs along the crest of the Cascade Range. If
the Caécade crest is the source of recharge of the thermal wa;er, this
requires that the circulétion time is very short of that, fortuiﬁously,
the isotopic distribution of:precipitatibnvis.the same now as when recharge
occurred. . Development of "Ca-Cl component" waters is thought to.be a very
‘slow process, SO circulafipn'timeé of these "Ca—Cl component’ thermal

waters could be longer than for most thermal waters. Dissolved helium
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concentrations provide evidence for circulation times of at leést 25;000
years, and perhaps much longer.

Gases discharged from the‘"Ca-Clvcomponent" waters are principall?i.
nitrogen (>92%). They‘aré peculiar, for geothermal water'ét lea§t,lig .
that their NZ/Ar ratios'correléteiwith estimated aquifer—tempe;étufés

J. He versus N, plots show two distinct trend lines, one in-

(ts0 -n.0 2

4 727 .
cluding Belknap, Bigelson, Breitenbush, Foley, and perhaps Austin hot

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

Kitson Hot Springs

" Name eec £50,-H,0 “Anhy *ab-an  “Quartz *Na-K-Ca

Austin Hot Springs 86 181 186 155 126 84

| Breitenbush Hot Springs 84 176 174 190 166 148
Bigelow Hot Springs 59 i57 155 147 120 83

| Belknap HoF Springs 36 148 152 155 132 82
Foley Hgt Springs 79 - 100 130 113 45
Rider Creek Hot Springs 46 136 135 123 99 49
Wall Creek Hot Springs 40 - 160 137 115 69
McCr’edie Hot Springs 74 118 130 146 120 78
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 convection systems can
be ‘delineated within the Cascade Range of California and Oregon.
For the purposes of this abstract, they are termed summit-crater
systems, caldera systems, and lateral-flow systems. Hydrothermal
systems at most major Quaternary volcanic centers within this
part of the Cascade Range can be identified with one of these
types on -the bases of test drilling, geophysical surveys
(including heat flow), and the.distriﬁution and.chemical charac-
teristics of waters from thermal springs and fumaroles.

Summit-crater systems occur at'Mt. Shasta and Mt. Hood and
include surficial discharge of sub-boiling point fumaroles and
steam~-heated hot springs. Calculations based on empirical gas
geothermometers applied to fumarolic samples yield subsurface
temperature estimates in excess of 288°C at both areas (C.J.
Janik and R.H. Mariner, personal communication, 1985). Similar
thermal manifestations have not been detected at other andesite
composite cones within the High Cascades of Oregon, possibly.
because of an absence of hot rocks at shallow depths. Summit-
crater systems may include zones where lateral flows of thermal
water cool conductively and mix with nonthermal groundwater
befoie discharging in warm springs on the-volcano flanks, as for
-exampie‘at Swim Springs south of Mt. Hood.

Caldera .systems occur at Newberry Volcano, Médicine Lake -
Volcano, and Crater Lake. - At these locations, ring fractures

associated with caldera subsidence may provide.conduits for deep



"fluid circulation. In addition, long-lived silicic volcanism and

Holocene eruptions indicate the presence of relatively shallow . -

magmatic. heat sources at each area. Test drilling at Newberry -

has provided temperature measurements and flpid samples that .
suggest that permeable stfata containing Qater at temperatures
near 265°C exist within the volcanic section at depths of 1—2 km.
At Crater Lake, heat‘flow and geochemical investigations indicate
the presence of hydrothermal convection to depths of 1-2 km
beneath the lake floor and thermal-spring discharge at the lake-
floor. No clear evidence is yet available that hydrothermal
circul ation extends outside the caldera structures at thesé three
locations, although attempts to delineate such circulation by |
test drilling and geophysical surveYs are currently planned or in

progress, and areas of anamolous soil mercury have been detected

along a northeast-trending fissure/fault system on the southeast -

flank of Newberry Volcano (Priest and others, -1983).

