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Geology of the Alpine-Type Ultramafic Complex near

Mount Stuart, Washington

ABSTRACT

A large alpine-type, mafic-ultramafic complex in the vicinity of
Mount Stuart in Chelan County, Washington, consists- chiefly of
serpentinized harzburgite and uralitized augite gabbro with lesser
amounts of pyroxenite and anorthositic gabbro. This complex was
tectonically emplaced into metasedimentary and metavolcanic rocks
of the Peshastin and Hawkins Formations, probably in Late Jurassic
to Early Cretaceous-time. The highly magnesian composition of the
harzburgite, the high Ca and Al contents of the metagabbro, the
tectonite fabric of these rocks, and the virtual absence of contact
metamorphism are compatible with an origin at an active oceanic
ridge or within a marginal basin. Primary textures and bulk modal
compositions of volcanogenic sediments and flows in the
Peshastin-Hawkins sequence are interpreted as evidence for an

island-arc environment of deposition. Argillite, volcanic-derived-

epiclastic graywacke, sorted and unsorted breccia and tuff-breccia,
and some pyroclastic rocks are associated with flows ranging in
composition from basalt to quartz keratophyre. The
mafic-ultramafic complex is interpreted as ophiolite that was thrust

against older island-arc rocks in an arc-trench system-that operated -

from late Paleozoic through Mesozoic time. The remains of the
dismembered ophiolite -are now found in intricate tectonic
association with rocks of the former arc.

J

INTRODUCTION ,

The pre-Tertiary mafic and ultramafic rocks near Mount Stuart,
northern Cascade Mountains, Washington, form a typical
alpine-type complex (Thayer, 1967) that was tectonically:emplaced

into highly deformed metavolcanic and metasedimentary terrane. .
The mafic -and ultramafic rocks are cut by: the Mount Stuart -

batholith (Fig. 1) and therefore are older than Late Cretaceous

Geological Society of America Bulletin, v. 85, p. 391-402, 6 figs., March 1974

(Engels and Crowder, 1971); a'preliminary U-Pb Late Jurassic age

from zircon in gabbro pegmatite- in the complex (J. Mattinson;

1973, written commun.) probably is a minimum age for the complex

as a whole. The age of the Peshastin and Hawkins Formations, both
broken by the mafic- and ultramafic rocks, is unknown. Early

workers thought the Hawkins and Peshastin Formations were late -

Paleozoic (G. O. Smith, 1904) or early Paleozoic (W. S. Smith, 1915,
1916) in age, on the basis of tenuous long-range correlations with

- fossiliferous strata, but no firm determination of the age of these

rocks has been made yet. .

In 1959 I began mapping the geology of part of the alpine complex
southeast of Mount Stuart (Fig. 2) on a homemade base map of
variable accuracy and reliability (see Southwick, 1962, for results). |

intended to improve and extend the mapping and compile the data -
-again on 15’ quadrangle- base maps but -because of other
‘commitments; -the additional .field work never was done. The

plate-tectonics.theory has caused a renewed surge of interest -in

- alpine-type ultramafic complexes (see, for example, Coleman, 1971;

Dewey and Bird, 1971), and I have received numerous requests
during the past five years for information on the complex near
Mount Stuart. Therefore; 1 decided to describe these rocks on the
basis of research now-more than a decade old.in the hope that this

will be of use to geologists currently working in-the Cascades and -

Coast Ranges.

PRE-INTRUSION SUPRACRUSTAL .
ROCKS

Three named formations have been penetrated by the ultramafic -
- complex southeast- of. Mount Stuart. The Peshastin Formation,
named by Smith (1904) for good exposures along Peshastin Creek, is -

a thick. sequence of argillite and volcanic graywacke with.lesser

amounts of intercalated pebble conglomerate, thin dacite lava flows, -
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Photomicrograph of virtually unaltered graywacke from ‘Peshastin
Formation. Clasts of quartz, plagioclase, several kinds of microporphyritic volcanic
rock, and carbonaceous siltstone can be readily identified. Most of formation has not

Figure 3.

retained original features as clearly as this specimen has. Bar scale = 1 mm.

material to intervening.basins, where argillites.and graywackes of
the Peshastin accumulated.

The grade of metamorphism of the Peshastin and Hawkins
Formations is lowest in the southeast part of the map area and
increases to the north. Chlorite argillite is raised to biotite slate and
phyllite north of Ingalls Creek, and chlorite greenstone is raised to
actinolite greenstone and weakly foliated epidote amphibolite.
There appears to be a complete gradation from low-grade rocks of
the Peshastin-Hawkins sequence to the medium-grade rocks of the
Chiwaukum Schist, mapped and named by Page (1939) in the
Chiwaukum quadrangle just north of the area of Figure 2. The
Chiwaukum Schist is a rather heterogeneous group of pelitic to
amphibolitic schist, generally~without relict textures; it is the
principal pre-ultramafite wall rock from Allen Creek north to
Leavenworth and beyond.

LEAST METAMORPHOSED ROCKS
IN THE PESHASTIN FORMATION

Although the Peshastin rocks have been battered by metamorphic
recrystallization and the development of cleavage over much of the

map area, there are many places where original minerals, textures,.

and structures are preserved. Because the major purpose here.is to
determine the origin of these rocks, I emphasize the primary features
rather than the metamorphic features.

The most common rock in the Peshastin Formation is a tough,
hackly argillite that consists of ~ 10 to 30 percent fine sand and silt
grains in a recrystallized silt-clay matrix. The sand-silt fraction is
very angular and is composed of quartz, plagioclase, and fragments
of exceedingly fine-grained carbonaceous shale, in decreasing order
of abundance. In some specimens, the coarser material forms thin
laminae, but more commonly it is dispersed throughout the muddy
matrix. The matrix is a poorly defined fine paste containing quartz,
chlorite, montmorillonite, graphite, and iron oxides.

Fine-grained graywacke is the second most abundant rock type in

the formation. The sand grains range from 0.2 to 0.5 mm diam, are
very angular and consist of lithic fragments, plagioclase, and quartz
(Fig. 3). Potassium feldspar is lacking. Several kinds of felsic to
intermediate volcanic rocks, fine-grained black shale, and chert are
represented in the lithic fragments. In most specimens, the lithic
fragments exceed the sum of feldspar plus quartz (Table 1), and
therefore the graywackes are lithic, in the terminology of Pettijohn
(1957). The matrix is an mdlstmct paste of chlorite, sericite,
carbonate, graphite, and abundant iron oxide, which has
recrystallized metamorphically and invaded the margins of adjacent
framework grains. The outlines of lithic fragments in particular have
been blurred by this process. Small amounts of coarser graywacke
and graywackelike pebble conglomerate occur locally; these differ
from the common fine-grained graywackes only in grain size.

Flows, breccia, and tuff, all somewhat metamorphosed, constitute
a small but significant part of the Peshastin Formation. Several
porphyritic flows, and possibly some thin sills on the divide between
Ingalls and Nigger Creeks, contain relict-zoned plagioclase
phenocrysts and pseudomorphs of former hornblende and
clinopyroxene phenocrysts in a partly recrystallized groundmass of
plagioclase microlites, actinolite, phlogopitic biotite, quartz,
clinozoisite, and minor chlorite. Phenocrysts and phenocryst
pseudomorphs make up ~ 10 to 20 percent of the flows. The
groundmass is a patchy tangle of relict and neocrystallized minerals
within which primary taxitic texture can be made out only locally.
Typical specimens contain 50 to 52 percent oligoclase {with dusty
clinozoisite inclusions), 20 to 25 percent actinolite, 12 to 20 percent
biotite, 5 to 8 percent quartz, 2 to 3 percent granular clinozoisite,
and 0 to 1 percent opaques, indicating a composition in the
dacite-andesite range.

Breccia and tuff-breccia are interstratified with the flows and form
minor beds elsewhere in the formation. Angular fragments of
metadacite identical to the flows described above, somewhat more
mafic meta-andesite,..medium-grained epidote. amphibolite, and
calcite marble are cemented by a recrystallized matrix of actinolite,
epidote, clinozoisite, oligoclase, chlorite, carbonate, and leucoxene.
The mineral assemblage in the matrix is the same as that in the
metavolcanic fragments, indicating that the matrix probably was
comminuted volcanic debris before low-grade metamorphism
occurred. The matrix minerals have invaded and intergrown with
the metavolcanic fragments but have encroached only a little on the
fragments of epidote-amphibolite and marble. The volcanic
fragments appear to have been metamorphosed along with the
matrix while in the breccia, whereas the epidote-amphibolite and
marble were incorporated as metamorphic rocks and were only
slightly affected by later low-grade metamorphism of the breccia.

TABLE 1. TYPICAL MODES OF UNMETAMORPHOSED PESHASTIN GRAYWACKES
K-20 P-11

Quartz 2.5 2.5
Plagioclase 3.0 14.7

Chert 20.5 7.5
Lithic 'Volcanic and metavolcanic rocks 16.0 12.2
Pragments

@raphitic shale and siate _5.8 1.3
TOTAL FRAMEWORK 52.8 44.2
TOTAL MATRIX 44.0 52.0
Opaques 1.9 2.1
Carbonate 1.1 1.5
Epidote 0.2 0.2
TOTAL ACCESSORIES _3.2 3.8
OVERALL TOTAL 100.0 100.0
Number of points 800 600
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Laminated units of siliceous tuff ranging in thickness from 0.3 to
1.5 m are scattered throughout the formation. These rocks are
chiefly cryptocrystalline silica and undoubtedly are a large part, if
not all, of the “cherts” referred to by Smith (1904). In places they
contain faint ghosts of glass shards, partially outlined by a fibrous,
birefringent mineral (actinolite?), and scattered angular grains of
clastic quartz and plagioclase. Individual centimeter-scale lamellae
are graded. The basal part of each lamination contains shards 0.1 to
0.3 mm long, and clastic quartz and plagioclase grains of similar
size; the upper part contains shards 0.03 to 0.08 mm long and is free
of clastic quartz and feldspar. The shards are preferentially oriented

with their long dimensions parallel to bedding planes, but they

exhibit no evidence of welding or collapse compaction. The

orientation of the shards, lack of compaction, and graded.

lamination indicate subaqueous deposition, possibly from ashfalls
into water.

LEAST METAMORPHOSED ROCKS
IN THE HAWKINS FORMATION

All rocks in the Hawkins Formation have experienced lower to
upper greenschist-facies metamorphism. In addition, the formation
has been severely fractured by complex systems of joints and small
faults. The metamorphism and extreme fracturing have made
stratigraphic synthesis within the formation all but impossible, but
primary textures and structures have survived well locally. The most
abundant rocks by far are greenstones derived from basalt lava
flows, followed in decreasing abundance by mafic to intermediate
breccia and tuff-breccia, metadiabase sills, and highly siliceous
metadacite or quartz keratophyre.

