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The canyons along the lower Metolius River in Jefferson County,

central Oregon expose volcanic rocks which record volcanism in the

Neogene Cascades to the west. The oldest units are hornblende

andesite agglomerates and lavas in the western part of the study

area, and altered basaltic andesite lavas to the east.

These units are unconformably overlain, upon a surface of great

relief, by the Deschutes Formation. The Deschutes Formation in

the thesis area consists of lava flows (nine basalts, six basaltic

andesites, seven porphyritic basaltic andesites, one andesite, and

one porphyritic andesite), thirty-two tuffs, and interbedded epi-

clastic and pyroclastic sedimentary rocks. The source of these

materials was to the west, in the area now occupied by the High

Cascades volcano-tectonic depression.

The Deschutes Formation shows a gradual facies change across the

study area. The western, more proximal facies consists of narrow lava

flows which filled east- to northeast- trending valleys. These lavas

progressively terminate eastward in the sequence of porphyritic ande-

site, andesite, porphyritic basaltic andesite, to basaltic andesite.

This is due to decreasing lava viscosities and to decreasing gradi-

ent and relief eastward. Tuffs in the more proximal facies are

of ash-flow origin, and some are welded. Tuffs are composed of

silicic and intermediate pumice, and a few contain a mafic pumice

component. These tuffs form broad sheets as well as narrow valley
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fills. The lava flows and tuffs are interbedded with volumetrically

minor clast-supported cobble conglomerates deposited by braided

streams. Also present are lithic breccias interpreted as the

deposits of lahars.

The eastern, more distal facies consists of broad sheets of

diktytaxitic basalt, with one narrow flow of porphyritic basaltic

andesite. Tuffs, mostly deposited by ash flows but some by flows

transitional to pumiceous lahars, also form broad sheets. The tuffs

are unwelded, and contain mostly silicic pumice with only minor

amounts of intermediate pumice. The lava flows and tuffs are

interbedded with abundant sedimentary rocks of braided stream

origin. Also abundant are lithic breccias deposited by lahars

and air-fall tuffs and paleosols deposited on interfluves. In the

extreme east, minor fine-grained sedimentary rocks of floodplain

origin are present.

The Deschutes Formation exhibits a subtle vertical facies change

from more proximal to more distal facies. This is probably due

either to subsidence of the source volcanoes into the High Cascades

volcano-tectonic depression or to waning volcanism, or both.

Continuing subsidence of the source volcanoes and relative

uplift of the study area caused incision of major canyons into the

Deschutes Formation. Unconforinably overlying the Deschutes Formation

are three basalt lavas which partially filled these canyons, and

hornblende pumice tephra which mantles slopes.

The Deschutes Formation contains two structures indicative of

syndepositional tectonism. In the east, a subtle unconformity

that dies out southward was caused by uplift of the Mutton Mountains

anticline to the north of the depositional basin. In the west, a

subtle north-trending dip reversal of a sheet-like basalt flow

indicates subsidence of the proximal area by warping. Small faults

in the Deschutes Formation indicate north to northwest compression,

although no significant displacement could be documented across a

northwest-trending lineament along the lower Metolius River.

Paleomagnetic polarity stratigraphy of the study area, combined

with two previous K-Ar dates, suggests that the Deschutes Formation

was deposited from chron 4 (about 7.4 Ma) to chron 3-2r-1 (4.5 Ma).



The Deschutes Formation petrologic suite is distinct from older

and younger volcanism in the Cascades. The Deschutes Formation suite

is subalkaline and calcalkaline, which is typical of arc-derived

volcanics. It also has strong tholeiitic affinities, however, and

is unusually rich in Ti02. This may indicate eruption during a period

of extension, perhaps precursory to the subsidence of the arc into

the High Cascades volcano-tectonic depression.
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STRATIGRAPHY OF TIlE NEOGENE VOLCANIC ROCKS ALONG THE LOWER
METOLIUS RIVER, JEFFERSON COUNTY, CENTRAL OREGON

INTRODUCTION

Location and Access

The study area consists of approximately 40 square miles of the
tietolius Canyon and adjacent areas located in Jefferson County, central
Oregon (Figure 1). The northern boundary of the area is defined by
the south shore of the lower tietolius River and the tietolius Arm of
Lake Billy Chinook. The eastern boundary is the western shore of the
Deschutes Arm of Lake Billy Chinook. The southern boundary roughly
parallels the tietolius River and is located about 3 miles to the south
and southwest of the Metolius River, while the western boundary coin-
cides with longitude 121° 30' west. The study area is enclosed within
the Round Butte Dam, Fly Creek, and tietolius Bench 7 1/2' quadrangles.

The study area can be reached by paved and improved roads from
either Sisters and U.S. Highway 20 to the southwest or from Madras and
U.S. Highway 97 to the east (Figure 1). The routes over and on Green
Ridge are usually impassable in winter because of snow, while the other
two routes are passable all year.

Improved gravel, unimproved dirt, and rocky four-wheel drive
roads provide access to within one mile of most parts of the thesis
area (Plate 1). The unimproved roads are muddy in winter and may
be impassable. Many of the improved roads are new and not shown on
topographic maps; most of the minor unimproved roads were also omitted
from these maps. Particularly important roads have been added to
the geologic map (Plate 1).

The parts of the study area adjacent to Lake Billy Chinook are
most easily reached by boat. Marina and dock facilities are available
at The Cove Palisades State Park and a dock is located at Perry
South Campground.

Most of the western one-third of the study area is part of
Deschutes National Forest and open to the public. The eastern one-
third consists of privately owned grazing land and a small part of
The Cove Palisades State Park, and permission is not required for
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entry. The central one-third of the study area is part of the Three

Rivers Recreation Area (Plate 1), a private land development, and

permission must be obtained before entry. Permission is also neces-

sary to enter recreational homesite property along the waterfront

between Perry South Campground and Monty Campground. The north side

of the Metolius Canyon is part of the Warm Springs Indian Reservation.

This area can be entered only with special permission which is rarely

granted.

Topography, Vegetation, and Exposure

The eastern two-thirds of the study area consists of a plateau

that slopes from an elevation of 3,000 feet in the southwest to

2,400 feet in the northeast. The Metolius River, the Deschutes

River, and the ephemeral tributaries of the Metolius River have cut

narrow, steep canyons down to 1,600 feet in this plateau. Gently

dipping, resistant "rimrocks" support the plateau while resistant

rocks below the plateau level produce benches, cliffs, and "inner

canyons.'t The western one-third of the study area consists of

numerous east- to northeast-trending ridges and valleys. The ridges

range up to 3,320 feet in elevation and slope to the northeast.

Resistant units support the ridges and form benches, cliffs and

"inner canyon&' at lower levels. Round Butte Dam was constructed

across the Deschutes River immediately below its confluence with

the Metolius River, forming Lake Billy Chinook. The reservoir has

an elevation of 1,945 feet and has covered many rock exposures in

the lower parts of the canyons.

The higher parts of the western one-third of the study area,

with an average annual precipitation of 30 inches, support Douglas-

fir forests with minor sugar pine, tamarack, and incense-cedar.

At lower elevations Douglas-fir coexist with ponderosa pine and

incense-cedar. The plateau in the eastern two-thirds of the study

area, with only 10 inches of precipitation, supports sagebrush and

juniper with minor ponderosa pine in canyons. In detail, however,

the type of vegetation can be quite variable as a result of strong
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control exerted by rock type, elevation, slope, and water supply.

For example, clearings in otherwise heavily forested areas are

usually underlain by thick tuffs.

As a result of the sparse vegetation, excellent exposures are

abundant in the steep canyons in the eastern two-thirds of the study

area, and even nonresistant units are frequently exposed. Many

north-facing slopes are covered by vegetation, however, and talus

from resistant units covers canyon slopes in many places. The western

one-third of the study area also has excellent outcrops of resistant

uni,ts in the canyons and on ridges, although vegetation obscures

nonresistant units and densely covers north-facing slopes.

Roadcuts also provide valuable exposures of the rock units.

Particularly useful are the network of roads in the Three Rivers

Recreation Area, the Fly Creek grade on tionty Road, and the Monty

Road in tietolius Canyon.

Previous Studies and Geologic Setting

Russell (1905, p. 90-91) named widespread volcaniclastic rocks

in the canyons of the Deschutes and Crooked Rivers the "Deschutes

sands." Williams (1924) changed the name to the ttfleschutes Formation"

because of numerous interbedded basalt flows, and Stearns (1931)

named the "Pelton Basalt tiember of the Deschutes Formation."

Hodge (1928, p. 350) objected to the name "Deschutes Formationt'

for two reasons. First, he felt that the strata are equivalent to

the Dalles Formation, which was named earlier for similar beds far

to the north in the Dalles Basin. Second, he felt that the name did

not suggest a type area because the Deschutes River spectacularly

exposes many formations. He renamed the strata the "Madras Formation,"

a name which is subject to the same two objections.

Hodge (1942, p. 23) later used the name t'Dalles Formation for

these strata, citing the equivalence and the historical priority of

the Dalles Formation.

This confusion in stratigraphic nomenclature has continued to

the present day. These strata have been called the "Dalles Formation"
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by Waters (1968a), Robinson (1975), and Robison and Laenen (1976).

The term "Madras Formation" was used by Williams (1957), Hewitt (1970),

Robinson and Stensland (1979), Robinson (1981), and Walker (1981).

The same strata have been called the "Deschutes Formation't by

Stensland (1970), Taylor (1973; 1980), McBirney et al. (1974), Hales

(1975), Peterson et al. (1976), Priest et al. (1982), Jay (1983),

Hayman (1984), Conrey (1985), and Yogodzinski (1986).