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 elevations.
SWO such outflow zones have been delineated from test drilling
and spring chemistry; one is fault?controlled and the other may

occur along the contact between rocks from the Lassen volcanic.
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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 24¥°C
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and above which a parasitic'vapor-dominated zone eXists at
pressures near 34 bars (Sorey and Ingebritsen, 1984). Similar
systems could occurywithin‘thefCascade Range in Oregon; necessary-
~Conditions include° magmatic'heat sources. at mid to upper crustal
depths, conduits for downward fluld circulation to depths of
several kilometers, and permeable strata that allow lateral. flow
of heated water over_dlstances of 15-25 km. Austin, Breltenbush,
Belknap—Foley-Hot'Springs,band-other lower temperature springs
along the High:Cascades -:Western Cascades boundary may represent
the discharge p01nts for lateral outflow from High Cascade
volcanoes to the east ‘ _ '

ConstralntS‘on the typelofahydrothermal.system(s) associated
with these thermal—spring areas in7ofe§§atafe provided at present-
by chemlcal data from sprlng waters and thermal measurements in
drill holes. ISOtOplC data from Marlner (thls volume) suggest
that the systems are: recharged on. or. near the flanks of the High
Cascade volcanoes rather than at lower altltudes along the High
Cascade --Western Cascade boundary. Chlorlde flux measurements
in streams yield estlmates of the total flow of thermal water at
Austln Hot Sprlngs (llﬂ L/s), Breltenbush Hot Sprlngs (12 L/s),
and Belknap—Foley Hot Springs (33 L/s). Correspondlng estimates
of reservoir temperatures based on-sul fate isotope calculations
are near 186°C for Austinfand,Breitenbush,and.ISﬂoc‘for'Belknap-
foley; Valuestof conductive~heat flow‘and‘temperature gradient
beneath. the: western part of the ngh Cascades in areas unaffected

-2 and

. by vertlcal groundwater flow are: cons1stently near 106 mWm~
65°C/km (Black, 1983) Thus, reserv01r temperatures indicated

for these sprlng systems could occur ‘at. depths of about 3 km,



possibly'in marine sediments below the Cascade volcanics. A
larée component of marine origin in the hot spfing waﬁeré_is also
indicated by chloride contents between 460 and 3460 mg/L.

Listed below are estimated conVective heat flows, assumed
reservoir areas, and conductive heat inputs required to sustain-
long-lasting regiohal hydrothermai systems that may be associated
with each hot-spring area. The assumed reservoir areas
approximate the areas of surface drainage between the springs and.
the axis of the High Caséades, and as such are probably

overestimates of actual reservoir areas at depth.

Spring area Convective Reservoir Conductive
‘ hegt flow area heat input
MW km?2 mWm™2 -
Austin 83 378 220
. Breitenbush 9 179 : 53
Belknap-Foley 21 345 .~ 61

If, as implied by the models of Blackwell and others (1982),
conductive heating of deeply circulating water occurs over about
half the distance between the hot springs and the High Cascade

axis, calculated rates of conductive heat input would increase to

7/

~levels comparable to the estimated regional heat flow for two of

the three spring systems. Only for the Austin Hot Springs ‘system
are reﬁuired heat inputs too large to be supplied by regional
heat flow, suggesting that for this system a more potent
'(magmatic) heat source or deeper levels of fluid circulation may
be involved. Héét sources fof,fluid_circulation‘at depth beneath
the axis of the High bascades could be :estricted to youthful

volcanoes with intermediate to silicic composition that may be



underlain by plutonic bodies, like Mt. Hood, Mt. Jefferson, and
the South Sister.

Temperature'data4that*has're¢ently become available from the
2.4 km—deep exploration well drilled in 1981 near Breitenbush Hot
Springs provide some ngeded detail on the nature of the regional
hydrothermal systems in the Oregon Cascades. Bottom-hole
temperature measurements in this well are consistent with the
regional gradient of 65°C/km and heat flow of 108 mWm 2. A heat
" flow of 380 mWm™2 is indicatedvabove'- a depth of 750 m; this
appears to result from lateral flow of water at about 148°C
within the Western Cascade volcanic rocks encountered below that

depth. This lateral flow could be fed by leakage from the upflow

conduit(s) that supply hot water to Breitenbdsh Hot Springs. -The

Breitenbush well is located 2 km southeast of the springs, -
whereas temperature measurements in holes. as close as 1 km td
some other Cascade hot springs show ho anamolous heat flow
(Black, 1983). |