The metabasalt flows are porphyritic, generally amygdule, and
contain secondary minetals typical of the greenschist facies (Table
2). Original plagioclase typically is limited to large, zoned, partially
resorbed phenocrysts (~ An 45_g;) although some groundmass laths
have locally survived. Original clinopyroxene is limited to very
scarce, small scraps that are deeply invaded by secondary chlorite
and (or) actinolite. Most 6f the groundmass microlites have been
converted to albite that is choked with tiny inclusions of clinozoisite,

TABLE 2. TYPICAL MODES OF BASALTIC TO ANDESITIC GREENSTONES, HAWKINS FORMATION
R-10 R-12 K-26 N-3
Plagioclase” 56.4 55.7 26.5 30.3
Clinopyroxene 14.9 18.9 12.5 0.3
Chlorite’ 20.4 19.9 1.4 4.8
Actinolite tr tr tr 4.2
Biotite’ - - - 1.4
Epidote 4.0 0.4 0.7 0.8
Carbonate 0.2 0.1 14.4 1.0
Opaques 4.1 5.0 3.5 1.0
Groundmass” - - 31.0 56.2
TOTAL 100.0 100.0 100.0 100.0
Note: 1250 pointas counted per specimen.

* Primary plagioclase plus varying amounts recryetallized albite; choked with
dusty clinozotsite.

t Includes only large, discrete chlorite flakes. Much fine chlorite is counted

with growndmass.
§ Occurs intergroum with actinolite as pseudomorphs of clinopyrozene.

L'} fine-grained, nearly opaque mat of chlorite, albite, muscovite, and

leucoxene.
R-10 and R-12: Partially altered diabase sills.
K-26: Vesicular greenstone from upper part of flow.

N-3: Andesitic greenstong, glase-rich originally.
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Figure 4. Photomicrograph of calcite-cemented volcanic breccia from Hawkins
Formation. Large, dark fragments are opaque-rich, formerly glass-rich(?) andesite;
lighter fragments at bottom of photograph are typical chlorite greenstones, comparable
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- to flows with which breccia is interbedded. Bar scale = 1 mm.

sericite, and chlorite. Most of the original groundmass materials
other than plagioclase microlites have wholly recrystallized to a
tangled mat of chlorite, epidote, clinozoisite, and carbonate, with
varying amounts of actinolite, magnetite, hematite, and leucoxene.
Chlorite and calcite are the most common amygdule fillings.

Thin diabase sills that crop out on the south flank of Windmill
Peak contain well-preserved primary minerals and textures. These
hypidiomorphic granular rocks contain remnant scraps of subcalcic
augite (2V = 44°), twinned saussuritized andesine (Any;), chlorite,
iron-rich epidote, sphene, and magnetite, along with varying, small
amounts of recrystallized interstitial albite and actinolite. The
andesine grains are full of clinozoisite inclusions and clearly are less
calcic than the original igneous plagioclase. The composition of
these diabases is very similar to that of the metabasalt flows in the
Hawkins Formation. Probably the sills and flows were fed from the
same magma source, with the sills representing masses of magma
that spread laterally between the flows of a growing volcanic pile.

Beds of volcanic breccia and coarse volcanic sandstone compose
about 10 to 20 percent of the Hawkins Formation. The total amount
of clastic material in the formation is hard to estimate closely
because of structural complexities, but it is clearly substantial.
Individual clastic beds range from ~2 m to >30 m thick and
contain fragments ranging from a few millimeters to >1 m in size.
Generally, the thickest beds contain the largest clasts. Some beds are
well graded, fairly well sorted, and cemented by crystalline calcite
(Fig. 4), whereas others lack grading and sorting and are cemented
by a presumably detrital matrix now composed of intergrown
chlorite, epidote, calcite, cryptocrystalline silica, and opaque
substances. The sorted and graded beds must have been reworked by
water currents and may represent deposits offshore from a volcanic
island chain; the unsorted deposits may be mud flows.

The volcanic rock fragments in the breccia are of three main
kinds; in order of abundance they are:

1. Metamorphosed andesite or keratophyre, commonly amygdu-
lar, probably glass rich originally, with zoned, partly resorbed
plagioclase microphenocrysts. The groundmass is a brown to
black, nearly opaque microcrystalline aggregate containing
abundant, very small plagioclase microlites. Some microlites are
bifurcated. Commonly, the microlites are randomly oriented, but
some fragments have an aligned, felty fabric. Scattered squarish
epidote aggregates may represent former mafic phenocrysts. -




Figure 5.
Formation. Most of rock is exceedingly fine-grained mosaic of quartz and sodic
plagioclase; dark material in fracture zones is chiefly epidote. Bar scale = 1 mm.

Photomicrograph of extensively brecciated felsite from Hawkins

2. Normal Hawkins greenstone, probably basalt originally,

commonly amygdular and microporphyritic. The mmeralogy and

texture of this tock havé already been described.

3. Very fine grained greenstone rich in yellowish chlorite and fine
opaque dust; possibly derived from glassy basalt or basaltic
andesite.

Siliceous dacite and (or) quartz keratophyre form a small
percentage of the Hawkins Formation. Megascopically, they are
aphanitic, greenish-gray to black rocks with a characteristic greasy
luster; because of their hardness they form prominent, clifflike
outcrops. Microscopically, they consist of a fine-grained, generally
seriate mosaic of untwinned sodic oligoclase and quartz, with minor
clinozoisite and chlorite, in which extensively saussuritized, small
phenocrysts of andesine are sprinkled. At only one locality, on the
north side of Windmill Peak, is the groundmass sufficiently
unrecrystallized to reveal relict plagioclase microlites. Crushing
seems especially pervasive in this lithology (Fig. 5), with fine epidote,
chlorite, opaque minerals, and leucoxene occupying the cracks and
crush zones. Although completely convincing evidence is lacking, it
appears that the crushing and veining took place during the late
stages of low-grade metamorphlsm rather than during a later
hydrothermal event.

These rocks are interpreted as metamorphosed dacite and (or)
quartz keratophyre flows on the bases of their high estimated silica
content and relict volcanic textures. Mineralogically, they fit the
description of propylite (Coats; 1940), but there is no clear evidence
that silica metasomatism is necessarily responsible for their high
silica content.

TECTONIC INTERPRETATION
OF THE PESHASTIN-HAWKINS
SEQUENCE

Rock fragments in the Peshastin graywackes clearly indicate a
heterogeneous volcanic source terrane. Present in the source area
were abundant dacites and andesites, carbonaceous mudstones, at
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least minor epidote-amphibolite and marble, and possibly some
intermediate plutons. Such terrane is found in present-day mature
island arcs, such-as Japan and the Greater Antilles. The generally
fine grain size of the argillite and graywacke is interpreted to indicate
deposition in a basin well offshore from the source area. The
geosynclincal thickness of the formation and the presence of
interstratified flows, tuff, and breccia indicate deposition in a
tectonically active environment.

A peculiarity of the Peshastin Formation as a whole is the relative
scarcity of graded bedding. Typical immature graywacke is a major
lithology, yet most of the graywacke beds are not graded turbidite.
Most of the graywacke occurs as poorly stratified subunits as thick
as several meters within thick sections of rather uniform silty
argillite. The upper and lower contacts of graywacke subunits
typically are diffuse and indistinct. This type of bedding is not
readily explained by the turbidity current model (Bouma, 1962);
nevertheless, it is difficult to understand how angular, ill-sorted, and
chemically immature lithic graywackes can be deposited except by
some sort of turbulent transporting mechanism.

Hubert (1964) marshalled textural evidence to show that bottom
currents were an important mechanism in the deposition of
graywacke and graywackelike muddy sand and silt in the western
North Atlantic. He also pointed out (1964, p. 779) that constantly
fed, rather than suddenly released, turbidity flows tended to produce
ungraded beds in the classic tank experiments of Kuenen and
Menard (1952). Such ungraded beds became graded in their upper
parts only when the sediment supply was shut off. Thus, it appears
that mechanisms other than turbidity currents are capable of laying
down poorly sorted deposits of sand in the marine setting, and also
that turbidity currents need not lay down graded beds if a fairly
continuous supply of detritus is available.

Dott (1963, p. 124) emphasized the complexity of the gray-
wacke—turbidity current relation by pointing out the importance
of source-environment to the character of a sandstone. Sediments in
tectonically unstable regions tend to be texturally and mineralogi-
cally immature, regardless of the depositional agent, simply because
the weathering and transportational segments of the sedimentary
cycle are relatively short. Under these circumstances graywackes
may be deposited by means other than the classic turbidity current
model, and graded deposits not of graywacke composition may
occur.

The Peshastin Formation was probably deposited in an
environment with more or less steadily supplied fine volcanogenic
detritus, gentle basin slope, weak bottom currents, and fairly
shallow water. Under these conditions, gentle slumping and
downslope movement may have been almost continuous, but of -
fluctuating intensity, resulting in low-energy mixing and redeposi-
tion of ungraded fine sand and mud. Such conditions might prevail
in the plexus of submarine valleys and fans offshore from an island
arc or a tectonically active continental margin (Shepard and Dill,
1966). The basin of deposition may have been a trough in the
arc-trench gap of an arc-trench system (Dickinson;, 1971, 1972), an
interisland basin along an island chain, or a marginal basin behind
the arc (Karig, 1971). Data are too sparse to permita choice among
these related yet distinct tectonic-sedimentary environments.

The volcanic rocks of the Hawkins Formation probably
accumulated in an island-arc setting. Basalt, basaltic andesite, and
andesite, with smaller amounts of dacite and quartz keratophyre,
are interpreted to have been the premetamorphic lithologies, and
these are all widely represented in modern-day arcs. Detailed
chemical data are lacking, but the abundance of basalt relative to
andesite and dacite suggests that these rocks may belong to the
tholeiitic series of Jakes and White (1972) and Miyashiro (1972, p.
637); this series typically is found on the ocean side of mature, active
island arcs. Further evidence for an arc origin is found in the
association of these volcanic rocks with sedimentary rocks whose
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characteristics suggest deposition in basins near rugged volcanit
source areas.

An alternative to the island-arc 1nterpretat10n is to consider the
Hawkins as part of a slab of uplifted ocean ﬂoor\gcnetlcally related

to the intimately assoctated mafic and ultramafic complex. Variably |

altered basalt (spilite) and keratophyric rocks similar to'those in the
Hawkins are typical of the upper parts of many ophiolite complexes,
and similar rocks have been dredged from modern oceans
(Dickinson, 1972). In this interpretation, the Hawkins Formation
becomes the dismembered upper part of an ocean-floor slab in
which the gabbro and serpentinite of the alpine complex are the
lower parts.

While ocean-floor origin of the Hawkins Formation cannot be
ruled out completely on the basis of present evidence, the island-arc
interpretation seems preferable for several reasons:

1. Hawkins flows are interbedded with substantial thicknesses of
volcanic breccia and tuff-breccia, many of which are polymict,
graded, fairly well sorted, and carbonate- cemented. Such rocks have
not been emphasized in descriptions of ophiolites or ocean-floor
dredge hauls but are common in island arcs. They may form from
time to time when shallow waters flanking an island chain and
supporting carbonate-secreting organisms are deluged by volcanic
debris from explosive eruptions, or from landslides, mudflows, and

related gravity movements down the island flanks into the sea. This

material is then reworked and redeposited by normal current action.

2. Poorly graded and sorted breccia in the formation may be

subaqueous slurry floods triggered by seismic activity or large-scale
landslides from the flanks of volcanic islands; chaotic polymict
breccia with detrital matrix may be the remains of subaerial
mudflows. _

3. Pillow structure in the flows is scarce, if not lacking altogether.
Pillows may have been obscured by shearing and metamorphism,
but the preservation of other features such as vesicles and
phenocrysts (and clastic textures in associated breccia) suggests that
pillows should have survived if they were abundant-initially. In the
absence of abundant, clearly defined pillows, palagonite horizons,
or other direct evidence for subaqueous extrusion, only the indirect
evidence of association with probable water-laid breccia suggests
submarine emplacement for some of the flows. Other flows may well
be subaerial.