As shown by the geologic mapping of Waters (1968a; 1968b) and

by reconnaissance of Farooqui et al. (1981), these strata are confined

to a depositional, structural, and topographic basin south of the

Mutton Mountains anticline (Figure 2). The basin is here termed the

Madras Basin. The term Deschutes Basin could also be used, and has

been by many workers recently (e.g., Smith et al., 1987), but could

be confused with the hydrologic basin of the Deschutes River. If

any strata were deposited which linked the Madras Basin and the

Tygh and Dalles Basins to the north, they have since been eroded

from the crest of the Mutton Mountains anticline and have been covered

by younger strata to the west of the Mutton Mountains. The Madras

Basin may have had a slightly different history than these other

basins; the stratigraphic sections of Farooqui et al. (1981) show

significant lithologic differences between the strata in the three

basins. The name "Dalles Formation" is therefore inappropriate for

the strata in the Madras Basin. Because the name "Deschutes sands"

was first applied to these strata (and in a widely available publi-

cation of the United States Geological Survey), the name "Deschutes

Formation" takes precedence over the name "Madras Formation.0 This

same view is held by Beaulieu (1972, p. 18) and Baldwin (1981, p. 138).

Farooqui et al. (1981) proposed a new stratigraphic terminology

in which the name "Dalles" is elevated to group status to include

the Deschutes and four other formations. Each formation was deposited

in a separate basin formed by folding of the Columbia River Basalt

Group. Although similar in age, the formations are not completely

correlative (see Figure 2 of Farooqui et al., 1981, p. 133). The

five formations are very different in lithology, with widely different

amounts of unreworked pyroclastics, mafic lavas, and nonvolcanic
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sediment. The type of pyroclastic flows varies from one formation
to another (see the measured sections of Farooqui et al., 1981), and
it is likely that the provenance of the volcanic sediments also
differs. Such lithologically and petrologically distinct formations
in widely separated basins should not be grouped together, even if
of similar age. Their choice of the name "Deschutes FormationT' is
commendable, but the "Dalles Group" has little utility and will
not be used in this report.

The present extent of the Deschutes Formation is shown in
Figure 2. To the north it laps against the Mutton Mountains
anti.cline and to the east on the Blue Mountains anticline. These

structures were developed in the Clarno Formation of late Eocene
to early Oligocene age, John Day Formation of early Oligocene to
early tliocene age, and the middle tliocene Columbia River Basalt Group.
East of the thesis area the Blue Mountains anticline and related
structures were active during deposition of the John Day Formation
(Robinson, 1973, p. 22; Robinson, 1981, p. 34) and Columbia River
Basalt Group (Swanson and Wright, 1981, p. 3). Folding of these struc-
tures after deposition of the Columbia River Basalt Group formed the
Madras Basin, into which the Deschutes Formation was deposited.

The southern extent of the Madras Basin is not known because
the Deschutes Formation is covered to the south by younger basaltic
lavas of the High Lava Plains physiographic province (Figure 2).
To the west the Deschutes Formation is bordered by the High Cascade
tiountains, a north-trending platform about 20 miles wide composed of
basalt and basaltic andesite shield volcanoes (Taylor, 1980, p. 1),
with spectacular but volumetrically minor stratocones of more silicic
composition. West of the High Cascades is the Western Cascade Range
consisting of older, deeply eroded volcanics.

Hodge (1938) stated that the Deschutes Formation passes by a
gradational contact into and underneath High Cascade lavas to the
west. Hodge (1942, p. 25) stated that the Deschutes Formation
thickens to the west and that its source was the High Cascades.
Williams (1957) noted that the volcanoes of the High Cascades were
no older than Pliocene, so he concluded a Plio-Pleistocene age for
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the Deschutes Formation. Hewitt (1970, p. 37) followed this age

assignment, and thought that the rimrocks might even be Recent

(p. 41). However, these ages were younger than the early Pliocene

to middle Pliocene age assigned by Chaney (1938) to a flora from

the Deschutes Formation.

Potassium-argon dates obtained by Armstrong et al. (1975)

showed that a significant age difference exists between the High

Cascade volcanics (mostly less than 2.5 ha) and the Deschutes

Formation (from 3 to 16? ha). The source of the Deschutes

Formation, though certainly lying to the west, could not be the

High Cascades.

The solution to this problem was suggested by Hales (1975) and

expanded by Taylor (1980). Hales (1975) showed that the Deschutes

Formation was downdropped on the west side of a north-trending fault

system, forming the steep west face of Green Ridge (Figure 2). The

gentle east side of Green Ridge represents the dip slope of east-

flowing lavas. The source of the Deschutes Formation must lie to the

west, downdropped several thousand feet and buried by the High Cascade

volcanics. The timing of faulting could be constrained between 4.5 Na

(youngest rocks truncated by the fault) and 2 Na (oldest lava ponded

by the fault) (Hales, 1975, p. 73). Hales (1975) pointed out that the

Green Ridge fault is only one segment of the High Cascade volcano-

tectonic depression.

Taylor (1980) suggested further that the Outerson Formation

in the Western Cascades was derived from the same source as the

Deschutes Formation. The source volcanoes, which subsided into the

volcano-tectonic depression, were termed the Plio-Cascades by Taylor

(1980, p. 3). A change in subduction system was suggested as a

possible cause of crustal relaxation and subsidence, and the resulting

crustal tension may have aided the rapid ascent of voluminous High

Cascade diktytaxitic basalts (Taylor, 1980, p. 4).

Priest et al. (1982), viewed the development of the Cascades in

four episodes. The Early Western Cascade episode, from 40 to 18 Na,

consisted mostly of silicic tuffs, tholeiitic mafic lavas, and silicic

lavas erupted in a wide belt in the Western Cascades and associated
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with northwest-trending lateral faulting. The Late Western Cascade

episode, from 18 to 9 Ma, consisted mostly of intermediate lavas and

tuffs erupted from the same region. This episode was accompanied by

northeast-trending faults and folds. The Early High Cascade episode,

from 9 to 4 Ma, represents a substantial narrowing of the volcanic

belt to the High Cascades and the eastern part of the Western Cascades.

The volcanics include mostly diktytaxitic olivine tholeiites and

compact high-alumina basalts and basaltic andesites, with many

andesites and silicic tuffs. This episode was accompanied by N20°W

to N40°W normal faults and intrusions, and continued lateral faulting

on northwest trends. The end of this episode was marked by broad

uplift of the Western Cascades and foundering of the High Cascades

along north-trending normal faults. Finally, the Late High Cascade

episode, from 4 to 0 Ma, consists chiefly of mafic lavas forming

relatively undissected shield volcanoes, some intermediate composite

cones, and minor silicic tuff and lava. Widespread diktytaxitic

basalt, intracanyon in eroded older rocks, was also erupted during

this episode. Subsidence of the High Cascades probably continued

along north-northwest- to north-trending faults. The history of the

Deschutes Formation as envisioned by Taylor (1980) fits well into

this context as part of the Early High Cascade episode (Priest et al.,

1982, p. 24).

Smith et al. (1987) refined the timing of the Deschutes

Formation using the 40Ar/39Ar age-spectrum method. Aggradation

began about 7.4 Ma (lowest basalt in Madras Basin has age of 7.42

± 0.22 Ma and lava flow near base of Green Ridge has age of 7.27

± 0.08 Ma). Initial subsidence began about 5.4 Ma and culminated

about 5.3 Ma. Intrabasinal volcanism continued until 3.97 ± 0.05 Ma.

The study area has been mapped previously by several workers.

Hodge (1928) published a reconnaissance geologic map of the Madras

30' quadrangle, at a scale of 1:125,000, which distinguished only

three units in the thesis area. Waters (1968a) mapped the same

quadrangle and distinguished more units in the study area.

Peterson and Groh (1970) included the eastern one-third of the
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thesis area in their geologic map of The Cove Palisades State Park,

but distinguished only three units. The first detailed study which

included the study area was an Oregon State University Master's

thesis by Hewitt (1970). He mapped 95 square miles at a scale of

1:24,000 and distinguished many different ash-flow tuffs and lava

flows.

Purpose and Procedure

Hewitt (1970) provided an adequate description of the

general geology of the thesis area, and it would at first appear

that further study is not required. However, Hewitt (1970) mapped

a very large area and could spend only limited time in the thesis

area. Furthermore, facilities for chemical analysis and magnetic

polarity determination were not available to him. He also did not

make detailed observations of the sedimentary rocks in the study

area.

More importantly, the previous studies by Hodge (1928), Waters

(1968a), and Hewitt (1970) are not sufficient to decipher the

detailed stratigraphy of the Deschutes Formation. Stratigraphic

correlations are most accurate when done with individual lava

flows, tuffs, or other units. However, Hodge (1928) and Waters

(1968a) did not describe individual units. Hewitt (1970) dis-

cussed several ash-flow tuffs, but most of these are composites of

several different units. Also, he did not describe the lava flows

individually.

The major goals of this study are: 1) to describe, in detail,

the stratigraphy in the thesis area, 2) to relate this stratigraphy

to the history of the Madras Basin, changes in volcanism, and to the

formation of the High Cascades volcanotectonic depression, and 3) to

provide adequate descriptions of the units to allow correlations to

other areas. This study provides an important link between the criti-

cal exposures on Green Ridge and in the Deschutes Canyon, and forms

part of a detailed study of this region (Figure 3) by Oregon State

University students under the direction of E. M. Taylor. This study
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was closely coordinated with that of Conrey (1985), whose thesis

area is located to the south and west.

Seven weeks were spent mapping during the summer of 1981 and

20 weeks during the summer and fall of 1982. Data were recorded on

a 1:12,000 scale enlarged topographic map with a minimum amount of

interpolation between outcrops, producing an outcrop geologic map

(Plate 1). The elevation of outcrops was estimated in the field from

topography. Maximum error is therefore about one contour interval

(40 feet), although in most instances elevations are believed to be

accurate to within 20 feet. After review in the office and field, and

examination of low- and high-altitude aerial photographs, contacts of

lavas and a few tuffs were extrapolated (Plate 1). Most tuffs and

sedimentary rocks are shown on Plate 1 as discrete outcrops because

they crop out discontinuously, cannot be correlated between outcrops,

and are complexly interbedded with other units. Considerable time

was spent observing and describing the various sedimentary lithol-

ogies, textures, and structures. Representative samples of each type

were collected, as were many fossil specimens. Also, paleocurrent

directions were determined wherever possible.