The probable existence of regional-scale hydrothermal
circulation systems within the Oregon Cascades offers promise for
successful development of geothermal reéoufces;- However, several
critical factors must first be evaluatéd. ‘Confirmation that-
permeable reservoirs_at temperatures near.180°C are present at
vdépths of severél kilometers is obviously needed. . Although fluid
températures signficantly greater .than 186°C may exist in these
systems, such conditions may only-occur in close proximity to
‘heat sources‘along the High Cascade axis. The'permeability

distributions within these flow systems must also be delineated.
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Low values for the éverage'of effective permeability of each flow
system between recharge and discharge areas are indicated‘by the
rates of natural throughflow listed above, which are 1l to 2
orders of magnitude lower than throughflow rates in-high
'permeability.volcanic envirqnmenﬁs‘such as the Taupo graben in |
New Zealand."Regions of higher permeability may exist within the
Cascade systeﬁs 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 Investigations

Norman E. Goldstein ' . ' o

Lawrence Berke’ley Laboratory
University of California
Berkeley, CA

A number of geological, geochemical, and géophysical 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 Survey, 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 city and to neaxfby potentiél users of geothermal
enefgy for space heating,
. (2) reaso'nablygood road access, and - - S
(3) evidence for a thermal source beneath the summit.

Gravity, aeromagnetic, seismic and electromagnetic surveys were carried 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

: (GolAdstein et al., 1982) and (b) deeper magnetotelluric and: magnetotelluric-telluric
soundings at -station clusters at accessible locations around the cone (Mozley, 1982;
Mozley et. al., 1985). Our objectives were to determine whether we could discern any
electrical resistivity anomalies, and ﬁo relate these:to othér geophysical anomalies and
to possible features of geothermal interest. Because we were unable to occupy MT or
telluric stations closer than 3 km from the summit, we discounted the possibility of
detecting an anomaly from the conduit or a relatively shallow zone Beneath the sum-
' fnit. We were extremely interested, however, in learning whether tﬁere might be a

deeper conductor that could be related to a melt zone.

7¢



: 'l'hertnal Gradient Drlllmg

Geothermal data from 25 boreholes i ina 20-km radius around the summit were col-

' lected and analyzed by Steele et al. (1982). They found that the thermal conditions are

' z

“a vcompllca.ted function. of position around the volcano, which is in part related to rock

”dge‘ .end rock type. A regional heat flow value of 80 rnW/m2 was determined, the heat
ﬂ.ow‘ increasing towards the apex. Although holes could not be drilled sufficiently close
'to .the~-apex to- detect a neek-type magma chamber, the measured data and thermal
modehng have placed certain constraints on the depth and size of the heat source.

'ﬂSteele et al. (1982) conclude that there cannot be a large, shallow subvolcanic melt zone

Y }ess_;'than 3_kmv deep and with a radius greater than 2-3 km.

‘ Aeromagnet.lcs

) @f : "E,F‘lanagan and Wllhams (1982) found a large, normally polarized magnetic high asso-

s ciated. th'h-thef'mountam Removing the effects of a uniformly magnetized cone (the

A_:“p_topographlc anornaly) they found evidence in the residual anomaly for smaller, older

;{f‘gvolcamc cones. largely concealed by the later eruptions, one cone under the north flank
- the other under the south flank. In addmon. magnetic lows west and southwest of the

e "'mountam could be related to less magnetic Pliocence quartz diorite intrusives.

3 Su'ore‘g‘ionelCravity ‘

" Couohﬁ‘and" Gemperle (1979) found that Mount Hood is superirnposed on a gravity
low th‘a't:" suggest‘e at.'north-south oriented graben-like struotdre‘. The cone itself is a
: VBo.-'uvg-u'e'r g-r'avit'y.high whi‘ch. like other ‘dis'crete highs in the survey area, is believed to

be the denser.fcore' of the volcanic vent.

S

"+ Detailed Gravity .