4. The kinship of the Hawkins Formation to the Peshastin
Formation is suggested by the similarity of intermediate to silicic
flows in the Peshastin to flows in the Hawkins, and by a
conformable, seemingly unfaulted contact between Peshastin and
Hawkins on Sheep Mountain, a short distance south of Windmill

" Peak (Fig. 2). The characteristics of the Peshastin are more
compatible with an island-arc deposmonal environment than with a
deep-ocean environment.

5. The presence of the splllte keratophyre association in a suite of .

rocks is far from convincing proof of oceanic origin for the suite.
Low-grade metamorphism and at least local metasomatism of lime
and alkalis have plainly affected the Hawkins rocks (see, for
example, the epidote veinlets in Fig. 5). These processes are capable
of modifying more ‘“normal” calc-alkaline rocks of the arc

environment to the mineralogy- and chemistry of spilite and

keratophyre (Hughes, 1973).

DESCRIPTION OF THE
MAFIC-ULTRAMAFIC INTRUSIVE
COMPLEX

The ultramafic complex that has invaded and- disrupted the
Peshastin-Hawkins sequence is roughly 65 to 75 percent
serpentinized peridotite and 25 to 35 percent uralitized gabbro.
Pyroxenite, anorthositic gabbro, and anorthosite are important but
much less abundant lithologies. Compositionally and structurally,
this complex fits into the alpine category as originally defined by
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_Benson (1926) and further described by Thayer (1967). lts

composition and geologic setting permit its inclusion in the
“ophiolites” as originally described by Steinmann (1905), although

-neither pillowed basalt nor radiolarian cherts have been found in

close association.

The serpentinite and associated mafic rocks form a broad, arcuate
belt bordering the Mount Stuart batholith on the southeast, south,
and southwest (Smith, 1904). Discontinuous ultramafic masses
interspersed with Chiwaukum Schist also occur north of the
batholith (Page, 1939). . Altogether, ~320 km?- of mafic and
ultramafic rock are found within the area of this study (Fig. 1).

" The ultramafic complex was mechanically emplaced into the

-Peshastin and Hawkins Formations while solid and relatively cool.
" Contacts between serpentinite and wall rock invariably are shear

zones occupied by slickensided, lensoid slivers of serpentinite or,
more rarely, angular serpentinite breccia rehealed by secondary
serpentine and carbonate. Locally, wedges of schistose serpentinite

- have been driven into foliation planes in the wall rocks, showing that

the- wall rocks were deformed before or during serpentinite
emplacement. Tectonism that accompanied serpentinite emplace-
ment has split the Hawkins and Peshastin Formations into a
multitude of irregular blocks and pods ranging from a few meters to
several kilometers in size. Those blocks are unevenly dispersed
throughout the complex, and some smaller ones have been rotated.
Rocks adjacent to the serpentinite have suffered little or no
contact metamorphism. Locally, the Hawkins greenstone has been
converted to granular epidote-amphibolite near serpentinite
contacts, but this is the exception rather than the rule. In most places
the older rocks show no evidence whatever of contact
metamorphism, apart from cataclastic shearing and granulation.
Irregular masses,of uralitized gabbro, ranging in area from a few
square meters to several square kilometers, are apparently coeval
with the more voluminous serpentinite. This gabbro was mapped by
Smith (1904) as “Eocene gabbro” but his age assignment clearly was
in error (Southwick, 1966). The gabbro is older than the Mount
Stuart batholith (Late Cretaceous) and recently has been dated as
Late Jurassic by U-Pb methods (J. M. Mattinson, 1973, written
commun.). Contacts between gabbro and serpentinite commonly
are hidden by large talus piles shed from the more resistant gabbro,
but relations indicating mutual penetration of the two lithologies
can be adduced at several spots. Gabbro is chilled against
serpentinite along a contact exposed in the north wall of Ingalls
Canyon ~5.8 km above the mouth of Ingalls Creek. Near
benchmark K 12/1931 in Peshastin Canyon, severely sheared-
anorthositic metagabbro has been invaded by mildly sheared
serpentinite. Small, steeply inclined, tabular bodies of meta-
anorthosite and metagabbro lie within serpentinite in the

“headwaters of King Creek, north of Windmill Peak, and at several

places in the Gold Creek Basin. Some of these are inclusions of
gabbroic-rock in serpentinite, whereas others are plainly dike-like .
intrusions of gabbro into ultramafite. It appears, therefore, that the
serpentinite and gabbro are virtually the same age and are
genetically related.

There is no regular stratlﬁcatlon or compostional layering within
either the ultramafic or gabbroic parts of the complex. Layerlike
pods of coarse meta-anorthosite as long as 700 m and as thick as
30 m occur in the Magnet Creek drainage, but no layering was
detected in the serpentinite surrounding them. Probably they are
sheared out, dike-like intrusions rather than primary layers.

Prior to serpentinization, the- ultramafic rocks were mainly
harzburgite; minor amounts were wehrlite and pryoxene-free

-dunite. Serpentinization has been pervasive except for rare local

occurrences of relatively unserpentinized harzburgite. Although
relict minerals generally comprise <3 percent of the rock, textural
features of former olivine, orthopyroxene, and clinopyroxene have
survived serpentinization well enough to allow rough estimates of
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preserpentine .modes.-. Diallage pyroxene composes a small
percentage of the total ultramafic mass and generally has not been so
severely serpentinized as the olivine-bearing.rocks. No enstatite
pyroxenite was found in the area studied, although it is reported in
abundance from parts of the Chlwaukum quadrangle (Page, 1939
p- 37)..

Optic-angle measurements on olrvmes and orthopyroxenes from
the peridotite yield composition ranges of Fog_y; and Enggys,
respectively, based on the.correlation charts of Poldervaart (1950)
and Hess (1960). Clinopyroxenes from the diallage pyroxenite have
compositions near EngFe ,Wo,, based on refractive index
measurements, 2V, and the correlation curve of Muir (1951). These
Mg-rich olivine and pyroxene compositions: agree with the .
compositions found in the ultramafic parts of other. alpine-type
complexes (see, for example, Moores, 1969; Hlmmelberg and
Loney, 1973).

. Prior to uralitization, the gabbr01c -rocks of the complex included
all gradations between anorthosite and mafic  augite gabbro.
Hydrous metamorphism, probably coeval with serpentinization of
the ultramafic rocks, has produced a variety. of saussurite, uralitized
gabbro, and epidote- amphrbolrte Some rocks have recrystalllzed
only slightly and retain primary igneous textures, whereas others are
thoroughly reconstituted. Modal. analyses in Table 3 indicate the
variability of the metagabbroic rocks.

Premetamorphic textures range from aphanitic (in chilled zones)
to subpegmatitic (in late blebby schlieren throughout the complex).
_Typical medium-grained gabbro is either ophitic.or hypidiomorphic
granular Rapid changes'in grain size are characteristic of the gabbro

-"as a-whole. Mediumrophitic rocks grade abruptly into fine granular

rocks and also into coarse, vaguely bounded pegmatoid masses.
Comipositional variations in the gabbroic rocks are very irfegular.

No cumulatelike layering or cryptic mineral zoning was observed

anywhere in the complex. Streaks rich. in plagioclase or mafic

»mmerals are” locally~swirled together -in- marble-cake fashion.

: ‘Andrthositic patches as long as 1,000 m grade almost impercepti--

bly into normal augite gabbro on all sides, and normal augite gab-

bro grades into mafic augite gabbro as the augite content increases.
"The main primary igneous minerals in the gabbrore rocks are

“calcic plagioclase and clinopyroxene.. The primary plagioclase
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ranges in composition from Ane to. Ang; (universal stage
determinations) with the more calcic varieties in the anorthositic

‘rocks. Zoning is uncommon. The composition of the clinopyroxene-

couild not be determined accurately by optical methods because of
extensive interpenetration by uralitic amphibole. Considerable
variability in composition is indicated by a 2V range from 46° to 60°,
as- determined on 37 separate specimens, but -detailed work on
pyroxene chemistry remains to be done.

The-primary minerals have been extensively and variably replaced
by secondary andesine, epidote, clinozoisite, and fibrous uralitic
hornblende. Small patches of entangled chlorite, serpentine, and
fibrous tremolite were noted in a few thin sections and may represent
former olivine or orthopyroxene crystals. These patches are
uncommon; most of the gabbro is not olivine or orthopyroxene
bearing.

A foliated, gneisslike fabric of dimensionally oriented olivine

~grains is present in harzburgite specimens that contain enough

primary olivine to reveal it. Aligned; rudely -augen-shaped olivine
crystals as long as 0.8 mm are surrounded by a mosaic of
equidimensional smaller grains in a manner suggesting cataclastic
granulation. Orthopyroxene crystals as large as 1.5 mm across stand
out as pseudophenocrysts in the groundmass of foliated olivine.
Some orthopyroxene crystals are bent or lightly crushed, showing
mosaic extinction. Most are rimmed by a girdle of olivine and
pyroxene, 0.3 to 0.5 mm wide, as if they had rolled and brecciated
their margins and immediate neighbors.

Foliated fabric is not apparent in thoroughly serpentinized rocks.
In the absence -of abundant residual grains, it is impossible to
distinguish between mesh textures derived from foliated and
nonfoliated olivine-rich ancestors. .

The diallage pyroxenites are characterized by a xenomorphic
mosaic of large and small grains reminiscent of the “two-size”
texture common in plutonic anorthosites (Kehlenbeck, 1972). Large
diallage crystals are rimmed by girdles of smaller crystals, a relation
suggestive of granulation and recrystallization during emplacement.

In-places, the gabbro has a steeply inclined, primary flow foliation
of aligned plagioclase. This foliation seems to be local, but
subsequent uralitization may have obscured it over wide areas.

. The orientation of olivine, clinopyroxene, and plagioclase in

TABLE 3: TYPICAL MODES OF URALITIZED GABBRO

* (2) (3) 4 NG (6) (&) (8) 9) (10) an 12)

614 N-a1 - N-54 I-3 I-9 1-25 1-29 N-47 N-45 1-26 1-10 N-51

Plagioclaset 64.4 62.9 52.4 42.2 44.3 47.6 43.5 42.0 58.8 51.0 34.2 38.0
Clinopyroxene 27.7 ) 17.5 31.4 1.6 12.8 10.0 1.2 5.3 0.2 10.0 - -
Orthopyroxene’ ' . . i :' ’ .- 0.1 tr k - - - - - - - .

Uralitic amphibole - - 10.0 - 10.3 55.0 424,3 42.2 54.7 52.4 34.9 36.5 63.5 50.0

Epidote and clinozoisite tr 0.4 0.4 0.3 0.1 tr 0.1 0.1 0.8 0.1 tr 10.4
Chlorite 7.8 8.6 5.5 - - - - - 5.1 0.4 0.2 tr

Sphene tr tr - 0.3 tr tr 0.5 - tr 0.2 - 0.6

Opaques tr 0.2 tr 0.2 0.1 0.2 0.1 0.2 tr 0.7 2.1 1.0
Carbonate . - - tr 0.2 0.1 - tr tr tr - - -
Zoisite - ’ - - - - - - - - 1.0 - -
Prehnite - V 0.3 - 0.2 . 0.2 - - - - - - -
Apatite - - . - - - - - 0.2 - N -
Zircon - - - - - - - - - tr tr - -

TOTAL ©99.9 99.9 100.1 100.0 99.9 100.0 100.1 100.0 100.0 99.9 100.0 100.0

Note: 1900 points counted per specimen. ‘

“*Specimens 1-3 are wiusually fresh gabbro, 4-9 are uralitized extensively but retain igneous textures, and 11-12 are wholly recrystallized epidote-

amphibolite. Specimen 10 is.a coarse. pegmatoid veinlet.