Even though access to the Warm Springs Indian Reservation

could not be obtained, excellent outcrops on the south-facing side

of Metolius Canyon were observed through binoculars and on low-

altitude aerial photographs to help determine the sequence and

correlation of units exposed in the study area.

Geologic cross sections were constructed from the geologic map

and are presented as Plate 2. A composite stratigraphic diagram

(Plate 3) was also constructed to illustrate complex stratigraphic

relationships. The construction of this diagram will be discussed

in detail in a later chapter.

Eight water wells have been drilled in the thesis area. Although

the rock descriptions in the well logs are enigmatic and ambiguous,

they dependably differentiate lavas from other units. This information

proved useful in estimating the distribution of some lavas, and is

included in Appendix 1.

About 900 samples were collected from the study area, of which
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over 600 were oriented bulk samples for paleomagnetic polarity deter-

mination by fluxgate magnetometer. Many samples were collected from

each unit to insure accurate correlations between outcrops and to

detect and eliminate incorrect determinations because of movement

after cooling, weak magnetization, and remagnetization during alter-

ation or lightning strikes.

The color of hand specimens was described using the color names

in the G.S.A. Rock-Color Chart (Rock-Color Chart Committee, 1948),

but the Munsell numerical designations are not used here.

Bulk samples of lava flows and pumice samples from ash-flow

tuffs were chemically analyzed by the procedures outlined in

Appendix 2. The analyses and CIPW norms are presented in Appendix 3.

Rocks are named according to the nomenclature proposed by Taylor

(1978, p. 11). Rocks with 48-53 weight percent silica (water-free,

all iron as FeO*) are classified as basalt; 53-58%, basaltic andesite;

58-63%, andesite; 63-68%, dacite; and greater than 68%, rhyodacite.

Rocks with greater than 73% silica and more than 4% K20 are classified

as rhyolite. Mineralogy of all analyzed flow rocks was determined

in thin section.

Over 200 thin sections from lava flows, ash-flow tuffs, lithic

fragments in ash-flow tuffs, and sedimentary rocks were examined.

All ash-flow tuff and sedimentary rocks required impregnation. No

point counts were performed; all modes were estimated. Composition

of plagioclase was determined by traditional petrographic methods.

The locations of all samples observed in thin section, chemically

analyzed, or otherwise discussed in this text are tabulated in

Appendix 4. The locations of all samples collected are shown on

Plate 1.



DESCRIPTION OF MAPPED UNITS

Four surficial and 61 bedrock units were individually mapped in

the thesis area. These units are described in ascending stratigraphic

order in this section. The Deschutes Formation units are grouped by

lithology, and then described in ascending stratigraphic order.

Detailed descriptions of each of the mapped units begin with field

characteristics, followed by hand specimen descriptions, petrography,

and finally chemical analyses. Sedimentary rocks and related units,

which were not mapped individually, are discussed in a later chapter.

Interpretations of stratigraphy, structure, and petrology are also

withheld until later chapters when all units may be discussed together.

Pre-Deschutes Formation Units

Hornblende Andesite (Tha)

In the extreme northwest corner of the thesis area are several

poor, discontinuous outcrops and abundant talus of hornblende andesite

(Plate 1). No complete flows were observed, for outcrops consist either

of poorly exposed joint blocks or of agglomerate. The agglomerate con-

tains subrounded cobbles of hornblende andesite supported b,r a sandy,

crystal-rich matrix. Hales (1975) found that the hornblende andesite

forms part of a large, deeply eroded, composite volcano at the north

end of Green Ridge. The hornblende content decreases in younger

lavas of this volcano until the youngest lavas are typical two-pyro-

xene andesites (Hales, 1975, p. 14). This volcano will hereafter

be called the Castle Rocks volcano, for a prominent cliff of agglo-

merate on Green Ridge (Hales, 1975, p. 18).

The colors of the hornblende andesite are various pastel shades

of purple, red, and green. Weathered surfaces are light brown and

conspicuously grainy. Host specimens contain conspicuous black

hornblende phenocrysts. Some specimens contain up to 10% hornblende

phenocrysts up to 1 cm long, with cores and rims altered to green

minerals. Other specimens contain fewer and smaller hornblende pheno-

crysts, and some specimens contain no noticeable hornblende. At least

14
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15% stubby plagioclase phenocrysts (up to 1 mm) are present in all

specimens, and give these rocks a speckled appearance.

One thin section (786) of this unit contains 10% hornblende pheno-

crysts which average 7 mm long and 2 mm wide. The phenocrysts are

subhedral and extremely altered. Many phenocrysts are cored by

medium-crystalline aggregates of plagioclase, orthopyroxene, some

augite, a few opaques, and cristobalite. These aggregates mimic the

shape of the enclosing phenocrysts, and therefore are probably not

glomerocrysts partially converted to hornblende by an increase in the

partial pressure of water vapor in the magma. Rather, the aggregates

probably represent the breakdown of zones in the hornblende phenocryst

by a decrease of the partial pressure of water vapor upon ascent and

eruption of magma. The exteriors of all phenocrysts are rimmed by a

similar, though more finely crystalline aggregate. The little remaining

hornblende, pleochroic from pale brown to light brown to light greenish

brown, is surrounded by gray rims composed of opaque dust and tiny

unidentifiable minerals. Also common are patches of finely crystalline

alteration products: plagioclase, abundant opaques, pyroxene, and

bright orange iddingsite(?). Some phenocrysts are completely altered

to aggregates of plagioclase, orthopyroxene, some augite, and a few

opaques. Stubby, euhedral plagioclase (An 64) phenocrysts from 0.1

to 1 mm long constitute 25% of the rock. Most are clear, but a few

have sparse inclusions. Euhedral orthopyroxene phenocrysts (5%) aver-

age 0.3 mm long, while euhedral augite phenocrysts (5%) average 0.4 mm

across. The groundmass (55%) consists of randomly oriented microlites

of plagioclase and orthopyroxene(?) and opaque granules. One unusual

feature of this specimen is the presence of a trace of biotite. This

biotite has an anomalous pleochroism from light brown to colorless.

It is found in the coarse aggregates inside altered hornblende pheno-

crysts, as rare free phenocrysts which appear deformed by flow or by

growth of adjacent crystals, and as very rare tiny grains in the

groundmass.

No samples of this unit were analyzed, and the reader is referred

to Hales (1975) and the thesis of D. Wendland for chemical analyses

and detailed descriptions.



Altered Basaltic Andesite (Taba)

This unit is poorly exposed in three separate areas (Plate 1).

In the S 1/2 NW 1/4 sec. 27, T 11 5, R 11 E, this unit is found from

reservoir level up to an elevation of 1,980 feet, above which is the

Chinook tuff. At water level are exposed reddish breccias composed of

angular to subangular, fist-sized, vesicular blocks in a dense matrix.

Above the breccias are several isolated outcrops and abundant loose

blocks of dense lava. Some outcrops have steeply dipping platy joints.

In the two gullies in the SW 1/4 NW 1/4 sec. 27, T 11 5, R 11 E, this

unit is dominated by breccias with some large blocks and interbedded

layers(?) of dense lava. The second outcrop area is in lower Fly Creek

Canyon in the E 1/2 SE 1/4 sec. 27, T 11 5, R 11 E, where it is exposed

between 2,000 and 2,030 feet in elevation. The base of the unit is

not visible here, and most of the exposures consist of large (20 feet

across) blocks of lava, presumed to be in place, with steeply dipping

platy joints. The upper contact is visible at this locality, and con-

sists of angular, finely vesicular blocks (3 inches to 2 feet across)

directly overlain by an airfall pumice bed which is directly overlain

by the Chinook tuff. The third occurrence of this unit is at reservoir

level in the NW 1/4 SE 1/4 sec. 26, T 11 5, R 11 E. Here the canyon

slope has been excavated to build lakefront homesites, exposing part

of a large landslide. The landslide at this locality consists entirely

of angular slabs (0.5 to 2 feet across) of this unit. These slabs lie

subparallel to the slope, and apparently are talus from a subcrop of

this unit buried beneath the landslide upslope. Because none of these

outcrops expose the basal contact, thickness and gradient cannot be

calculated. In fact, no simple flow geometry explains the three

isolated outcrops. Surrounding exposures of the Chinook tuff show

that considerable relief was present on top of this unit, probably due

to erosion after this unit was emplaced and before the Chinook tuff was

deposited.

The breccias are highly oxidized to various shades of red, and

were not sampled. However, most dense lava samples are also oxidized,

with pale red to pale red purple colors. Weathered surfaces are gray-

ish orange pink, moderate orange pink, pale yellowish orange, and light

16
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brown. The most unaltered samples (367 and 628) are found in the large

areas of steeply dipping platy joints, and are medium to dark gray on

fresh surfaces. These weather dark yellowish brown. About 5% altered

mafic phenocrysts about 1 nun across are visible in most hand samples,

along with 20% plagioclase phenocrysts less than 1 mm across which give

these specimens a speckled appearance. Some specimens, however, are

more coarsely crystalline and lack distinct phenocrysts. A normal

paleomagnetic polarity was obtained from all outcrops of this unit.

The mineralogy is similar in all samples. Euhedral plagioclase

crystals (58%) typically range from 1.75 to 0.05 mm long. The crystals

are stubby to elongate, and range from poorly aligned to subparallel

in different specimens. Most plagioclase crystals are clear, but some

have cores rich in inclusions, commonly clinopyroxene, which can be

quite large. The maximum anorthite content is An 72, and all plagio-

clase crystals have strong normal zoning. Pale greenish gray augite

(16%) typically ranges from 0.6 to 0.02 mm long. Most crystals of

augite are subhedral, though some large stubby crystals are anhedral.