: A d‘eta.il'ed'Agravity sur\rey revealed a dense body, presumably an intrusive, with a

- dxameter of 5 km beneath the summit (Williams and Kexth 1982). The: body appears to

i neck down to a diameter of 1 km with depth.
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Seismic

Results of a teleseismic P study indicated no velocity anomaly that 6ne 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, (Iyer et al., 1982) has been attributed to the possible small size of
these melts (<5 km in diameter) and the very comélex 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.

Electromagnétics

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

physical results.

Shallow Conductors

Shallow conductors at depths of about 500 - m were mapped on the east and éouth
'ﬁanks. 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 (Wollenberg et al., 1979). The EM results agree with informa-

tion from the hole at the base of the Pucci chairlifi on the south ﬁank.



Conduit Conductor.

Only weak evidence could be found for a neck-type conductor beneath the summit.
Due to station locations, the presence 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 areas of resistive rocks, extending from near the surface to 10* km, were
indicated on the south-southeast flank and beneath much of the western region of the
volcano. There is a relatively strong correlation between the resistor, high velocities
from a time-term-analysis of refraction seismic data (Kohler et al., 1982), the aeromag-
netics (Flanagan -and Williams, 1982), and a few quartz diorite outcrops. The resistive
nature of the rocks on the west flank a‘nd the occurrence of older intrusives was also

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

Deep Conductors.

 An elongate conductor (1 ohm-m) striking N20°W was discerned at'a depth of 12 km
and with a depth extent of 10 km. The conductor i; éoincidént with the trend of the
High Cascades and it may be a zone of partial melt. Although this explanation has not
been éo_nﬁrmed seismically,it is a reasonable one based on the corrected conductive
thermal gradient of ~85°C/km measured in a number of ‘holesz around the volcano
.(Steele et al., 1982).  That this conductor was.resolved at all by MT carné as something of
a pleasant surprise in view of the limited spatial and frequency window available. How-
ever, the dimensions .of the conductor could not be resolved, and this uncertainty

admits another resistivity model, one with an additional deeper conductor at ~50 km.

-
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CHARACTERIZATION OF GEOTHERMAL SYSTEMS IN THE CASCADE RANGE
FROM GEOELECTRICAL STUDIES

by Adel A. R. Zohdy

U.S. Geological Survey, Denver, CO 80225

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

(a) Magnetotellurics (MT) regional studies over the entire Cascade range, by

W. D. Stanley.

(b) Audiomagnetotellurics . (AMT), near Lassen National Park and Mt. Hood, by

D. B. Hoover,

(c) Te}]uric profiling, in'Medicine Lake volcano and near Lassen National

Park, by K. Christopherson and D. B. Hoover.

(d) Schlumberger soundings, in Medicine Lake volcano by A. A. R. Zohdy and

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

R. J. Bisdorf and A. A. R. Zohdy. :

(e} Time damain e]ectromégnetic‘SOUndings; in Medicine Lake volcano, by W. L.

Anderson and. F. C. Frischknecht, and in Newberry by D. V. Fitterman,

(f) Fréquency domain electromagnetic-soundiﬁgs,din Medicine Lake volcano by

W. L. Anderson ahd F. C. Frischknecht. .-

(g)_ Airbérne electromagnetics. (DIGHEM), in Medicine Lake volcano and near

Lassen National Park, by D. Frazier and D. B. Hoover.

(n) Self potential (SP), in Mt. Hood, by D. B. Hoover.
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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
pumice and dry volcanic rocks. (b) A medium-high resistivity unit of 500 to
5,000 ohm-m with thickness of 500.m to 1 km. This unit probably corresponds
to Quaternary volcanic rocks that may be saturated in part with fresh, cold
water. (c) A low resistivity unit of 5 to 30 ohm meters with a thickness of
500 meters to greater than 1 km. This unit probably represents altered -
volcanic rocks possibly saturated with circulating hot water. It represents
the shallow geothermal resource target. (d) A high resistivity geoelectric
basement of > 500 chm-m which is sevéra] 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 exp]ofation of these areas by the direct current resistivity mefhod
(Schlumberger soundings) proved to be a challenging task because df very high
contact resistances, near absence of long straight roads, and off fhe road
dense forest and fallen trees. Special formulas were derived for computing
the proper geometric factors, digitizing the road maps, and correcting the
field measurementé. The mathematical solution to the winding road prob]em ha§
opened the door to investigating .many other areas with little concern to the
presence of straight roads of sufficient length.