Yprimary plagioclase intergrown with. variable amounts of recrystallized albzte, oligoclase, and dusty clinozoisite; plagioclase of 11 and 12 is

-entirely recrystallized andesine.
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peridotite, pyroxenite, and gabbro clearly preceded serpentiniza-.

tion, uralitization, and the extensive discontinuous shearing that
affected all these rocks. The primary. foliation is-interpreted to have

formed durmg tectonic flowage of essentially solid material. at an .

. early stage in the history of the complex.
Schistose shear zones that are clearly younger than.the gneissic

foliation of primary minerals occur throughout the ultramafic parts .

of the complex. These zones range from a few centimeters to

hundreds of meters” wide and are occupied by very. platy,’
slickensided fragments of serpentinite. Lenses of carbonate and-

rodingite are developed in some. Several sets of shears commonly
intersect and mutually offset one another, and an individual shear
zone may curve sharply or fade out abruptly. In areas of numerous
wall-rock inclusions (such as the old Blewett mining district) the
shear zones curve wildly, generally tending to parallel the nearest
contact. Shearing is less pervasive in the mechanically stronger
gabbroic rocks than in the serpentinite, but it. is widespread

- nevertheless. Shear zones in gabbro are occupied by an aggregate of

- pulverized plagioclase entangled with secondary actinolite, epldote
and calcite.

-Serpentinization and uralitization have produced a number of.

secondary textures and minerals in the mafic and ultramafic rocks,
details of which are discussed elsewhere (Southwick, 1962; B. R..

Frost, 1973, oral commun.). Serpentinization and uralitization may, -
have occurred well before final tectonic emplacement of the complex -

into its present.environment {Aumento and Loubat, 1971), and may
have been renewed during episodes of intense shearing that
accompanied final emplacement.

TECTONIC INTERPRETATION OF
THE ALPINE COMPLEX

- The problems and controversies surrounding the origin and
history of mafic-ultramafic igneous complexes in orogenic belts are
well known. Several recent papers -provide succinct,  well-
documented summaries of thoughton these problems (Wyllie, 1967,

- p-407-415; Coleman, 1971; Dewey and-Bird, 1971; McTaggart,
1971; Moores and Raymond 1972) and show that unammxty of
opinion remains to be achieved.

A currently popular hypothesis, based on the larger model of plate
tectonics, proposes that rocks .of the. ophiolite petrogenetic
association are oceanic crust originally generated at diverging plate
boundaries along oceanic ridge systems or in marginal basins (Karig,
1971). These oceanic rocks are thought to have been “emplaced in
orogenic. belts, at consuming plate margins either. beneath and
behind oceanic trenches (subduction zones) or by thrusting onto
continental margins (obduction zones) when a continental margin
meets a subduction zone” (Dewey and Bird, 1971, p. 3179). Two

lines of evidence supporting this_notion are (1) The frequently-

observed ophiolite “stratigraphy” of voluminous peridotite at the
base, gabbro and associated quartz dioritic rocks in the upper half,
and volcanic rocks (chiefly pillow .basalt with some .quartz
keratophyre) at the top fits with a widely accepted model for the
structure of oceanic crust as adduced from seismic evidence (Shor
and Raitt, 1969; Coleman, 1971). (2) The bulk chemical
compositions of rock types comprising the ophiolite assemblage
compare closely with.the compositiens of oceanic tholeiite, gabbro,
and peridotite dredged from ocean ridges.

At and near converging plate margins, fragments of oceanic crust
may. be emplaced into a variety of petrotectonic associations that
have little to do with the origin. of the oceanic crust itself. Thus,
pieces of oceanic crust (ophiolite) may become (1) parts.of mélanges
formed within subduction zones, as. in the Franciscan terrane of
California (Ernst, 1970); (2) parts of structurally complex,
regionally metamorphosed volcanic-sedimentary sequences, pre-
sumably representing the tectonic emplacement of oceanic crustinto
the roots of island-arc systems; “(3) parts of block-faulted,
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metamorphosed sequences containing abundant graywacke and
'volcanogemc detritus, presumably representing small-scale ophio-
lite generation caused by thermal .diapirism and spreading in
marginal basins behind island arcs (Karig, 1971; Dewey and Bird,
1971, p. 3187); or (4) more or less continuous allochthons thrust
upon continental crust along the edges of continental plates, as in
‘New Caledonia and Papua (Davies, 1968; Lillie and Brothers,
1970), and in Newfoundland (Dewey and Bird, 1971).

The mafic-ultramafic complex- near Mount Stuart has many
features that are consistent with an ophiolite interpretation, as that
~term is currently used (Coleman, 1971; Dewey and Bird, 1971;
-Dickinson, 1972), but it has been tectomcally dismembered and is
incomplete. As described above, somewhat more than half the
complex is (or was) magnesian harzbuigite and dunite, the
composition of which matches rather closely the composition of the
ultramafic parts of better preserved ophiolite at Canyon Mountain,
Oregon (Thayer, 1963), Vourinos, Greece (Moores, 1969), and in
Néw Caledonia (Lacroix, 1943; Lillie and Brothers, 1970).
Furthermore, the gabbroic part of the complex is, in general,
plagioclase rich and calcic, which compares closely to the typical
Ca-rich gabbros of ophiolites and with abyssal gabbros from the
mid-oceanic ridges (Miyashiro and others, 1970).

. Unserpentinized masses of harzburgite in the complex near
Mount Stuart have a good gneissic fabric of dimensionally oriented
olivine, and some of the gabbro has a primary foliation of oriented
plagioclase. Tectonite fabrics are common in ophiolite complexes
elsewhere and also in rocks dredged from the sea floor, and they are
thought to develop during the complex petrotectonic generation of

-ocean crust and mantle along mid-ocean ridge crests (see summary
in Dewey and Bird, 1971, p. 3184-3186).

In composition-and texture, then, the serpentinized harzburgite
near Mount Stuart is similar to the ultramafic parts of many other
ophiolitic or alpine-type complexes, and may well represent a
depleted -residue of-olivine and orthopyroxene left after primitive
lherzolitic mantle has partially melted to yield tholeiitic magma deep
-within a spreading mid-ocean ridge (Kay and others, 1970). The
calcic gabbro, too, is like those in many ophiolite complexes, and
may have formed by accumulation and partial .differentiation of
“tholeiitic. magma in transitory chambers within the “‘plumbing”
beneath a spreading ridge crest (Kay and others, 1970; Miyashiro
" and others,. 1970).

If indeed the alpine-type complex near Mount Stuart was
generated at a spreading ridge crest and is a remnant of oceanic crust
mantle, it has suffered much in its transport from the ocean basin to

-its present continental location. The complex has been so deformed
during emplacement that serpentinite and gabbro meet along
subvertical sheared contacts and are distributed in a blocky,
disorganized pattern. Any layering or regular ophiolite “stratig-
raphy” that may once have existed has been thoroughly disrupted.
Moreover, the upper parts of the ophiolite sequence, namely, the
pillow basalt flows and ocean-floor sediments, have been removed
from the lower parts. The volcanic and sedimentary materials in the
Peshastin and -‘Hawkins Formations are not typical oceanic rocks
-but, instead, are analogous to rocks found in present-day volcanic
island arcs and along tectonically active continental margins.

Further interpretation is considerably hampered by uncertainties

. about the age and detailed structural setting of the Peshastin and

Hawkins Formations. In 1904, Smith postulated correlation of the
Peshastin-Hawkins sequence with the upper Paleozoic Cache Creek
series in British Columbia.and the Calaveras Group in California,
correlations that- still are plausible. on lithologic and regional-
tectonic grounds. Equally plausible, however, are lithologic

. correlations with various early to middle Mesozoic sequences in the

Klamaths (Irwin, 1964) and northeastern Oregon (Thayer and
Brown, 1964; 1973). In short, because of its broken, jumbled
condition, distance from similar rocks, -and lack of fossils, the
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Peshastin-Hawkins sequence cannot be correlated confidently with
any other rocks in the Pacific Northwest. These argillites and
greenstones definitely are.pre—Late Cretaceous, however, and have
been deformed together with ophiolite that crystallized in Late
Jurassic time.

I tentatively prefer to consider the Peshastin and Hawkins
Formations as late Paleozoic(?) to early Mesozoic(?) in age,
reiterating the basic position of Smith (1904). If this age is correct,
the rocks near Mount Stuart fit rather well into the plate-tectonics

model proposed by Monger and others (1972) for Mississippian to -

Middle Triassic time in the Canadian Cordillera. The synthesis of
Monger and others (1972, p. 584-592, especially Figs. 6 and 7)

_indicates, for Mississippian through Middle Triassic time, an active
oceanic ridge not far west of the present British Columbia coastline,
asystem of island arcs through central and eastern British Columbia,
now corresponding to much of the intermontane tectonic belt, and a
broad area of slope and shelf deposits lying east of the arcs on
continental crust.

Extending the model of ‘Monger and others (1972) into the
Cascades, the rocks of the Peshastin, Hawkins, and perhaps also the
Chiwaukum Formations are assigned a syntectonic origin in the late
Paleozoic to early Mesozoic arc-trench system. These rocks were
deformed during continuing Mesozoic tectonism. Somewhat later,
in Jurassic time, ocean floor later to become the alpine ultramafic
complex was generated. The peridotite and gabbro may have been
formed and partially hydrated within a ridge system in the open
Pacific, or they may have originated in a spreading marginal basin
behind the arc (Karig, 1971). In either case, the ocean-floor rocks
were carried toward the still-operating arc-trench system where, in
latest Jurassic or Early Cretaceous time, they were thrust against.the
highly deformed and variably metamorphosed older roots of the arc.
The entire complex moved repeatedly in response to more or less
continuous tectonic’ activity throughout Cretaceous and much of
Cenozoic time. Extensive faulting, shearing, and-granitic intrusion
accompanying this later tectonism have obliterated many original
features of the older rocks.

Obvious uncertainties and difficulties exist in the foregoing
interpretation. Clearly, in order to extend the model of Monger and
others (1972) southward into the Cascades, it is necessary to
recognize and trace belts of pre-Cretaceous rocks that can be
interpreted logically in terms of a.converging margin between
oceanic and continental plates. In the geologically complex northern
Cascades, such tracing is not easy to do.

The ophlohte assémblage southeast of Mount Stuart is of Late
Jurassic age and, on the basis of petrologic and structural criteria
already discussed, is believed to have been emplaced within a
subduction zone. Hopson and Mattinson (1973 and 1973, personal
commun.) reported Late Jurassic ophiolites from Manashtash Ridge
and Rimrock Lake, south of the Mount Stuart area (Fig. 1) and
concluded that these also were emplaced in a subduction zone.
Whether these three isolated areas define the trend of middle to late
Mesozoic subduction across central Washington is of course
speculative, subject to the findings of future mapping and
geochronologic studies.