Opaque inclusions are common in larger augites, which also are

strongly zoned (many show excellent sector zoning). In some specimens,

all augite crystals are zoned. In many specimens, larger augites

have a slight yellow or bright orange color in their rims, while smal-

ler crystals are completely stained. Augite crystals in some samples

have pale brown cores. Both of these effects are probably a result of

oxidation. Euhedral prisms of orthopyroxene are abundant (13%) and

range from 0.25 to 0.01 mm long. Orthopyroxene is commonly oxidized,

usually resulting in bright orange to pale orange colors. In one

specimen, orthopyroxene is completely altered to dark reddish brown

oxides. Olivine, the mafic phase visible in hand specimens, consti-

tutes 6% and ranges from 1.75 to 0.1 mm across. Most olivine crystals

are subhedral, though some are anhedral (embayed), and some are euhedral.

Olivine is usually surrounded by fine-grained granular rims of ortho-

pyroxene with minor opaques and clinopyroxene (Figure 4). These pyroxene

crystals are commonly much fresher than those farther from olivine.

Most olivine is replaced by aggregates of opaque and orthopyroxene

granules, with the remaining olivine completely altered to bowlingite



Figure 4. Photomicrograph of olivine phenocrysts in altered
basaltic andesite. Olivine altered to opaque-ortho-
pyroxene aggregates (op/opx) and iddingsite (id), and
rimmed by orthopyroxene (opx). Specimen 363, 1.3 mm
across, plane light.
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or iddingsite (Figure 4). Olivine in one highly oxidized sample (366)

was replaced by opaques around the outside and along fractures and by

unidentified phyllosilicates and a few orthopyroxene grains in the

interior. In one comparatively fresh specimen (628), the olivine is

completely replaced by a brownish yellow phyllosilicate, greenish

yellow clay, and large clear crystals of carbonate. Opaques (4%)

range from 0.1 to less than 0.005 mm across. Host are oxidized to

deep reddish brown colors, and commonly are broken down into irregular

granular aggregates. The overall equant form (euhedral to irregular)

is preserved in some specimens.

Minor phases include pale green glass, which has probably altered

to very fine clay minerals. It varies in abundance in different speci-

mens, but is always fairly rare (1%). Small anhedral patches of horn-

blende (0.5%) were found in several specimens. The hornblende is

pleochroic from pale green to pale orange or pale brown, with a maximum

extinction angle of 27°. Hornblende occurs along fracture surfaces

and in light-colored areas deficient in mafic minerals. Cristobalite

(0.5%) also commonly occurs with hornblende in light-colored areas

(Figure 5). Locally, small interstices in these areas are filled with

yellow to brown opal (0.5%). Apatite (0.5%) is found dispersed through

all samples of this unit, and appears concentrated in the light-colored

areas. Diktytaxitic porosity is common in the light-colored areas

(Figure 5).

Some other features, though rare, deserve mention. One specimen

(363) has a large subspherical vesicle partly filled with cristobalite,

some hornblende, and a trace of augite. Another specimen has clear

crystals of carbonate filling small irregular vesicles. Many samples

contain what are interpreted to be "ghosts" of euhedral hornblende

crystals. The most common kind are small oval patches of tiny opaque,

pyroxene, and plagioclase granules, with the opaques more abundant

toward the rim. These commonly have vague six-sided outlines similar

to a hornblende cross section. Specimen 367 contains an aggregate of

coarse-grained clinopyroxene and plagioclase within an outline of a

typical hornblende cross section. Interestingly, the elongate crystals

radiate inwards from the rim. Another aggregate in specimen 367 with



Figure 5. Photomicrograph of interstitial minerals in altered
basaltic andesite. Cristobalite (ct) and hornblende
(hb). Altered olivine (ol) and orange-stained
orthopyroxene (opx) also visible. Low relief areas
are vesicles (v). Specimen 363, 1.3 mm across,
plane light.
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a vague outline resembling hornblende contains coarse crystals of

clinopyroxene, plagioclase, and biotite (pleochroic brown to clear),

with light green interstitial clay.

The texture of the altered basaltic andesite is variable.

Specimens 363, 601, and 628 are fairly equigranular, with poorly

developed pilotaxitic textures. The texture is not ideally pilotaxitic,

however, because of the stubbiness of many of the plagioclase crystals,

the poor alignment, and the abundance and coarseness of the mafic phases.

Specimens 367 and 627 are distinctly porphyritic, with all major phases

forming phenocrysts. Specimen 366 is senate and pilotaxitic. Specimens

366 and 627, both associated with breccias near the top of the exposures,

contain abundant, small irregular vesicles, and both samples are strongly

oxidized.

Four samples of this unit were analyzed (363, 367, 601, and 628

in Appendix 3). They are very similar, though not identical, with 54.1

to 55.6% S102 and 1.13 to 1.22% Tb2.

Deschutes Formation Units

Individually mapped Deschutes Formation units were named with

a general lithologic term (such as basalt, porphyritic andesite, or

basaltic andesite), followed by a number if there are more than one

unit of that rock type. In this case the units were assigned numbers

in ascending stratigraphic order. In some cases the exact stratigraphic

order of two units of a rock type could not be determined, so that

the numbers had to be arbitrarily assigned. Many important, prominent,

or widespread units were given informal names consisting of a location

where the unit is prominently exposed (capitalized) and rock type

(uncapitalized). The descriptive term ??tuff!t was used to name many of

the rock units, because other terms such as "ash-flow tuff," "ignimbrite,"

and "pyroclastic flow" have genetic connotations (Wright et al., 1980).

Admittedly, this is a poor system of nomenclature. There is

little in the name "basalt threet' to indicate the location of the unit

or the features which distinguish it from other basalts. Correlation
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of the stratigraphy presented here to other areas will greatly increase

the number of units, invalidating the present numbering system. But

there are not enough named locations to assign to all units, and a

system of letter codes like those used for Quaternary tephra layers

would be confusing. Different units have very similar lIthology, so

that simple rock names are not sufficient to differentiate units, and

names based on the subtle lithologic differences would be too cumber-

some. The present system of nomenclature must therefore be used.

None of the rock units named in this report are formal strati-

graphic units. Each is considered to be a "flow," which is the smal-

lest volcanic lithostratigraphic unit and the only one that can be

informal (North American Commission on Stratigraphic Nomenclature,

1983, p. 858). Smith (1987a, 1987b) and Smith and Hayman (1987)

have formalized many lava flows and tuffs, including several named

here, as members of the Deschutes Formation.

Basalts

Eight flows of basalt are present in the eastern two-thirds of the

thesis area, and a ninth enters the southwestern part (Plate 1). These

lavas form thin sheets and lobes, with nearly planar lower contacts.

At most localities, these basalts have multiple flow units defined by

vesicular bases and tops. The vesicles at the base are usually scat-

tered and elongated vertically; pipe vesicles are present in some flows.

The interiors are coarsely crystalline and diktytaxitic. The top of

each flow unit contains abundant vesicles, which are usually concen-

trated into horizontal sheets, producing slabby joint blocks. Overall,

these flows are jointed into large blocks, which are crudely columnar

in places. Extreme fluidity of these units is indicated by the near

absence of flow breccia and the presence of pahoehoe surfaces on slabby

joint blocks.

Similar phenocrysts and textures make these lavas difficult to

distinguish in the field. Olivine and plagioclase phenocrysts are

present in all units in at least trace quantities, and never constitute

more than 10%. Groundmass mineralogy is always plagioclase, augite,

and olivine. Both phenocryst and groundmass olivine are typically
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altered to iddingsite. Groundmass textures range from intergranular

to ophitic. Opaque crystals are small and few, and are generally

enclosed in augite or glass. All basalts have spectacular diktytaxitic

textures, especially in the interiors of flows. A little opal, and

rarely a little carbonate, can be found filling diktytaxitic vesicles

in most specimens. Dark weathering rinds are present in most specimens,

the result of infilling of diktytaxitic pores by oxides.

Many of these units are extremely similar in hand specimen, thin

section, and chemical composition. Subtle distinctive features for

each unit are summarized in Table 1.

Deschutes Arm Basalt (Tdb1)

This basalt is found at an elevation of 2,060 feet in the W 1/2

sec. 3, T 12 5, R 12 E, overlooking the Deschutes Arm of Lake Billy

Chinook, for which it is named. It pinches out at the north end of

these outcrops, but to the south it is covered by colluvium and probably

extends out of the thesis area. It is only 10 feet thick. The Deschutes

Arm basalt is a single flow unit in most places, but two in several

localities. It contains abundant pipe vesicles at the base, bent toward

the north and east, and in one locality, two subhorizontal tree molds

are oriented northeast. Therefore, this lava probably flowed northeast,

although it has no noticeable gradient. The Deschutes Arm basalt is

tentatively correlated with a basalt of identical thickness and eleva-

tion (and with abundant pipe vesicles) along the road grade out of the

Deschutes Canyon in the NE 1/4 NE 1/4 NW 1/4 sec. 21, T 12 5, R 12 E.

A whole rock sample from the basalt at this roadcut was K-Ar dated at

5.9 ± 1.0 Ma (Armstrong et al., 1975, p. 9; recalculated by Fiebelkorn

et al., 1982).

Hand specimens of the Deschutes Arm basalt are medium gray on

fresh surfaces and grayish orange to moderate yellowish brown on

weathered surfaces. Specimens are diktytaxitic and finely crystalline.

The Deschutes Arm basalt is nearly aphyric, with less than 1% yel-

low green olivine phenocrysts up to 1 mm long. Because of the

thinness of this flow, most specimens contain at least a few large
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Field
Characteristics

Hand Specimen
Characteristics

Thin Section
Characteristics

(ol-olivine, plag-plagioclase, phenos-phenocrysts, tr-trace, mod-moderate)

Chemical

Table 1. Distinguishing characteristics of Deschutes Formation basalts.