In the Medicine Lake area, a DIGHEM airborne electromagnetic survey was
ma&e to study the areal distribution of electrical resistivity at shallow
~ depths of the order of few meters or tens of meters. The results showed three

low resistivity anomalies (10 to 100 ohm-m), possibly representing near



surface hydrothermal alterations. The anomalies are near the northwest corner
of Medicine Laké itse]f,'southeast_of<the Hot Spot, and.neér‘Telephone Flat
(slightly north of Bullseye Lake). The Schlumberger, time4domain,.freqﬁency
domain, and MT soundings showed that an extensive low resistivity 1ayer‘of
about 5 to 30 ohm-meters underlies a high resistivity cover, and that.
significant low resistivity anomalies are centered near Bullseye Lake and
northwest of Medicine Lake. The results of the 51 Schlumberger soundings are
i]]ustréted by two cross sections and by four maps of interpreted-true
resistivity at depths of 250 m, 500 m, 750 m, and 1,000 m.,

At Newberry, an east-west geoelectric section constructed from the
interpreation of Schlumberger soundings shows a low resistivity zone that
corresponds to the increase in.therma1 gradient observed in a USGS test well
which encountered 256°C water at a depth of 930 m. Another Tow 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 areal extent of about 16 kmz. This zone
is inferesting enough that at least oﬁe company has drilled it. Several time
domain electromagnetic soundings also were made in the Newberry volcano area.

Regional east-west magnetotelluric cross sectfons;show that the axis of
the Quaternary volcanoes of the-High Cascades, to the west of Medicine Lake
and Newberry; coincides with an apparent structural trough. The sections also
show that, beneath Mediciﬁe Lake and Newberry, there are high resistivity
rocks believed to consist of multiple smé]] intnusionsAforming structural
highs underneath the low resistivity zones.. These structural highé (which
were deteéted.by only very few of the4$¢h1umberger and'time,domain-soundings)
at a débth of about 2 km or less could be considered as fundamental -geothermal

" targets if theyvconsist of multiple young .intrusive units.
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DEPARTMENT OF ENERGY DRILLING'IN THE CASCADE RANGE

by Marshall Reed
Geothermal and Hydropower Technologies Division
U.S. Department of Energy
Washington, D.C.

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

million is available this year for the GHTD share of the drilling.

Several factors were considéred in the planning for this project.

Shallow holes in the older volcanic rocks of the Western Cascades provided
good measureménts 6f the conductive thermal gradient, but in the High Cascades
thermal measﬁrements in shallow holés were dominated by cold, moving ground
water, Dri]ling at Mount Hood and Newbérry Caldera jndicated that thermal-
gradient hoies should be at least 1 km deep to penetrate the cold ground water
and to reach conductive gradiénts. Much deeper holes would be required to
'penetrate the geofhérma] systems thought to exist at these two sites, but the
drii]ing-of intermediate-aepth holes seemed to offer an attractive research

tool. Since thermal-gradient holes can be drilled.at a small diameter, they
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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.

Becauﬁe of cost sharing, data from this project wi]l be Timited to
geothermal prospects in‘the region of the Cascades and Newberry and Medicine
Lake Calderas. Industry drilling is confined to those areas where geothermal
development is.pefmitted, and it is anticipated that the drilliing will be on
land with existing geothermal leases. An important aépect'of~this project
~ from the industry viewpoint is that-a reasonable chance of development exists

if a resource is indicated.