Of greater importance and equally perplexing are the relations of
the Mount Stuart ophiolite and its wall rocks to other rock units in
the northern Cascades. What connection, if any, is there between
rocks of the Peshastin-Hawkins sequence, here interpreted as
arc-trench deposits, and grossly similar rock types in the
Shuksan-Darrington-Easton metamorphic belt (Fig. 1)? At present
there is no concrete evidence of any sort to suggest correlation. On
the other hand, the principal reasons for not considering the Easton
to be correlative with the Peshastin are the greater metamorphism
and deformation of the Easton (Smith, 1904), and the fact that the
two units are on opposite sides of a major high-angle fault zone (Fig.
1). Much of the Easton Schist is thoroughly recrystallized, highly
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Figure 6. Tectonic sketch map of Columbia embayment, Pacific Northwest. NC =
northern Cascade Mountains; B = Blue Mountains of Oregon; K = Klamath
Mountains; MS = Mount Stuart batholith. Heavy lines portray major structural trends .
in Mesozoic and older rocks that frame embayment; heavy dashed line is inferred
western margin of Mesozoic and older rocks. Stippled area is covered by Tertiary and
younger rocks, chiefly volcanic, of central and southern Cascades, Coast-Ranges,
Columbia Plateau, and Snake River Plain. Map modified from King (1959, Fig. 89, p.
159).

crinkled phyllite and pelitic schist composed of quartz, mica, and
chlorite. This is essentially the same low-grade mineral assemblage
that is found in much of the generally uncrinkled Peshastin. Mafic

_rocks in the Easton are chiefly well foliated and crinkled actinolite-

and epidote-bearing schists, mineralogically not greatly different
from less penetratively deformed mafic rocks in the Peshastin-
Hawkins sequence. Thus, the most striking physical differences
between the Easton Schist and the Peshastin-Hawkins sequence are
that the Easton is more thoroughly recrystallized and 'has a good
crenulation cleavage, which the Peshastin-Hawkins lacks. Modern,
detailed structural and metamorphic comparisons are needed to
determine whether these differences are sufficient to deny
correlation unequivocally.

Glaucophane- and crossite-bearing schists are known to occur at
several localities in the Shuksan-Darrington-Easton terrane (Smith,
1904; Misch, 1966, p. 109), and therefore it is tempting to post-
ulate the presence of a-former subduction zone, following the ar-
guments of Ernst (1970) and Miyashiro (1972). Can such a zone
actually be mapped, and, if so, does it have anything to do with the
Mount Stuart ophiolite, which lies east of the main Shuksan-
Darrington-Easton trend and is nearly perpendicular to it (Fig. 1)?

Misch, who, with- many graduate students, has done more
mapping than anyone else in the northern Cascades, clearly is not
convinced that subduction ever was involved in northern Cascades
tectonics (Misch, 1973). He claims that the autochthonous
Paleozoic and Mesozoic rocks below the Shuksan thrust (Fig. 1) are
wholly endosialic, and views with skepticism any model that
involves oceanic crust. It is accurate to say, therefore, that extensive
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mapping in the Shuksan‘Darrington-Easton terrane by Misch and
his associates has not turned up proof for a Mesozoic or older
subduction zone. Nevertheless, the possibility of one being
associated with the blueschist rocks remains intriguing.

If a former subduction zone should uvitimately be demonstrated
within Shuksan-Darrington-Easton terrane, a connection between it
and the Mount Sutart ophiolite is plausible (not proved!) on purely
geometric grounds. Easterly structural trends in the pre-Tertiary
terrane south of Mount Stuart (Figs. 1 and 2) reflect a large-scale
bend in pre-Tertiary structural axes (Fig. 6). Approximately at the
position of the Mount Stuart batholith, the northwesterly trends
typical of the Canadian Cordillera and northern Cascades swing
abruptly eastward to form the north limb of the Columbia
embayment (Cohee, 1962; King, 1969, p. 70; Monger and others,
1972, p. 591; Fig. 6). Thus, a pre-Tertiary subduction zone, being
parallel to the tectonic grain of the Cordillera, should follow this
bend and swing eastward in the vicinity of Mount Stuart. It is

- unfortunate that this major tectonic rotation is largely buried by
relatively undeformed rocks of Tertiary and younger age.

These tectonic speculations certainly will require extensive
modification as more facts become known about the Mount Stuart
area in particular and the northern Cascades in general.
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GEQOTHERMAL ENERGY POTENTIAL OF WASHINGTON STATE

By Robert H. Russell

o ".-ABS‘TRACAT-,
The State of Washington ééhérally, the Southern Cascaﬁes princiﬁally,
and the Northern Casca&eé and Olympic Mountains, to a lesser degree,-
. do possess geohyd?ologié parameters, thermal spripgs and other sﬁr—
face and subsurface manifestations that suggest that the state may
jhévgftﬁe poﬁeptiél‘fof é_mode;ate to major.geothermal energy resource.
. Fﬁrfh;r;~gédlogic, ﬁydrologic and geqphysical inveétigations and
evaluatipns willvbe requi;ed; hoqever;.before"reservoitg can be
identified and defined and their energy potential estimated'on a quan-

titative and qualitative basis. =~ . - - o ~

Under the present "state of the art”, geothermal energy development
presents é number of advaﬁtages and disadvantages, prinéipally in the
area of "impact on the environment." If, howevér, the environmental
impact pfoblems can:Be résélved within acceptable limits and we ére to
exploit and utilize tﬁisvvaluable resourée to its optiQO potential,

" and 1 believe that we sﬁould,.it_;hen follows that we shéuld prbéeed
with an objective and viablg investigation, evaiuation and test'driiling'
pragram. from this ﬁreliminary evaluétion, one area, Nofth:Bonnéville, -
stands out as a preferred site for initial geothermal energy potential

,
testing.




INTRODUCTION

Pnrpose of Study._odl
In recent years in the facific Northwest and in the State of Washington
specifically, people have beén warned periddicail& of possiblelpowet
shortages due to 1nsufficient developed hydroelectric power generating
facilities. This and the fact that most of our hydro sites have been
.’developed requires that other sources of energy be tapped to satisfy the

ever increasing demand for additional electric power.,, |

At the present time'most nakeup power is generated by’tnermal plants
fired by'fossil‘or nuclear fuel; nowever, bo;h‘processes possess environ-
mental problems and each consumes a.non-renewable,-limited resource for
fuel For these reasons, it is only prudent that the State of Washington
fully evaluate the potential of all new untapped sources of energy which
.may proyide an ?nporgant part of the State' s‘ever 1ncreasing total energy
demand andAwhieh maf not.pose‘the en%ironmental probiems eommon'to fossil

fuel and nuclear fired plants.

Ihe purpose‘of this report is to review existing information, sunmarize
the State's geothermal potenfial and recommend an objective program .
designed to keep the Department of Ecology informed on geothermal develop-

ments in the State of Washington and elsewhere, provide the Department




with accurate information needed to .answer the queries that are being
"'raised about geothermal energy and assume its administrative role in the

exploration and exploitation of geothermal energy in Washington State..

. Previous Investigations."'-

~A1thongh a number of reports and professional papers have been pub-' ’
11shed dealing with various phases of volcanic activity An. the State of ;».
Washington, none concerned themselves specifically with 1ts geothermal
,potential., Reports describe in detail one or more of the State s five
major volcanoes and the sequence of geologic events ‘that preceeded them.
~'Others deal with thermal anomalies, recent lava flows and other geologic ‘
phenomena that relate closely to’ geothermal power, but it was not,until'

InFirst Northwest Conference on Geothermal'Power"

_ May 21, 1971, vhen the
" was held in OlympiaAthat the State's geothermal powver potential was °

"discussed even in a general way.
Acknowledgments.

'Appreciation is extended to Bert L. Cole, Commissioner of Public Lands -
“and Gerald W. Thorsen, Division of Mines and Geology, for use of the data
'from the Proceedings of the conference. Data from “Power From the Earth"'-
by David Fenner and Joseph Klarmann is acknowledged. R.tG.JBoven's

"Electricity from Geothermal, Nucleur, Coal Resources etc. was very.

helpful.

Geothermal Power, First Northwest Conference



History of Geothermal Power Development.

vGeoth;rmal_eﬁeréy,‘aithough it is a new field_in.;helstéte of Washington
and thg Uﬂited S;at;é éénerally, it has beeeé_succéssfully exploited

fér many yegrs‘in’othgr parts of the world. It was in 1904 in Larderélio,.
:Italy,.that éeétheféaiisteam was first used to run A reéiprocating engiﬁe.
{he first'stegm turbine ﬁsing steém direétly wasiinétalle? ;t Larderello in
1913f ‘It,operated a 250_kilowatt'generator. |

In the 'e';aglé]}_‘lﬂ9.30's, New Zealafxd utilized naturally occui‘ring steam to
heat homééﬂand gréehhod;es'and fo evaporate salt water to recover salt
 énd othef miﬁerals. In 1940, injﬁhe area of Roto?ia on New Zealand's

ﬁofth island; the eérﬁh's,heat Qas:tapped to heat-a 6umb§r'of éublic
buildings and pri;ate hoﬁes. It was not until 1949 that New Zealand started

an exploratory drilling program to develop geothermal energy to generate

electricity. -

Although'geothermal power has been Qtilized for many years in other parts
of the wofld, it was not until June, i960, that the first géothermal péber
was used to generate electriéity in the United Stgtes. The suécessful
operation of "The Geysers Power Plant", located about 75 miles north of
San Francisco, Califormia, dembnstrated that‘under proper geohydrologic
conditions geothermal éowet can become a ygluable and renewaﬁlé source of

energy.

Cerro Prieto (Black Mountain), an extinct volcanic cone south of Mexicalli,

Mexico, is the site of the most recent geothermal pover development in



North'America. Here 17 completed'wells,‘ayeraging 4,500 feet deep, produce

) enough steam to operate a 75 MW power plant which will start generating

- electricity later this year. Construction is under way on wells and a

plant for a second 75 MW facility at Cerro Prieto.

y.

First Northwest Conference on Geothermal Power.

The first geothermal power conference held in the Northwest and one of

the first held anywhere in the United States convened at Olympia, Wash-

R ington on May 21 1971.’ The conference SponSOred by the Washington
'_State Department of Narural Resources ‘was attended by more than 300 persons
representing state and federal agencies from Washington, Qregon, California,
Idaho, Nevada-and other states, as well as representatives from many public

and private power groups and institutions of higher learning..—

The first national conference'on'geothermal resources was held
February 16 - 18, 1972, at Imperial Valley College and the Imperial
"Valley Country Club El Centro, California. The conference sponsored
by the "Ceothermal Resources Council" was attended by more than 600
individuals and included a trip to the geothermal wells and power plant

at Cerro Prieto, Baja California, Mexico..

Enthusiasm shown by representatives of power companies, major oil conpanies;
state and federal agencies, as well as the academic community clearly
demonstrated a strong feeling that~the "time is ripe" for administrative

agencies, who have statuatory responsibility over geothermal development



to prepare and adopt regulations and guidelines that will insure that the
states' geothermal!resources are inventoried and exploited to their
optlmun'potential in a.manner that will have a minimum'adverse impact

on thefenvironmentland the geothermal systems...