Tdb1 location; pipe vesicles 1% 01 phenos 1% 01 phenos; 1% plag phenos;
no spinel inclusions in 01
phenos

extremely high Tb2 (1.75%);
mod FeO*/MgO (1.23);
(compare Tdb2)

Tdb2 location; pipe vesicles aphyric 0.5% ol phenos;
tr plag phenos

low to mod T102 (0.84 to
1.01%); low FeO*/MgO (1.00)

Tdb3 strat. position 22 01 phenos; fairly
coarse grained; mottled
groundmass

42 ol phenos; 1Z plag pheno8;
ophitic groundmass

mod Ti02 (-1.03%)

Tdb4 strat. position 3% ol phenos; finely
mottled groundmass

4% 01 phenos; 12 plag phenos;
ophitic groundmass

low Ti02 (-0.80%); lower
FeO*, MgO, and CaO, and
higher Na20 and K20 than
Tdb5

Tdb5 location 2% 01 phenos; finely
mottled groundmass

32 01 phenos; tr plag phenos;
ophitic groundmass

low Ti02 (0.822); (com-
pare Tdb5)

Tdb6 strat. position conspicuous plag; coarse
groundmas8

2% ol phenos; 72 plag phenos;
coarse groundmass

mod low Ti02 (-0.892)

Tdb7 location extremely coarse texture;
aphyric

extremely coarse texture; aphyric;
no spinel inclusions in olivine

high Ti02 (1.37%); high
FeO*/MgO (1.54)

Tdb8 location 3% 01 phenos; coarsely
mottled groundmass

4.5% ol phenos; 0.5% plag phenos;
spectacular ophitic groundmass

low to mod Ti02 (0.79 to
0.90%; (compare Tdb9)

Tdb9 location; vesicle
cylinders

ol and plag glooerocrysts 01 and plag glomerocrysts low Ti02 (-0.82); lower
FeO* and MgO, and higher
p_n V_fl .-k,_
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irregular vesi.cles. This unit has normal paleomagnetic polarity.

In thin section, this unit contains an average of 1% olivine

phenocrysts (avg. 0.5 mm across). Some are euhedral, but most are

irregular to skeletal. The olivine phenocrysts do not contain

inclusions, and are relatively unaltered, with only a weak yellow

brown stain in the rims. Stubby, euhedral plagioclase phenocrysts

(1%) average 0.5 mm long. They commonly contain inclusion-rich

zones and are normally zoned. The groundmass contains 53% randomly

oriented narrow plagioclase laths which range from 0.3 to 0.6 mm

long. The minimwn anorthite content is An 60. Two types of clino-

pyroxene (25%) are present (Figure 6). Pale gray clinopyroxene

(moderate to large 2V) occurs as anhedral subophitic patches (avg.

0.5 mm across) and as smaller intergranular patches. Brownish

gray clinopyroxene (low to moderate 2V) occurs as euhedral bladed

crystals charged with tiny equant opaque crystals and associated

with glass. These crystals are arranged in parallel or sheaf-like

groups. Many single crystals grade from one type of clinopyroxene

to another, making it unlikely that the variety with low to moderate

2V is pigeonite. Rather, the pale gray variety is probably augite

whereas the darker variety is subcalcic augite or subcalcic

ferroaugite. The darker variety is more abundant in more finely

crystalline specimens, and may be a product of quench crystallization.

Subhedral olivine crystals (17%) are intergranular to subophitic

around plagioclase laths, and average 0.2 mm across. Deep brown

glass (trace) is associated with dark clinopyroxene and opaques

near vesicles. Opaques (3%) occur as blades, granules, and irreg-

ular patches, comionly imbedded in clinopyroxene, particularly the

darker variety. Diktytaxitic vesicles are abundant but are not

included in the above modal estimates. Small oval areas of finely

crystalline plagioclase, augite, and olivine also are present.

Taylor (personal communication, 1982) analyzed the basalt that

was dated by Armstrong et al. (1975, p. 9), which is tentatively

correlated with this unit. This basalt (M-5 in Appendix 3) contains

49.5% 5i02 and 1.75% Ti02.



Figure 6. Photomicrograph of Deschutes Arm basalt. Olivine (ol)
phenocrysts and groundmass crystals, light clinopyroxene
(cpx-l), and dark clinopyroxene (cpx-d) visible.
Specimen 888, 5 mm across, plane light.
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Juniper Canyon Basalt (Tdb2)

This unit is 18 feet thick at an elevation of 2,080 feet in the

SW 1/4 sec. 34, T 11 5, R 12 E in the Deschutes Canyon. It disappears

beneath colluvium to the south, and is believed to pinch out in the

NE 1/4 NW 1/4 sec. 3, T 12 5, R 12 E. This basalt can be followed

northward, although covered in many locations, to the Fletolius Canyon.

Traced westward through a covered interval, it thickens to about

40 feet, and forms spectacular outcrops in Juniper Canyon, for which

it is named (Figure 7). It can be traced farther west in fairly

continuous outcrops, maintaining a thickness of about 40 feet, to the

SE 1/4 sec. 25, T 11 5, R 11 E, where it thins again and pinches out

(Figure 8). In all locations it contains multiple flow units. Even

in the SW 1/4 sec. 34, T 11 5, R 12 E, where it is only 18 feet thick,

it contains four flow units. The Iowet flow unit commonly contains

pipe vesicles, which are consistently bent to the northeast in several

locations. The elevation of the base varies little from 2,080 feet;

changes in thickness are accomplished mostly by relief on top of the

flow. The Juniper Canyon basalt is also widely exposed on the north

side of the Fletolius Canyon. Smith (1987a) has correlated this unit

into the Seekseequa Junction quadrangle farther north, on the west

wall of the Deschutes Canyon.

Hand samples of this unit are medium light gray to medium gray

on fresh surfaces and weather grayish orange to dark yellowish brown.

No phenocrysts are visible in hand specimen. All specimens are finely

crystalline and contain abundant diktytaxitic vesicles. The Juniper

Canyon basalt has normal paleomagnetic polarity.

A few phenocrysts are visible in thin section. Olivine pheno-

crysts (0.5%) vary from 0.5 to 2 miii across. They are euhedral to

skeletal, and have variably iddingsitized rims. They commonly have

euhedral opaque inclusions and spherical inclusions of low-birefrin-

gence material (devitrified glass?). Some have inclusions of light

to medium brown, isotropic octahedra. These are probably aluminous

spinels, most likely picotite. Plagioclase phenocrysts (trace), up

to 1.5 imu long, have sieve-textured cores or zones and are normally
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Figure 7. Outcrop relations on east side of lower Juniper
Canyon. Top - photograph. Bottom - labelled
sketch. Total height shown about 300 feet.
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Fly Lake basalt

Juniper Canyon basalt

Figure 8. Outcrop relations in Metolius Canyon east of Big
Canyon. Looking east. Top - photograph. Bottom -
labelled sketch.
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zoned. Plagioclase laths (60%) in the groundmass are randomly

oriented and vary from 0.25 to 1 mm long. They are normally zoned

from An 61 to thin rims of An 2.5. Pale brown to pale gray augite

(21%) occurs mostly as subophitic patches up to 1 mm long, but also

occurs as subhedral intergranular crystals. Subhedral to euhedral

olivine (16%) varies from 0.1 to 0.25 mm across. The margins of some

are altered to iddingsite. Olivine and augite are usually concentrated

in different areas. A trace of brown glass is present in most speci-

mens, and opaques (2.5%) occur imbedded in augite and glass. Some

equant aggregates of small rounded opaque granules have overall sub-

hedral to euhedral outlines, and may represent breakdown products of

an earlier phenocryst phase. Diktytaxitic texture is evident, and

some diktytaxitic vesicles are filled by opal, with cracks in the

opal filled by calcite.

Two chemical analyses of this unit (35 and 605 in Appendix 3)

have typical basalt values (49.4 and 49.6% 5i02), and also suggest

some heterogeneity in this unit (0.84 and 1.01% Ti02, 10.0 and 9.0%

MgO). One explanation of this heterogeneity is that the Juniper

Canyon basalt may represent two or more different lava flows. These

lava flows could have been emplaced adjacent to one another, and the

contacts or gaps between the flows hidden in a covered interval. If

such a gap exists, it probably occurs in sec. 28, sec. 27, or sec. 34,

T 11 5, R 12 E, where the Juniper Canyon basalt is extensively covered

by talus or Crooked River basalt. However, it is equally likely that

the flows may overlap, and the flow contacts are hidden among the num-

erous flow unit contacts. Alternatively, the Juniper Canyon basalt

may represent a single heterogeneous lava flow.

The Deschutes Arm basalt and Juniper Canyon basalt have a similar

elevation and thickness in the Deschutes Canyon. Both are characterized

by pipe vesicles, and hand specimens are indistinguishable. The Deschutes

Arm basalt has a considerably higher Ti02 content and FeO*/MgO ratio

than the Juniper Canyon basalt, yet considerable heterogeneity is pre-

sent in the Juniper Canyon basalt. However, because the pinchout of the

Deschutes Arm basalt was visible, this unit can properly be excluded

from the Juniper Canyon basalt. This is confirmed by slight petro-



graphic differences summarized in Table 1.

Big Canyon Basalt (Tdb3)

This is one of the most widespread units in the thesis area, and

is a valuable marker. Unlike the Juniper Canyon basalt, the Big Canyon

basalt is continuously exposed throughout its extent, except where

covered by the Crooked River basalt. The thickness of the Big Canyon

basalt varies from about 60 to 80 feet. The Big Canyon basalt occurs

at an elevation of 2,190 feet along the Deschutes Canyon; no gradient

is visible in this area. No gradient is detectable as far west as

Juniper Canyon (Figure 7), but the basal elevation then begins to rise

to about 2,240 feet at good outcrops in Big Canyon, for which this unit

is named. The basal contact continues to rise into the NW 1/4 NW 1/4

NW 1/4 sec. 36, T 11 5, R 11 E, where it is at an elevation of

2,520 feet. West of there it decreases to 2,340 feet in the NW 1/4

NW 1/4 SW 1/4 sec. 27, T 11 5, R 11 E, where the Big Canyon basalt

pinches out. It appears that some very slight warping along a north-

trending axis might have occurred since deposition of this unit. The

Big Canyon basalt is also widely exposed across the Metolius River in

the Warm Springs Indian Reservation. Two separate outcrops are also

considered to be Big Canyon basalt on the basis of similar mineralogy,

chemical composition, and paleomagnetic polarity. One occurs at an

elevation of 2,260 feet in the E 1/2 sec. 28, T 11 5, R 11 E. The

other occurs at an elevation of 1,980 feet in the SW 1/4 sec. 3, T 12 5,

R 12 E. These units, which pinch out along the canyon walls, are thought

to be connected to the main mass of the Big Canyon basalt in the sub-

surface. The Big Canyon basalt consists of multiple blocky jointed

flow units, some of which are up to 40 feet thick.