In addition to sharing the drilling costs, GHTD will support research in
and around these gradient holes. Stable temperature measurements will be made
during the period of access, and thermal conductivities will be measured in
cores from each hole to provide calculations-of heat flow.. This project
requires the dri]]ing of holes to 1 km oé deeper, but the method of drilling
is up to the bidder. If core holes are drilled, we will have a complete
]itho]ogic_record that can be compared to surface surveys and provide- |
constraints on geo}ogic models. If larger-diamater holes-are drilled, it may
pbe possible to run several geophyéica] logs to aid in the intertpretation of
surface surveyé{ It is possible that thermal water will be intercepted in one
or more holes, and if hole stability and environmental safgty can be
maintained there are plans to obtain water samples. for. geochemical analysis.
We would appretiate,your'suggestions as tgnother research or exp]ordtion

techniques that would enhance the data from this drilling project.
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~Drilling of intermediate-depth and deep drill holes is' crucial toiji.;'

POSSIBLE SITES FOR SCIENTIFIC DRILLING IN THE CASCADE RANGE

George R. Priest (Oregon Department of Geology and Mlneral
Industrles) '

INTRODUCTION

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

1. Mapping and characterization of hydrothermal systems 1n fff“
both the Western Cascades and the High Cascades. ' -

2. Determination of background conductlve heat flow 1n the
"High Cascade Range. , . o

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 O
calculations relatlve to rates of veolcanism and
subduction.

solution of these and related problems. Only drill holes can ..

~provide. the necessary fluid and rock samples and. down-hole.

geophysical measurements to place -quantitative constralnts on:
p0551ble geologic and hydrologic models. -

WHERE SHOULD DRILLING'BE FOCUSED?

-Given that drllllng should occur in. the Cascades, the _
problem -then is to decide which areas have thé greatest: potentlal,,
for resolving the above problems. Most of the problems are:
related to the thermal regime. of the Cascades, so.picking sites
can, to a first approximation, be accomplished utilizing a’
geothermal exploration strategy. The geothermal exploration ,
industry has. for decades utilized a phased approach to drilling

" .programs. Surface geological, geochemical, and geophysical

surveys are normally followed by shallow drilling of temperature- .
gradient holes which in.turn are followed by drilling of deeper ‘

wells to test for hydrothermal fluids. Tables 1 and 2 are Lo
qualitative summaries of where various parts of the Cascade Range

.~ stand with respect to resource potential, access, and completion . .
- of temperature-gradient drilling. .These tables take into )

account only publicly available data. The evaluation categorles

"in the tables could be separated into a number of subcategories
N corresponding to the various exploration phases, but this would.

not materially affect the final ranking of sites. ' The point of -

" this exercise is that there are only a few areas which are -at
- present sultable targets for sc1ent1f1c drllllng programs o
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TABLE 1. Qualitative summary of the quality of the data base, access, and .geothermal- resource
potential at possible sites for research drilling in the Cascades (0 = Poor;.l = Moderately
Poor; 2 = Moderate; 3 = Moderately Good; 4 = Good; 5 = Very Good). Soil geochemical surveys in .
the public domain are only available for Newberry and Medicine Lake volcances. Data from wells
drilled to depths in excess of 600 m are only available for the Mount Hood area, the Breitenbush.
area, and Newberry Volcano.

Site Geolbgic Drilling Geophysics Access Resource
Coverage (Heat Flow) (Non-heat flow) Potential

WASHINGTON

Mt. Baker 3 0 3 3 4
Mt. Rainier 3 0 2 1 4
Glacier Peak 2 0 2 1 4
Mt. Adams 5 0 4 1 4
Mt. St. Helens 5 0 4 1 A
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 N 3 3 2
Mt. Jefferson area 4 o] 3 0 A
Breitenbush area 5 S 3 5 4L
Santiam Pass area 5 2 3 4 4
~ North Sister area 5 .0 3 0 4
Middle Sister area 5 0 3 0 4
McKenzie Pass S 1 3 1 4
South Sister 5 0 3 0 S
Century Drive area 5 0 3 2 5
Newberry Volcano 5 2 -5 3 5
Willamette Pass area L 2 3 4 3
Crater Lake 5 1 3 1 © 5
Adjacent to Crater Lake 3 0 3 4 4
Oregon 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
Medicine 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 Dr1ve 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 : .