GEOTHERMAL POWER POTENTIAL -

Geothermal Energy.
Before getting involved in an evaluation of the extremely complex field
' ’of geothermal power, it is necessary to have a working knowledge of,
" and appreciation for the geologic parameters ‘which are, when combined
responsible for the complex geohydrologic systems which create geothermal

" energy.

Heat flows continuously from the earth's interior at a low but constant

rate. When distributed equally over the earth s entire surface, it is

';yhardly detectable' however, in certain regions, principally areas of

_ recent volcanic activity, concentrations of heat have accumulated at much
'shallower.depths below land surface. If these concentrations of heat
occur.in contact with subsurface reservoirs, areas where there ls a‘
circulation of ground water.confined'bytan impervious or aemi;impervious
:cap rock layer, the potential.for developing naturally‘occurring steam»
under high pressure exists.. To.perpetuate the production of steam, there'
needs only.to be a continued source of water to replace that being

- consumed tc create the steam and/or hot water.



L water'and not more than ten'percent‘is actually juvenile water.

Sources of Water.

: There are two nrincipal sources&of water which satisfy the requirement

'for the many naturally occurring geothermal emisaions such as the geysers

-in Yellowstone -and Northern California and the many hot springs throughout
'the world They are: (1) juvenile water: that water occurring as an.
Agintegral part of the magma, and (2) Natural recharge as the result of
_precipitation falling on the 1and surface and migrating downward through
h;faults and £ractures in the rock materials which overlie the-reservoir.
3\1t haslbeenkestimated‘that ninety percent'ot the water consumed by naturally{v
~‘occurring geothermal emissions'comeshfromvdownward‘percolating ground ‘

2

A third source'of water; artificial recharge through,injectioniwells, -
mafvinsure an optimum-waterisupply.and intsome fields may actually increase
the geothermal energw potential and extend the life of the field ‘This |
‘factor is of further interest since it is possible that 1arge geothermal
reservoirs exist without water and could become important producers if

water were added through injection wells.

Although the geologist may make certain valid generalized statements .
about geothermal energy. one is»reminded that for the most part they are
' "just professional opinions and in reality little detail is known of the
complicated and intricate geohydrology of geothermalxsjstems;u These
unknownsbmust he identitied, defined and resolved before an attempt is

made to utilize this potentially valuable resource in the State of_Washington.

2, o s R o |
Elder, J. "Heat and Mass Transfer in the Earth; Hydrothermal Systems."

New Zealand, 1966.



Existing Geothermal Wells.

Current geothermal wells are relatively shallow, ranging between

: 500 and 7,000 féetiand rarely ekceea 6;000~feét and are of a relatively

‘large (12 inch to 24 inch) diametér. Principals involved in'drilliﬂg‘~

geothermallwells are quite similaf to drilling oil wells with an added

factor of high iémperatufes (200°C to 300°C) and strong artesian pressures.

Refipeménts in drilling methods have been able to accommodate these

ﬁrobiems. One of the gteatesﬁ problems that'gedthermal wells present is

that minerals colléct in the well shaft and eventually plug qff the well.

_ The steam uhder’high températures and pressures at depth dissolve the

minerals but once fhe‘wéter‘is in the well, the pressure drops causing

" the water to flash to steam and‘re1eése the minerals, 1t may.require

per#odic fedrilling of the well bore.' A large bart of:the minéralg are
ejected from the well by steam and water and must be diséosed of at land
surface. ,

Exberience has shown that under favorable geohydrologic conditions
geothermal power ié'competitive costwise with pther coﬁventional thermo-
electric plants; 1Howeyer, there are a number of environméntal.impact
proplemé assobiatéd with geothermal power developments, some are common to

conventibnal'thérmal plants, but others are unique to geothermal. A

Number of misleading statements have been made about this Rriséiﬁe source

" of energy when in fact such a statement is far from'the.truth, since there

are a number of gases, highly mineralized waters and other debris emitted

from some wells. These do pose problems to the local environment and



must be recognized, resolved in plant designs and their costs amortized

over the expected life of the plent’before a project 1s started.
" GEOTHERMAL ENERGY IN WASHINGTON STATE

Areas wlth Potential.

- To date there have been no wells drilled and no extensive etudies
-initiated to test and/or evaluate the geothermal energy potential of the
-'State of Washington although considerable 1nterest was demonstrated at.the
Eirst_Nortbwest.Geothermal Power Conference held in Olympia in 1971. |
However, the state doee noseess geohydrologic conditions and strueeuree as
well as a number of thernal and minerel springe which,'when oonbined,
suggests that ehe state may nave a moderate geothermal energy potenrial.
A;ﬁurther review of surrace geology suggests that a‘largeAarea of recent
volcanic actlvity,end lava flows lying between Mt. St. Helens and Satus-
Pass on the west and east respectively, and Mt. Rainier:and the Columbia
River in a north—sooth direction does poeeess significant geothermal
energy indicaters and should be the focal point of additional study end'

detailed evaluation.

There are other smaller areas in Western Waehington'which may provide
limited geothermal energy potential and rhey too, are associated.ﬁlth T
recent volcanie activity in the North Cascades and Olynpic Mountains,
Figure 1 shows areas of Washington State with favorable geothermal

potential and the locations of known thermal springs in Washington,



Geology.

Here, younnguaternary-volcanic lava flows associated with Mt. St. Helens

and Mt. Adams cover an area of approximately 1 500 square miles. The

Cascade 1avas are underlain successively by The Dalles Fm., (Troutdale Fm.

-

- west of the Cascades), 100 feet more or- less in thickness, Columbia River

_ Basalt, up to_2,000 to 3,000 feet thick and the Eagle Creek Fm;, an older

series of volcanic tuffs and breccias, up to 4 000 feet in thickness;

Breccias in the lower section of the Eagle Creek Pn. may serve as reservoirs

‘ for super heated water and/or steam production. Anticlines and synclines

l'exposed along the Columbia Gorge appear to be adequate structural barriers
. to confine the movement of ground water and relatively impervious flows of

ZColumbia River basalt and/or tuffs in the Eagle Creek Fa. may provide the -

cap layer required to confine the hot water or steam within the structure.

‘ Thermal Springs.

There are 26 knoun thermalland mineral springs and no spectacular geysers
or fumaroles in washington (Fig. 1. This.doesinot necessarily mean that
the geothermal energy potential is poor'_rather, it may suggest that most
structures are’ tight and well confined and when tapped by drilling may
produce steam under high temperatures and pressures. These questions, as
well as environmental impact questions associated with geothermalupower‘
development, can only'be answered by detailed geologic, hydrologicland'
geophysical investigations and the actual drilling of one or more test

wells under controlled conditions.

10
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ENVIRONMENTAL IMPACT PRQBLEMS

Geothernal power has been described as a pure, clean source of energy
coming from the depths of the earth free of undesirable environmental
problems° but this is not entirely true since all power plant developments,’
including geothermal, do_effect a change in the environment in one way or
. another. ;ln summary one can say that geothermal wells are noisy, they
are dirty, and‘they smell bad.i Most pf these problems can be accommodated
| iftthe'operatpr isvwillingvtO'pay\the price, ‘
1 : Geothermal energy dccurs in different forms in many parts of the world
based principally on geologic and hydrologic conditions peculiar to each
vreservoir. The two principal forms, the ones that we are interested in for

] . ‘ i ) . S
. . the development of electrical energy are referred to as wet steam and dry

steam reservoirs. Many wells, both wet steam and dry steam, release hydrogen

sulfide which imparts a pungent odor to the general area of the well.

Wet Steam Reservoirs.

In the case of wet steam sources, large volumes of water in the reservoir
are confined under high temperature and pressure, and under those conditions,

' dissolves large quantities of minerals from the host rock and when retained

under pressure, transports them to the .land surface through the well bore.

© e R v m ot

As the superheated highly mineralizes water enters the heat exchanger at
the power plant the pressure drops and the hot water flashes to steam
releasing_the dissolved minerals. In some wells, the flash from superheated
water to steam occurs in the well bore in which case some of the dissolved

minerals are deposited on the wall of the well bore.

12



in either case, undet‘wet steam éonditions,blarge quantities of highly
mineralized water aﬁd minerals are brought to the earth's surface apd.must
5e disposed of in a manner approved by es¥ablished environmental impact
standards. The miﬁeréiizéd water discharge may crea#e an ektféﬁel&idif—
ficult problem aﬁd under the present stafe of knowledge the price per unit
of ele?tricity mg& make fPé energy cost excessive gnd suﬁh projectsrprohibii

‘tive.

Thetlarge quantitiés of‘minerals‘brecipipated froﬁAthe hot water may be
re;overable and sold if a ﬁa;kgt exists for thé»typeé'and quantltigs of
~minerals produced. Thesé'q;estibns'can only be anéwered after completion
of a test well and'anaiysis éf thé'minéfal content of ﬁhe brine from the |
reservoif. If commercial qu;nfities of minerals aré recoverable, it could

help deffay the cost of the prdject and resolve some of the impact problems. »
'Dry Steam Reservoir.

’Geotbermal,plants that utilize dry steam, tap sub¥sdrface reservoirs

which contain sﬁperheatéd steam created through natural précesses and does
not involve the iarge quantities of mineralized water associated with wet
steam sources, In this process a heat exchanger is not required-since the
natural steam passeé from the well bore and pipe_line directly to the.
turbine; After passing through the turbine, the s;eaﬁlis condensed and
provides water for the cooling toﬁers. Excess watef may be returned to ghe
" reservoir through rechérge wells or discharged to a local steam if the

quality is accepﬁable.

13
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Dry steam plan;s produce only small amounté:of objeétionable,products;
As an example, the Geysers steam has én avefage of 99.5 percent water. This
- . leaves only,d.S perﬁeh; non—condeﬁsabie gases in the steam, of_which about
90 béf;e;t:ia:car£8; dioxiHe vith lesser amounts of methane} hydrogen sulfide
and trécé aﬁéugts of}éther gases.(R: G. Bowen,-l971). Novdoubt different_
.. gases in diffetent'quanticies wouid occur in_geothermél réséfvoirs in
Washinéton Stgte;' If!geotﬁermAI énergy ddes‘occur in commercial quantiti;s
in‘Washiﬁgtbniééate{ it 15 Qot known whethe; the reservoirs will be wet
s;eaﬁ; d:?:stea; or both.: | |
‘6ther Impact Probleﬁsin
In addition to the péints raised previously,‘ﬁhere are other environ-
mental impact qgesfioné'thatjmust bé raised, eval@ated, and resolved before.
. approval is giveﬁ to procééd with:deve10pment of the‘first geothermal project
in the State of Washington. Such questions as; 1; What effect would ghe
construction and operation of a géothérmal steam plant (wells, pipelines
ahd faéilities) have upon;the aesthetic values of the a;éa?- This point is
very.importapt since'areas'with geothermal potential in Washing£on State are
located in.pépular fécreational areasvof ;he-Ceﬁtral éascades 5ﬁd‘01ympic“
Mountaing; 2. Severe noise problems have been repo:ted when more than one
well in a limited are;(is utilized at the same time; 3. Thgrg is a possi- -
biiity thét'minor; local earthqﬁakeé ﬁay be triggefed by the fedpction of

internal pressure as steam and/or superheated water is removed from the

structure; and of course,. 4. The necessary population and industrial

14



influx that always'followé any new industry. All of these points and

. : -y .
others must be fully evaluated and at least theoretically resolved before

[y

production wells are drilled. .’