Smith (1987a) has traced this unit northward into the Seekseequa

Junction quadrangle, in the east wall of the Deschutes Canyon, from

where a narrow lobe extends northeastward to Madras (Smith, 1987b).

Hand specimens of the Big Canyon basalt are medium light gray to

medium gray on fresh surfaces and moderate yellowish brown to dark

yellowish brown on weathered surfaces. Olivine phenocrysts, reddish
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due to alteration to iddingsite, are prominent in most specimens (2%).

They range up to 3 mm across. Plagioclase phenocrysts up to 3 mm long

are much rarer (trace). Diktytaxitic texture is prominent, and some

specimens appear mottled because of ophitic textures. The groundmass

is coarsely crystalline. The Big Canyon basalt has reversed paleomag-

netic polarity.

Thin sections of this unit contain an average of 4% olivine

phenocrysts, chich range up to 4 mm long. Smaller ones are euhedral,

whereas larger ones are skeletal. Adjacent skeletal olivine phenocrysts

with identical optical orientations represent parts of a much larger

skeletal crystal. The rims of olivine phenocrysts are altered to

iddingsite which is surrounded by clear, fresh rims where not covered

by adjacent plagioclase. Similar textures were attributed by Sheppard

(1962) to high temperature formation of iddingsite, followed by renewed

olivine crystallization. Baker and Haggerty (1967, p. 267) argue,

however, that iddingsite is a low temperature, post-magmatic alteration

product. It is possible that the features described above are produced

by low temperature alteration of a certain zone in olivine phenocrysts,

but such alteration would have to be very selective. Brown spinel and

opaque inclusions are common in olivine phenocrysts in the Big Canyon

basalt. Plagioclase phenocrysts are rare (1%) though fairly large (up

to 2.5 mm long). Some have sieve-textured cores, and all are normally

zoned from An 85 to thin rims of about An 20. The groundmass contains

randomly oriented plagioclase laths (59%) from 0.1 to 1 mm long. They

have cores of about An 62 and are normally zoned. Groundmass olivine

crystals (11%) are subhedral to euhedral and 0.1 to 0.3 nun across. Pale

greenish gray to light brownish gray augite (21%) is intergranular in

some specimens, but in most specimens occurs as subophitic to ophitic

patches (Figure 9). Medium brown glass (2%) occupies some interstices

between plagioclase laths, and is filled with tiny microlites and

skeletal opaque crystals. Opaques (2%) vary from equant skeletal

crystals in glass and augite to a few bladed crystals up to 0.40 mm

long. Examination of a polished section revealed that all forms are

titanomagnetite. Some opaque patches are partially molded around

plagioclase laths. Diktytaxitic vesicles are abundant and some are



Figure 9. Photomicrograph of Big Canyon basalt. Olivine (ol)
phenocrysts and ophitic augite (aug). Specimen 347,
5 mm across, crossed polars.
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filled by light brown opal. Some specimens exhibit alteration of sub-

ophitic augite and groundinass olivine to a finely granular, opaque to

deep red material, probably hematite, which also fills diktytaxitic

vesicles. Some specimens from near the flow base have aligned plagi-

oclase laths, more opaques, and intergranular crystals of darker

(medium brownish gray) clinopyroxene. These pyroxenes are charged

with opaque crystals, commonly in long chains or in skeletal forms,

and probably are subcalcic augite or subcalcic ferroaugite. The iso-

lated flow in the SW 1/4 sec. 3, T 12 5, R 12 E is characterized by

this texture.

Four analyses of this unit (55, 124, 347, and 697 in Appendix 3)

are all fairly similar with S102 from 50.6 to 52.7% and Ti02 from

0.99 to 1.08%. There is a suggestion, however, of some heteroge-

neity in this unit in the MgO (8.7 to 9.9%) and CaO (10.80 to

11.67%) contents.

Basalt Four (Tdb4)

This lava is exposed in the Deschutes Canyon at an elevation of

2,280 feet, in the W 1/2 sec. 3, T 12 S, R 12 E. It forms a lens, with

a nearly planar base and a convex top (Figure 10); the flow clearly

pinches out to the north and south. The maximum thickness is about 40

feet, and in most sections it is a single flow unit. The flow direction

of Tdb4 could not be determined because of limited exposures and lack

of flow indicators, and this unit has no detectable gradient.

Hand specimens of Tdb4 are medium gray to medium dark gray where

fresh, and grayish orange to moderate yellowish brown on weathered

surfaces. Olivine phenocrysts, up to 2 mm across and altered to red-

dish colors, are prominent (3%). The groundmass is fairly coarsely

crystalline, diktytaxitic, and finely mottled. This unit has

reversed paleomagnetic polarity.

Thin sections contain an average of 4% olivine phenocrysts.

Smaller ones (0.5 mm across) are euhedral, but larger ones (1.0 mm

across) are skeletal and irregular. Adjacent skeletal phenocrysts

with identical optical orientations may represent parts of larger
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Figure 10. Outcrop relations in Deschutes Canyon. Looking north
to SW 1/4 sec. 3, T 12 S, R 12 E. Top - photograph.
Bottom - labelled sketch.
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skeletal phenocrysts. Transparent brown spinel inclusions, up to

0.25 mm across, are common in olivine phenocrysts. Euhedral aggregates

of opaque granules, the breakdown products of an earlier phenocryst

phase, occur imbedded in or adjacent to olivine phenocrysts. Stubby,

euhedral plagioclase phenocrysts (1%) also are found. These vary from

0.5 to 1.5 mm long. They commonly have sieve-textured cores or zones,

with a composition of about An 59, surrounded by a reversed zone.

Groundmass plagioclase laths (55%) vary from 0.25 to 1 mm long and are

usually aligned. They have an anorthite content of about An 57. Sub-

hedral to euhedral olivine crystals (12%) vary from 0.05 to 0.2 mm across.

Light brownish green augite (23%) occurs as slightly elongate ophitic

patches up to 1.5 mm long and as smaller intergranular anhedra. Some

groundmass olivine crystals are enclosed in the ophitic augite, but

most occur in separate areas. Opaques (2%) occur as bladed crystals

and as skeletal or dendrItic forms in augite and in medium brown glass

(3%). The phenocryst and groundmass olivine crystals in most specimens

have rims altered to iddingsite, and olivine in a few specimens has

altered to an opaque material, which also fills diktytaxitic vesicles.

Two analyses of this unit (733 and 750 in Appendix 3) are virtually

identical: 51.8 and 51.6% S102, 0.81 and 0.80% Ti02, and 8.96 and 8.98%

FeO*.

Basalt Five (Tdb5)

This unit crops out on both sides of a small canyon in the SE 1/4

SE 1/4 sec. 32, T 11 5, R 12 E. The outcrops consist of numerous rounded

blocks which appear to be in place. This appears to be a narrow lobe,

with undetermined flow direction and gradient.

Hand specimens of this unit are medium gray where fresh, and mod-

erate yellowish brown to dark yellowish brown on weathered surfaces.

Olivine phenocrysts (2%), altered to reddish colors, are up to 2 mm

long. The groundmass is finely mottled on some freshly broken surfaces

and on cut surfaces. Unit Tdb5 has reversed paleomagnetic polarity.

In thin section, this lava contains an average of 3% olivine pheno-

crysts and a trace of plagioclase phenocrysts. Olivine phenocrysts



This unit is prominently exposed near the top of the Deschutes
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vary from euhedral crystals 0.5 mm across to skeletal forms 3 mm across.

Brown spinel inclusions and larger euhedral aggregates of opaque granules

are common (Figure 11). One large spinel inclusion grades into an

aggregate of opaques toward the margin of the enclosing olivine pheno-

cryst. Haggerty and Baker (1967, p. 246-247) described darkening of

spinel inclusions in olivine by high temperature alteration. Augustithis

(1978, p. 11) noted a similar oxidation of the margins of spinels in

mantle xenoliths to opaque rims. This suggests that the euhedral

aggregates of opaque granules are products of the breakdown of spinel

crystals. Plagioclase phenocrysts vary from elongate crystals 1 mm

long to equant crystals 0.6 mm across. Most have sieve-textured cores,

and all are normally zoned from An 74 to An 52. Groundmass plagioclase

laths (38%) vary from 0.1 to 1 mm long. A few have sparse inclusions,

but most are clear. They have a composition of about An 57. Subhedral,

equant olivine crystals (14%) average 0.15 mm long in the groundmass.

Both phenocryst and groundmass olivine are prominently altered to deep

red brown iddingsite (Figure 11). Only the rims of phenocrysts are

altered, whereas groundmass olivine is either completely altered or

altered only in the core. Pale green augite (34%) forms large ophitic

patches up to 2.5 mm across which enclose randomly oriented plagioclase

laths. Smaller intergranular augite grains, from 0.05 to 0.1 mm across,

have a slightly darker green color. Turbid gray glass (8%), located

in interstices between plagioclase laths, contains microlites, opaque

granules, and euhedral opaques. The color of the glass varies with

proximity to opaque crystals and with the amount of opaque dust.

Opaques (3%) vary from bladed to equant crystals. Diktytaxitic

vesicles, between the ophitic augite patches, are commonly filled

with light brown opal, cristobalite, and finely crystalline calcite.

One analysis of Tdb5 (689 in Appendix 3) has values similar to

those for many other basalts: 51.2% 5i02 and 0.82% Tb2.