13 ~ Mt. Baker, (South Sister), Oregon passes south of Crater Lake, southern Washxngton

. Cascades between major volcanoes .

12 . (North Sister area), (Middle Sister area)

11 - (Mt. Jefferson area)

10 (Mt. Rainier) .

9 : (Glacier Peak)

6 : {Northern and central Washington between maJor volcanoes}
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'Areas which stand- out as good potential drilling sites are: .

1. Newberry and Medicine Lake volcanoces

2. The Breitenbush-Santiam Pass transect, central Oregon
3. Areas adjacent to Mt. Shasta, northern California

4. Willamette Pass-Century Drive transect, central Oregon
5. Areas adjacent to Mt. Hood, northern Oregon

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

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

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

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

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

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

The Century Drive area adjacent to the South Sister is
unique in that it has the only Holocene rhyodacite volcanic:
centers in the High Cascade Range which are also-accessible by a
major highway. The area is part of .a long-lived silicic highland -
of regional extent (Taylor,. 1980). It would be an ideal place to .-~
- establish whether hydrothermal resources associated with silicic .
volcanism. are present in .the main High Cascade Range. Heat flow -.
and geophysical profiles across the full width of the Willamette :
Pass-Century Drive area would be of interest, especially in
comparison with profiles -at Breitenbush-Santiam Pass where mafic:
and intermediate volcanism. prevails. Extending the studies to-
Newberry Volcano would allow investigation of the relationship
between the silicic. hlghland at Century drive and silicic
volcanlsm at Newberry



Areas adjacent to Mount Hood scored well in the ranking
because of the large available:data base. . However, extensive
drilling in the area has not been successful in locating
indications of major high-temperature hydrothermal systems.
According to some interpretations of the geophysical surveys .
(Goldstein, personal communication), the drill holes may be too
shallow and not in the best locations to intercept the
hydrothermal systems. 1In any case, the gravity data indicate
that, unlike many of the large High Cascade volcances to the.
south, Mount Hood may net lie above a large, shallow intrusive
complex (R. Couch, 1985, personal communication), although
Williams and Finn (1983) concluded that a shallow high density
intrusion could be present. South of Mount Hood the regicnal
background heat flow increases to values in excess of 100 mW/m
(Blackwell and others, 1982), which would be additive to any
local heat flow associated with shallow intrusions. This factor
would increase the likelihood of large hydrothermal systems in
‘the Cascades south of Mount Hood even if shallow plutons are
locally present in both areas.

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

CONCLUSIONS

The Santiam Pass-Breitenbush area is the best site for the -
first phase of a scientific drilling program in the Cascade
Range. This area has a known hydrothermal convection system, a-
high rate of volcanism, high background heat flow, and a large
existing data base for siting drill holes. It is recommended
that Sunedco Well No. 58-28 near Breitenbush Hot Springs be
reentered, tested, and deepened to- about 4 km. Drilling of an -
additiocnal well to about 2 km depth east of the Sunedco site
might cross the east-dipping hydrothermal aquifer at higher
temperatures (Waibel, 1985, personal communication). An east-
west transect of at least three, and preferably four, 1 km or
deeper slim holes should be drilled across the Cascades at the
latitude of Santiam pass to delineate the temperatures and heat
flow below the zone. of . rapidly circulating cold ground water. A
2.7 km or -deeper well should be drilled near the -axis of
_ Quaternary volcanism to test for potential hydrothermal: flulds
and to explore: the nature of the pre-Quaternary stratigraphy.

The drilling should be coupled with-a program of detailed surface
geophysical surveys and extensive radiometric dating of volcanic
units to help site the wells and to allow maximum extrapolation
of the drilling data.. Stratigraphic thicknesses determined from
mapping and drilling .should be combined with the lateral extent
and age of volcanic units to calculate rates of volcanism. This
should then be compared to contemporaneous rates of subduction, .



heat flow, hydrothermal circulation, and crustal deformation to
examine causal relationships.

Drilling programs similar in scope. to the Breltenbush- .
Santiam study should be accomplished in the southern Washington
Cascades, the Century Drive-Willamette Pass ‘area, and the Mount
Shasta area in future vyears :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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