,_Favérable Iﬁp;ct Ppinfs;; o

In addition ¥o thé‘poténtiai prdblems associatedeith geothermél\pbwer,-

_ Heveloémenf, thefe are a number of favorable points Eha; should be

: @entiéﬁed,»sucﬁ as:lii, Geothermal pﬁﬁér wéﬁld‘be utili?ing-a major, renewable

';oqué of_éne;gy.qot previsuglyltapped in th State of Wéshington; 2.A-There
i;‘ho'combdstion o;»b;rning és_is ;ommqn with cbgventional'fdssii fuel'fifea
'planfs;. 3. There'would béAno fadi?éétive wéste‘toib? disposed of or coé—vi
cerned abouf;: 4, A éeothéf;al plant can Se turqed'off énd on;quité éag}ly .

- making it‘extfemely fleﬁible for'seésoﬂal peaking power pﬁfposes;' 5. The

1récovery.of minerals in commérci§1 qd;nt;ties ﬁgy pro?ide a v%iuablé b&-‘
pfoduct; and 6. It yay'be the forerunner té o;r acquiriﬁg.thé ability to
defuse inactive volcanoes such as Rainier, St. Helens and others in the

* state which may show renewed activity.
' FEDERAL GEOTHERMAL LEGISLATION

fhree‘important pieﬁes bf‘federal legislation ;ffegting geothermal
power.devéloéﬁént have been introdu¢ed'in the ﬁ; S:'Cbngress since Janua;y,
-1§69: Thé& are:' | S A‘ _ ‘i, |
: 4 - j
1,"Senate.B;11 368, intfoducgd Januafy 10, 1969 by Senatéfs

Bible, Bennett, Church, Hanseh, Jorden, McGee and Moss. The

15



bill was subsequently passed by both houses and signed into

law by the President.

SB 368 is known as the "Geothermal Steam Act of 1969" and
pro#ides for issuing leases for the development and utiliza- -
- - a " tion of geothermal steam and associated goethermal resources

on lands administered by the Secretary of the Interior, etc.

é. House Bill 9749, introduced july 13,1197i by Messrs. Steiger
and Iihodes'and Senate Bill 1349, by Bible of Nevada March 24,

{ T " 1971 stress the availabili;y of fedéﬁal funds for geothermal

expldration wiéh the stipulation that 75% of the cost is to

be borne By the U. S. Government and 25% by the privage

i T | developer. Federal funds are to be on a loan basis and répaid

LI ‘ from income of the project if it proves economically feasible.

Currept Activities.

- o e

1. As a result of the First Northwest Conference on Geothermal

Power, held in March, 1971 Olympia, the "Geothermal Resourées

Cbunéil" (a new international organization)‘was créated and
dedicated to encourage the exploration for-geothérmal energy
and was formally launched at a conference at Imperial |
~Valley Co;lege, El Centro, Califorﬁia, February 16 and 17,
1672, The conference included a tour of the Mexican geo-

. thermal power facility under development at Cerro Prieto,

Baja, California. 4 -
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Professor David D. Blackwell, Souéhern Methodist University
completed a series of temﬁeréture grédient probes in a number
of wells in the state~under‘alNationa1 Science Fouﬁdation'
grant. Work was st;fted during the summer of 1971 and was

resumed in 1972,

Gerald W. Thorsen of Division of Mines and Geology, Department
of Natural Resources, is conducting a number of,geothermal

brobes in- existing wells; he haé qbtainéd Professor'Blackman'é

' ggophysical'eqﬁibment on permanent léaﬁ basis.

Bob Crossen, University of Washington Geophysics Department,

carried out ground noise observations in areas of known

: thermél springs. The project was sponsored by the Depart-

~‘ment of Natural Resources and data will be available later

in 1972,

Division of Mines and Geology has an agreement with Dr. Paul
Hammond of Portland State University whereby Dr. Hammond will
prepare an open file, detailed geologic map of the Southern

Cascades. This is scheduled for completion in 1972,
The U. S. Geological Survey plans\to conduct an aero-

magnetic survey of the State of Washington probably within

the next year or two. If the state could provide some funds

17



while the Survey is doing the work, they no doubt would fly
a closer grid paﬁtern over those parts of the Cascades with major
'geqthermgi potential,

-

Thejbepartment of Ecology and the Deparfment of Natural Resources

jare working with'legislative'committees to develop regulations

and guideliﬁes for the exploration and exploitation of geothermal

energy in the State of Washington.

_ CONCLUSION AND RECOMMENDATION

Geothermal Test Site, A Proposal.;:"'

From this preliminary evaluation of geothermal energy potential of the

State of Washington I would recommend what 1 feel is a preferred area

which, if properly evaluated and tested, could go a long way toward

answering many of the'qUEStions about the -state's geothermal energy

‘pofentiai on a quantitative and qualitative'basis. Such questions as:

1.

Does the state possess exploitaﬁle geoﬁhermal energy that can

_-be developed on a basis competitive with other available

energy sources?

What are the average depths and costs of the geothermal wells

" required? —

Are the sources of energy wet steam or dry steam reservoirs?

18



4, What chemicals are contained in the brines and gases; are they
treatable and recoverable? What environmental impact problems are
anticipated; can they be controlled? And other questions can

be answered.- - . .

It is true that Qery little applied research has been done in thé past |
and not mich is known about p;tential’geothermal reservoirs in the state.

, queVer, there are certain favorable surface indications and environmental
iimitétions whicﬁ, when combined, stro;gly recommend o;e areé, North
Béﬁneviiie, as.a preferféd area; to evaluate and test g;othermal energy

potential,

North Bonneville occupies a favérable‘pOSition on‘é‘ﬁajo: anticlinal
structure'(Cascadg Uplift}, which brings some of the oldgr deeper rock o
formatioﬁs much closer.tovthe land su;face (Fig. 2). Here in the central -

.part of ghg Columbia River Gorée is about the only place where récks of .

the Eagle Creek Formation (Upper Triassic) are exposed at land surface

within an area with‘favbrable geothermal manifestations.

The advantages of the anticlinal structure plus down-cutting by the _
Columbia River has greatly reduced the depth and cost of drillihg the wells
that will be required to test the geothermal potential -of the Southern

Cascades, one of the prime potential areas in the State of Washington,

North Bonneville has already undergone major man-made physical changes

during the construction and operation of Bonneville dam and associatéd



power generatiqg-and distribution systems. Rights of way have been
cleared. Roads and buildings have been constructed and power lines to
__éonvey'the eiectricity are already in. For these reasons and others it
f011§w8 that geothermél‘developmenf at quth'Bonneville would have a
much less impact on aestheticlﬁalues of the Southern Cascades than
‘any_othér known area with significant geothermal indications. Some of
the anticipéted environmental impact problems,are now a reality as
previously stated.and would not need be repeated, while those unique

to geéthe?mal such as steam plumes, noise, odors and mineralized waters
ﬁ&uld have to be dealt with after a reservoir had been identified and
tapped and thekﬁroblems.determined, The advantage being tha§ the develop-

ment would be made in an already exploited area as opposed to the semi-

wilderness, forested public lands iﬁat occupy much of the Cascades and
Olympic Mountains.

If super heated steam or water is encountered in sufficient quantities

and a power generating plant developed in North Bonneville, the electricity
could be wheeled‘over existing Bonneville lines. This would reduce the
total cost of the projecﬁ and again reduce the impact on the environment,
It is also possible that the Columbia River could absorb waste water

from the wells without an adverse effect on the quality of the river

‘water.

Figure 2. Diagrammatic Geothermal Section" across the Cascades through’

the Columbia River Gorge represents the author's preliminary concept of
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' geothefmal cénditions that one migﬁt expect if a well or wells were
drilléd in the North Bonneville area. 'Heré, drilling would start near the
base of the Columbia Rivér Basalt since the Columbia River, an antecedent
stream, was éble to keep its down-cutting pace during the Cascade Uplift,
%his pérmiﬁtéd remoyal by the Columbia of 2,000 feet or'more of Cascade

Lavas, Troutdale Formation and Columbia River Basalt.

It 1s‘possib1e that geothermal reservoirs occur in breccias and porous
sediments of the Eaéle Creek Formation or fracture zénes near the base
‘of.the Colgmbia Rivef'Basalt. To Fest this concept Qould require a well
or wells about 4,000-5,000'feet deep or about 2,000 feet lesg Afilling
than wouié be required in areas Vhere the yéunger'rocké have not been

removed by erosion.’

The North Bonneville area genefally contains the largest group of therpal
springs found in the state. Four springs; one hgs 100° F+ "St.,

' Ma;tinfs", two warm 81° - 99° F. Rock Creek and Bonneville or (Collins)
and Méffetts Hot Spfing, tempe?ature not known. This grouping of thermal
sprihg$ may-be éignificant and tend to support fhe.author's concept as
expreﬁsed in Figure 2, geothermal section through the Columbia River

GCorge. Additional geophysical and geochemical work will be required before

a final drilling site is selected and a well started.
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Structures within the northwest section identified as requiring
further evaluation include: (1) the Wilbur Creek fault; (2) the Reecer

. Creek fault; (3) the Caribou Creek fault; (4) the Zimme rman fault,

(5) the Badg?; Mountain fault; (6) the Beezley 9)115 anticline; (7) the
Orondo fault ), and (8) the Winesap lineament(

SOUTHWEST QUADRANT

This sector contains the lowest point of the Columbia Basin, the
Pasco Basin, where the late Cenozoic sediments reach their maximum
thickness. The oldest late Cenozoic sediments within this quadrant
include the Columbia River gravels and the Thorp and Ringold formations.
The stratigraphic relationship of these sedimentary units to each
other and to the Ellensburg sediments interbedded with Columbia River
Basalt flows is yet to be established with certainty.

The major late Cenozoic drainage of the quadrant is the Columbia
River. As such, the area also contains Lake Missoula flood deposits.
Wallula Gap is thought to have ponded south-flowing flood waters, as
did Sentinel Gap to the north. Evidence of this impoundment is
indicated by the presence of the Touchet beds, a primarily silt unit
with some clastic dikes.

Structurally, the southwest quadrant is dominated by the Yakima Fold
Belt, a series of anticlinal ridges extending eastward from the Cascade
Mountains. Faults recognized within this sector generally occur in
association with these east-west anticlinal ridges. Specific structures
designated to require more detailed evaluation include: (1) Toppenish
Ridge; (2) Smyrna Bench and North Saddle Mountains; (3) Ahtanum and
Manashtash ridges; and (4) structures east of Selah and in the western
part of the Yakima Firing Center.