Lower Canadian Bench Basalt (Tdb6)



Figure 11. Photomicrograph of Tdb5. Euhedral aggregate to opaque
(op) granules with interstitial plagioclase (p1).
Nearby olivine (ol) phenocrysts with opaque inclusion
and iddingsite rims. Specimen 689, 1.3 mm across,
plane light.
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Canyon from the NE 1/4 SW 1/4 NE 1/4 sec. 34, T 11 5, R 12 E to the

NW 1/4 NW 1/4 sw 1/4 sec. 3, T 12 S, R 12 E. It forms a lens with

a nearly planar base and a convex top. The middle of the lens is

about 50 feet thick and in direct contact with the overlying Canadian

Bench basalt, which thins over it. Toward the ends of the lens about

30 feet of sedimentary rocks separate the two flows (Figure 12). The

Lower Canadian Bench basalt is also exposed southward from the SE 1/4

NE 1/4 SE 1/4 sec. 4, T 12 5, R 12 E. It can be traced to outcrops

along the paved road grade out of the Deschutes Canyon in the SW 1/4

SW 1/4 NW 1/4 sec. 21, T 12 5, R 12 E (Conrey, 1985). The basalt

forms a lobe, about 0.5 mile wide, which extends out and then back

into the plane of the Deschutes Canyon. It has a northward gradient

of about 55 feet/mile. Several flow units, commonly with abruptly

curving contacts (Figure 12), are found in this unit.

Hand samples of this unit are medium light gray to medium gray on

fresh surfaces, and weather grayish orange to moderate yellowish brown.

This unit is characterized by coarse plagioclase crystals; about 5%

plagioclase phenocrysts up to 3 mm long are prominent, and smaller

groundmass plagioclase is visible in some specimens. Olivine pheno-

crysts (1%), up to 1 mm across, are not conspicuous. The groundmass

is coarse grained and highly diktytaxitic. The Lower Canadian Bench

basalt has reversed paleomagnetic polarity.

Thin sections of this lava contain an average of 7% plagioclase

phenocrysts. They are difficult to distinguish because of the coarse

groundmass, but are stubbier and contain sieve-textured cores or zones.

Plagioclase phenocrysts vary from 0.7 to 3.5 mm long, and have a com-

position of about An 66. Olivine phenocrysts (2%) range from large

(1.5 mm across) embayed crystals to smaller (0.5 mm across) euhedral

crystals. Again, they are difficult to distinguish from the coarse

groundmass. Both types of olivine phenocrysts contain spinel inclu-

sions. Some glomerocrysts of plagioclase and olivine are up to 2 mm

across. Groundmass plagioclase laths (51%) vary from 0.25 to 1 mm

long. They are thin and randomly oriented, and have a composition of

about An 60. Olivine (13%) occurs as subhedral to anhedral groundmass

crystals from 0.1 to 0.25 mm across. The margins of both phenocryst



flow unit contact

Canadian Bench basalt

baked paleosol
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lower Canadian Bench basalt
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Figure 12. Canadian Bench basalt and Lower Canadian Bench basalt in Deschutes Canyon. NW 1/4 SE 1/4
SW 1/4 sec. 34, T 11 S, R 12 E. Left - photograph. Right - labelled sketch.
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and groundmass olivine crystals are altered to iddingsite, locally

surrounded by fresh olivine rims. Light greenish brown augite (21%)

forms subhedral crystals which are ophitic to subophitic around ground-

mass plagioclase and olivine. Medium brown glass (4%) fills some

interstices between plagioclase crystals. Equant euhedral crystals of

opaques (2%), commonly linked in skeletal and dendritic growths, occur

in glass and in augite.

Two analyses of the lower Canadian Bench basalt (105 and 759 in

Appendix 3) show similar chemical compositions (50.9 and 50.3% Si02

and 0.90 and 0.87% Ti02).

Basalt Seven (Tdb7)

This unit, found at an elevation of about 3,160 feet in the S 1/2

sec. 6, T 12 5, R 11 E, is the westernmost basaltic lava in the thesis

area. The basalt can be traced westward into the thesis area of

Conrey (1985), where it forms a large sheet which is covered to the

west by younger lavas. In the thesis area this unit forms a lobe

about 0.3 mile wide with a gradient of 80 feet/mile to the east-north-

east. It is a single flow unit about 30 feet thick.

Hand samples of this unit are medium gray on fresh surfaces and

moderate brown to dark yellowish brown on weathered surfaces. This

lava is very coarsely crystalline, and plagioclase crystals (up to 2 mm

long) and olivine crystals (up to 2 mm across) are plainly visible in

hand specimen. Very coarse diktytaxitic texture is conspicuous. This

unit has reversed paleomagnetic polarity.

In thin sections this unit is aphyric. Randomly oriented plagio-

clase laths (56%) average 1 mm long but range up to 2 mm long. They

have clear, unzoned cores (about An 62), with normally zoned rims.

Olivine (20%) occurs as subhedral and euhedral crystals from 0.1 to 2

mm across. The cores of larger olivine crystals are fresh or have

some light greenish brown iddingsite along cracks. The outer zones of

larger olivine crystals and the cores of smaller olivine crystals are

completely altered to orange brown iddingsite. The altered zones are

slightly rounded and are covered by euhedral to subhedral rims of
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unaltered olivine. This olivine has a pale green color, and based

upon its higher birefringence, is more fayalitic than the interior

olivine. This pale green, more fayalitic olivine also occurs as dis-

crete smaller crystals. Spinel inclusions are not found in olivine

of this unit. Colorless to pale green augite (17%) occurs as subhedral

intergranular crystals from 0.05 to 0.75 mm across. Medium brown to

medium gray glass (4%), charged with equant opaque crystals, opaque

dust, and microlites, fills some interstices. Most opaques (3%),

however, are bladed crystals up to 0.4 mm long (avg. 0.25 mm) and

equant forms up to 0.2 mm across (avg. 0.1 mm). Diktytaxitic vesicles

are very large (avg. 1 mm across).

No samples of this flow were analyzed, but according to Conrey

(1985), this unit is the same as one analyzed by Hales (1975, p. 85,

no. 385). This analysis (H385 in Appendix 3) reports 51.0% Si02 and

1.37% Ti02. Conrey (1985) reports another analysis of this unit

which is significantly different; the unit is therefore heterogeneous

or composed of more than one flow.

Canadian Bench Basalt (Tdb8)

This unit supports the plateau called Canadian Bench, for which

it is named, in the easternmost part of the thesis area (Plate 1).

It forms a sheet about two miles wide, with a gradient of about 50

feet/mile to the north-northeast. For most of its extent, this unit

is about 40 feet thick, but at three localities it is considerably

thicker. At the head of Juniper Canyon, in the SE 1/4 SW 1/4 sec. 33,

T 11 5, R 12 E, this basalt is about 60 feet thick. It is about 60

feet thick also at the north end of Canadian Bench in sec. 27, T 11 5,

R 12 E. These relations suggest a thicker axis of the flow sheet,

with the axis aligned north-northeast. At most localities, this

basalt is a single flow unit (Figure 12), but in many places two or

more flow units are present. In the W 1/2 NW 1/4 SE 1/4 sec. 27,

T 11 5, R 12 E, a lower flow unit occupies a shallow, flat depression

at the base of the main sheet (Figure 13). Here the Canadian Bench

basalt has its greatest thickness, about 120 feet. This flow unit is
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Figure 13. Outcrop relations in Deschutes Canyon. Looking
northwest to sec. 27, T 11 S, R 12 E. Top -
photograph. Bottom - labelled sketch.
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jointed into columns 1 foot in diameter, whereas the rest of the flow

is jointed into large blocks. The Canadian Bench basalt can be traced

south-southwestward out of the thesis area for at least six miles (D.

Stensland, personal communication, 1981), and then westward underneath

Squaw Back Ridge to near Green Ridge (Conrey, 1985). A whole rock

sample of this unit froi south of the thesis area was K-Ar dated at

5.0 ± 0.5 Ma (Armstrong et al., 1975, p. 9; recalculated by Fiebelkorn

et al., 1982).

Hand specimens of this unit are light gray to medium dark gray

(depending on the amount of diktytaxitic porosity) where fresh, and

moderate yellowish brown to moderate brown to dark yellowish brown on

weathered surfaces. Olivine phenocrysts, up to 4 mm long, are always

conspicuous (3%). Host are altered to reddish colors. Host specimens

are mottled, with lighter spots in a darker background. This feature

is subtle in some specimens and can be absent in finer specimens from

near the top or base of flow units, although it is more evident on cut

surfaces. Some specimens from the flow interior are spectacularly

mottled, with pale green spots about 3 to 4 mm across. These spots are

more resistant than the surrounding material, and form small bumps on

weathered surfaces. The Canadian Bench basalt has normal paleomagnetic

polarity.

Thin sections of the Canadian Bench basalt contain an average of

4.5% olivine phenocrysts from 0.5 to 2.5 mm across. Smaller crystals

are euhedral while larger ones are skeletal, and large aggregates of

skeletal olivine phenocrysts with identical optical orientation are

probably part of very large skeletal crystals (Figure 14). Euhedral

spinel inclusions, some large, are common in olivine phenocrysts.

Euhedral aggregates of opaque granules are found attached to or

enclosed in olivine phenocrysts. Plagioclase phenocrysts (0.5%) up

to 0.75 mm long have sieve-textured cores and a composition of An 71.

The groundmass includes randomly oriented plagioclase laths (52%)

which average 0.5 mm long. Subhedral olivine crystals (13%) from 0.1

to 0.3 mm across occur between the plagioclase laths. Pale green

augite (26%) forms spectacular ophitic patches. These are commonly

1 nun across, and can reach 3 mm across. The augite encloses some



Figure 14. Photomicrograph of skeletal olivine phenocrysts in
Canadian Bench basalt. Note identical optical
orientations. Specimen 705, 5 mm across, crossed
polars.
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olivine crystals as well as plagioclase laths, but in most cases the

olivine crystals tend to be excluded from these areas. Areas between

the ophitic augite patches have abundant diktytaxitic vesicles and a

little glass between the plagioclase laths. The glass (2%) is light

to medium brown and charged with opaque dust and tiny microlites.