SOUTHEAST QUADRANT

Within the southeast quadrant, the Snake River is the dominant late
Cenozoic drainage system. Along the course of the Snake River and its
tributaries, catastrophic flood waters (older than the Lake Missoula flood
event) conveyed sediments into the Columbia Basin. Evidence for such
floods includes gravel bars composed of deposits of metavolcanics,
quartzites, gneisses, and granitics. The northwestern part of the
quadrant contains the southern end of the Cheney - Palouse scabland
tract, formed by the younger Lake Missoula flood event. The northeastern
part of the quadrant is dominated by extensive Palouse loess hills,
" reaching a maximum thickness of 250 feet. '

The dominant structural feature within the southeast quadrant is
the Blue Mountains uplift. At least two faults associated with this
up]1ft east of Walla Walla (within the Buroker 7.5-minute quadrangle),
require further evaluation. Faults located to the south and east of
Wallula Gap were also noted to require further evaluation.
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

UURI

EARTH SCIENCE LABORATORY
420 CHIPETA WAY, SUITE 120
SALT LAKE CITY, UTAH 84108

TELEPHONE 801-581-5283

November 14, 1979

Mr. Fred Rigby

Science Applications, Inc.
P.0. Box 2351

La Jolla, CA 92038

Dear Mr. Rigby:

Enclosed is a rough draft memorandum by C. E. Mackelprang which presents
the modeled resistivity distribution and corresponding computed resistivity .
values for lines A-A' and B-B' from Camas, Washington. Or. William Sill of
the University of Utah Department of Geology and Geophysics also contributed
to these model solutions. ‘

Please note the very different models for Line B-B'. Our field and
modeling experience suggests that either the high (94.2, 76.6, 104.3 ohm-m) or
low (5.5, 37.1 ohm-m) data values at n=4,5.on this line are in error. This
problem and the many missing data values on the profile make any inversion of
the data quite ambiguous so we -have not attempted a closer match to the
observed data. '

I regret that travel commitments and other factors have de]ayéd our
response to your interpretation request. In Duncan Foley's absence I am
forwarding this memorandum in a draft form to avoid further delay.

Sincerely,

e fo e

Howard P. Ross
Senior Geophysicist

HPR/hb

cc: D. Foley

"Enclosure



November 14, 1979
MEMORANDUM

T0: Duncan Foley and Howard Ross
FROM: C. E. Mackelprang

SUBJECT: Camas area, Washington - Two-dimensional Resistivity Modeling of
Dipole-Dipole Lines A-A' & B-B'

Two-dimensional models for Camas, Washington lines A-A' and B-B' are
attached.

Line A-A'

Line A-A' was partitioned into three segments for modeling purposes. A
good fit between observed and computed data values was obtained with models
having reasonable continuity between segments. Because geologic information
is sparse, the model results should only be considered as one resistivity
distribution which would give rise to the actual field data, and as a first .
approximation to the geologic structure.

In general, the model of line A-A' shows a moderately resistive surface
layer having a resistivity of about 50 ohm-meters and a thickness of
approximately 250 meters extending from stations 0.0 to 3.5. Isolated pods of
slightly more resistive (75 ohm-meters) material were necessary to enhance the
model/field data comparison. At depth beneath this same station interval lies
a thick conductive media which is represented on the model by 10-15 ohm-meters
apparent resistivities.

The surface material appears much less uniform between stations 3.5 and
8.0 with apparent resistivities varying between 30 and 150 ohm-meters. It was
necessary to significantly thicken this material between stations 3.5 and 7.0.
A more conductive media (15 ohm-meters) lies at greater depth.

Finally, from station 8.0 to the end of the 1ine the observed data can be
modeled satisfactorily by assuming 50 to 75 ohm-meters material at the surface
increasing to about 200 ohm-meters with depth. No conductive media are
present over this station interval.

Line B-B'

It appears that several errors may be present in the observed field data
for n=4,5 between station 0.0 and 1.0. It is not possible to obtain a.single
model showning good comparison with all the field data. Adjustments in one
area tended to distort values in another.

As a result, two models are shown having equal plausibility which



[

partially match the field data. Major differences in these models are: a
very conductive media (1 ohm-meter) extending to great depth beneath and
adjacent to very resistive (1000 ohm-meters) material vs. a conductive media
(10 ohm-meter) of finite thickness sandwiched between 200 ohm-meter material.

Discussion

ResuTts of the mode11ng for Tine A-A' suggest a surface layer of fairly
moderate apparent resistivity extending over the entire line. This layer
increases in thickness in the central portion of the line. A conductive media
is present at a fairly shallow depth on the northwest end of the line but
deepens to the southeast and is absent at the southeast end of the line.

‘Model results of line B-B' are questionable but tend to suggest a
layering of resistive - conductive - resistive medias of unknown configuration
and thicknesses on the southwest half of the line. To the northeast the
models are less complex showing a trend into fairly conductive ground.

The attached models are two-dimensional (i.e. infinite strike length).
If the survey lines have been run at some angle other than normal to the
geologic structure then the model interpretation will not approximate the true
resistivity distribution. The presence of three dimensional resistivity
distributions would also detract from the applicability of the model
solutions. We understand that line A-A' runs subparallel to a major geologic
structure and topographic features. This may reduce the applicability of the
resistivity model submitted here.

/4

4 2/ yes
C. E. Mackelprang .~
Geophysicist

CEM/hb
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. September 17, 1979

Dr. Howard Ross,

Senior Geophysicist

Earth Science Laboratory

University of Utah - Research Inst1tute
Research Park

391A Chipeta Way

Salt Lake City, Utah 84108

Dear Howard:®

Enclosed are two pseudo sections from the work completed for the State

.of Washington.

The dipole length used along profile AA' was 500 meters; that used along
BB', 250 meters. As you recall, UURI agreed to invert these data using
a two-dimensional modeling. When an approximate inversion has been
completed, please send a copy to my attention at the address on this
letterhead so that it can be included and properly acknowledged in our
final report.

Thank you again for your co- operation, and I Took forward to seeing you
at the GRC meeting in Reno.

Respectfu11y,
Rolent e Curn
b jﬂw
Robert B. Mchen
Consultant to SAI

/Jmh

Enc. ‘
cc: J. Eric Schuster

M 17'79
(’aﬂ/ﬂw /;ea//g'?‘é,
(119)- g59- 3811

o

Science Applications, InC. 1200 Prospect st., P.O. Box 2351, La Jolla, CA 92038, (714) 454-3811

Other SAl Offices: Albuquerque, Ann Arbor, Arlington, Atlanta, Boston,Chicago, Huntsville, Los Angeles, McLean, Palo Alto, San Diego, Sunnyvale, and Tucson.
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GEOTHERMAL RESOURCES POTENTIAL OF THE LACAMAS FAULT REGION, CAMAS, WASHINGTON, U.S.A.

Rabert B. McEuen

Exploration
Geothermics
San Diego, CA

ABSTRACT |

Potential for direct heat applications_in_.. . _._

southwestern Washington has led to investigation of
the possibility of locating geothermal resources in
the area. Proximity to geologically recent vulcan-
ism and faulting and the presence of some thermal
waters focus attention on Camas, Washington. Pre-
vious studies have suggested southern Washington
may Yie within a zone of crustal weakness which has
experienced magmatic intrusion. Existing geophysi-
cal data are consistent with the presence of a
large intrusive body having an associated geother-
mal area near Camas.

INTRODUCTION

Interest in the geothermal resources potential
of the Lacamas Fault area in southern Washington
State has been enhanced by its proximity to the
Camas Mil1l of the Crown Zellerbach Corporation. .
The Crown Zellerbach Corporation is the Targest
single industrial energy consumer in the State of
Washington. The Camas Mill alone spent 28 million
dollars last year for the purchase of energy.

. The Lacamas fault can be traced from the
Columbia River near Camas, extending northwest from
the Camas area.
cones give evidence of Pleistocene and Holocene
activity near Camas. Lying along the southward
extension of the strike of the Lacamas Fault
across the Columbia River is Corbett Warm Spring
(Bowen, et al., 1975). A warm well exists about
four miles to the south (Newcomb, 1972). Geochem-
ical data from Corbett Warm Spring suggest a temper-
ature of last equilibrium for this spring of 180 to
195°C.

Available geophysical evidence for the Camas
area supports the possibility of geothermal resour-
ces. A geophysical program now underway, including
gravity, resistivity, and heat-flow studies, by the
Washington Department of Natural Resources as part
of the State Coupled Program will further aid the

. geothermal resources evaluation of the area. In

the discussion that follows, relevant data from
these and earlier studies are integrated with the
aim of predicting the nature of the geofluid that
could be available in the Camas area for use in .
process heat applications.

Fred A. Rigby

Science Applications, Inc.
La Jolla, CA

Volcanic outcrops and small cinder .

Richard G. Bowen

Consulting
Geologist
Portland, OR

REGIONAL GEOTHERMAL POTENTIAL

Regional geothermal resource potential is
associated with major crustal features. Geophysi-~
cal data greatly aid in determining continuity of
major features which may not be well exposed at
the earth’s surface. Published geophysical data
that bear directly on the regional geothermal
resources potential of the Cascades, include off-
shore magnetic data, seismological data, gravity

data, heat-fiow data, and data derived from the

study of large amplitude transients in the earth's
magnetic field. These and other regional data
were recently reviewed by McEuen and Birkhahn
(1975) to determine the geothermal resources poten-
tial of the Cascades. .

Conclusions drawn from this earlier study that
are relevant to the prediction of the resources in
the Camas area are:

(1) In the southern Washington region, a mass
excess is indicated, the axis of which roughly
parallels the present course of the Columbia River.
This region is also a region of crustal thinning.

(2) The mass excess may indicate that the Columbia
River 1ies along a rift zone which may have formed
about 40 m.y.b.p.

{3} The present pattern of non-steady-state heat-
flow had its genesis during active subduction.
"Expected" heat-flow values derived from seismic
station delays suggest that steady-state values of
2.1 HFU would be characteristic of the lower
Columbia Valley.

(4) Low resistivities at depth, found east of
Camas suggest that partial rejuvenation of the
possible rift may have occurred in the recent
geologic past.

While unquestionably controversial, the sug-
gestion that rifting may have occurred along the
course of the Columbia is most significant. If
the rift or aulocogen exists, it would provide
most important components of producible geothermal
resources: source of mantle heat, deep fracture
permeability to assist heat transfer to the upper
level of the crust and allow circulation of ground-
water .in a hydrothermal system, and crustal stress
which would result in increased fracture permea-
bility. The volcanic activity of the Cascade
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sample because of the lack of a datum for Fe03.
However, the similarity to- the Middle Yakima group
of McDougall is striking. Temperatures higher
than the Curie temperature are, therefore, a pos-
sible explanation of the pronounced magnetic low
north of Camas. The minimum temperature required

In the Camas, Washington area, the Lacamas
'faglt represents local surface expression of a
major zone of weakness along which intrusion
appears to have occurred. This zone is easily
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Figure 2. Aeromagnetic Map of the Camas Area. Lines marked Z are lineaments

* jdentified by Zeitz, et al (1971). Line A is.the southern
extension of such a lineament and coincides with the trace of the
Lacamas Fault. Dashed line B is another lineament identifiable
from the magnetics. Dashed circles labeled 111 and V mark the
approximate epicenters of earthquakes of those intensities.
East-west line R is the possible northern boundary of the tectonic
rift hypothesized by McEuen and Birkhahn (1975). The -30 milligal

. gravity contour is also shown.
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Table 1
Average -
Compositions of Mt. Hood
Yakima Basalt Basalt
(McDougall) (Wollenberg,
et al.)
Lower | Middle
51.02 53.76 50.12 50.3
A1203 14.12 13.04 13.1
Fe203 2.12 3.00 Not Given
Fe O 9.44 11.77 12.9
Mgo 4.54 4.39 4.0
Ca0 8.18 8.12 7.1
{Na0 | 2.98 | 2.70 2.2
K,0 1.30 1.27 1.2
T1.02 1.80 3.21 2.5
Curie | 165°C 130°C NA
Poinﬁ

for such an explanation would be 130 to 170°C,
which is reasonable in view of the 180°C or higher
temperature indicated by the geochemistry of
Corbett Warm Spring.
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