Bladed opaque crystals (2¼) are enclosed in glass and augite. Pheno-

cryst and groundmass oljvjne have rims altered to iddingsite, and

smaller crystals are completely altered to iddingsite. In some

specimens, augite and olivine are partially altered to an opaque

material which also fills angular interstices between plagioclase

laths. The columnar-jointed flow unit, at first thought to be a

different flow, has the same phenocryst assemblage, but the groundmass

is intergranular to subophitic and glass is slightly more common. A

little light brown opal is found in diktytaxitic vesicles in some

specimens of the Canadian Bench basalt. At a few locations, attrac-

tive specimens of botryoidal colorless opal can be found in fractures

and large vesicles.

Three chemical analyses of this unit (97, 705, and 765 in

Appendix 3) are all very similar; Si02 from 50.3 to 51.1%, Ti02 from

0.79 to 0.90%, and FeO* from 8.80 to 8.90%.

Fly Lake Basalt (Tdb9)

This unit caps the plateau in the central third of the thesis

area. It surrounds Fly Lake, for which it is named. Conrey (1985)

correlated the Fly Lake basalt westward to the east side of Green

Ridge. In the thesis area it is a thin sheet, about 30 feet thick,

with a gradient of about 85 feet/mile to the east-northeast. In the

NE 1/4 sec. 6, T 12 S, R 12 E, the Fly Lake basalt becomes thicker,

and in the W 1/2 NW 1/4 sec. 5, T 12 S, R 12 E it ponded against and

overlaps the Canadian Bench basalt. The Fly Lake basalt is dissected

by Big Canyon and its tributaries. The Fly Lake basalt in this region

divided into many east-northeast-trending lobes which support the

plateaus, while intervening areas were eroded to produce Big Canyon.

The lobes were not controlled by topography, because the base of this
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unit has almost no relief. The northwest margin of the Fly Lake

basalt apparently controlled the location of Fly Creek, causing it to

erode across the Fly Creek Ranch basaltic andesite. Several quarries

for fill-dirt are located on the plateau supported by the Fly Lake

basalt. These quarries are deep enough to expose the Fly Lake basalt

if it were present, judging from the elevations of nearby outcrops,

yet the quarries penetrate only sediments. These areas are believed

to be gaps in the Fly Lake basalt, in which sediments were later

deposited. Upon dissection of the Deschutes Formation, the sediments

were not eroded because they were protected by the surrounding basalt.

These areas are preferentially located near the plateau rim, where

gaps would more likely be present near the margin of a flow lobe. Fly

Lake sits in a depression which may be a product of deflation of sedi-

ments from one of these areas. The Fly Lake basalt contains one or

two flow units in most outcrops, and is blocky jointed. The Fly Lake

basalt is the only basalt flow characterized by abundant vesicle cylin-

ders, and thin vesicle sheets are also common.

Hand specimens of this unit are light gray to medium gray on

fresh surfaces, and pale yellowish brown to dark yellowish brown

on weathered surfaces. About 3% plagioclase phenocrysts, about 1

mm long, and 3% olivine phenocrysts, about 1 mm across, are visible

in the Fly Lake basalt. They are concentrated in glomerocrysts up

to 1 cm across, which are characteristic of this unit. The groundmass

is coarsely crystalline and diktytaxitic. This unit has normal paleo-

magnetic polarity.

Thin sections of the Fly Lake basalt contain 4% olivine pheno-

crysts and 4% plagioclase phenocrysts. Isolated phenocrysts are

euhedral, while those in glomerocrysts are subhedral to anhedral.

Equant olivine phenocrysts vary from 0.25 mm to 1.5 mm across, and

tend to be larger in glomerocrysts. Olivine exposed to the groundmass

has rims of iddingsite, and most have a faint greenish tint, perhaps

caused by incipient alteration to clay minerals. Euhedral spinel

inclusions and spherical inclusions of low-birefringence material

(devitrified glass?) are common in olivine phenocrysts. Stubby plagio-

clase phenocrysts vary from 0.5 to 3 mm long. Those in glomerocrysts
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do not contain many inclusions and are not noticeably zoned, whereas

many isolated plagioclase phenocrysts have sieve-textured zones or

cores and are normally zoned. Both types of plagioclase have a com-

position of about An 80. Groundinass plagioclase (50%) occurs as ran-

domly oriented laths from 0.1 to 0.75 mm long. They are aligned

parallel to the margin of nearby glomerocrysts, where they also tend

to be smaller. Groundmass plagioclase has a composition of about An

62. Pale green augite (23%) occurs as intergranular, subophitic, and

ophitic crystals. Some phenocryst-like augite crystals are large (up

to 0.75 mm), have a few plagioclase inclusions, and are commonly

twinned. Contacts between augite crystals, rarely observed in other

units, are much more common in this unit. Subhedral olivine (13%)

varies from 0.05 mm across (intergranular crystals) to crystals 0.5 mm

across which are difficult to distinguish from phenocrysts. Some

olivine crystals ophitically enclose plagioclase laths. Small olivine

crystals are completely altered to iddingsite while large ones only

have altered rims. Brown glass (3%), containing abundant opaque dust

and tiny microlites, occupies angular interstices between plagioclase

laths. Opaques (3%), most of which are bladed crystals, are enclosed

in glass or augite. Some opaque crystals are fairly large and are

molded slightly around plagioclase laths.

Two samples from the Fly Lake basalt (236 and 299 in Appendix 3)

were analyzed; they contain 51.4 and 50.1% 5i02 and 0.81 and 0.83%

Ti02.

Basaltic Andesites

Six flows of basaltic andesite are present in the western third

of the thesis area (Plate 1). They form narrow lobes (many filled

canyons) and wide sheets, with east to northeast gradients. These

flows tend to be fairly thick (40 feet minimum) single flow units in

any vertical exposure. tiultiple flow units, if present, are emplaced

laterally to one another. All basaltic andesites but one display

platy jointing which is typically subhorizontal near the base of the

flow. Toward the flow terminus, the platy jointing sweeps upward to
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vertical, overturned, or highly irregular orientations. Beneath the

platy zone, the rock is darker, denser, and less jointed. This zone

is underlain by rubbly or re-fused flow breccia. Flow breccia is

sporadically found on top of these flows, and most flows were probably

capped by flow breccia which is poorly exposed or was partially eroded

before burial of the flow. Voluminous flow breccia is found at the

margins of some flows.

Paleomagnetic polarities were difficult to determine for many

basaltic andesite flows, probably because of movement along joint

surfaces during slow cooling. Best results were obtained from speci-

mens from the dense zone or the zone of subhorizontal platy joints.

Basaltic andesite lavas are nearly aphyric, with only a few

percent phenocrysts visible in hand sample, and the phenocrysts are

usually small and vary in abundance in different specimens. Basaltic

andesite lavas are therefore nearly impossible to tell apart in the

field. Thin sections reveal a few more phenocrysts, though still

less than 10%, in a fine-grained groundmass. The groundmass in platy

samples is usually pilotaxitic, whereas dense samples are usually

hyalopilitic. The chemical compositions (particularly the Ti02

contents) tend to be distinctive, and can be used to distinguish

different flows.

Drift Campground Basaltic Andesite (Tdba1)

This dark, glassy lava is prominently exposed in several discon-

tinuous roadcuts along the Nonty Road in the SW 1/4 sec. 12, T 11 5,

R 10 E. A steep outcrop extends below the Nonty Road, past an old

abandoned road, to beneath the waters of the Netolius River. The

unit is named for Drift Campground, now abandoned, which is immediately

upstream from this outcrop. Other outcrops show that this unit extends

up to an elevation of at least 2,280 feet. Outcrops are poor, no con-

tacts are visible, and no other unit is exposed at this elevation for

0.25 mile. Neither flow unit contacts nor flow breccia are visible.

This unit is jointed in some areas into subvertical, curved columns 1

foot in diameter, but the orientation of columns does not suggest any
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particular flow geometry. host parts of this unit are jointed into

irregular fist-sized fragments. This lava is apparently limited to

this area and does not extend east or west, nor does it extend across

the hletolius River. It therefore may have flowed north and terminated

very near the present outcrops. Waters (1968a) identified this lava

as Columbia River Basalt, and from the limited distribution, placed it

on the upthrown side of a normal fault parallel to the hietolius River.

Even though this lava greatly resembles Columbia River Basalt in the

field, it has quite different petrographic features and chemical com-

position, and is believed to be part of the Deschutes Formation.

The Drift Campground basaltic andesite is medium dark gray to

dark gray on fresh surfaces and weathers dark yellowish brown, pale

yellowish brown, or grayish orange. All samples are very finely

crystalline and most appear glassy. Small (less than 1 mm) plagio-

clase and olivine phenocrysts are very sparse (less than 1% each).

The groundmass locally appears mottled or flow banded. At one outcrop,

parts of the flow are vesicular (specimen 788) and other parts

(specimen 787) contain abundant (5%) angular xenoliths of light gray

speckled rock. The Drift Campground basaltic andesite has strong

reversed paleomagnetic polarity.

Thin sections of this unit contain an average of 1.5% plagio-

clase phenocrysts from 1.2 to 0.4 mm long (avg. 0.6 mm). host are

euhedral, stubby crystals, although anhedral xenocrysts(?) occur in

specimens rich in xenoliths. All have unzoned cores (An 74), some

of which are sieve-textured with coarse inclusions of brown glass,

clinopyroxene, and opaques. Thin rims are normally zoned from about

An 40 to An 20. OlIvine phenocrysts (0.5%) average 0.5 mm long.

They range from euhedral to anhedral, and are commonly rimmed by

groundmass clinopyroxene and opaques. Olivine is altered to bowling-

ite(?) in some specimens and is completely replaced by cloudy aggre-

gates of clinopyroxene and opaque granules in others. Augite, ortho-

pyroxene, and opaque phenocrysts are extremely rare. The groundmass

texture varies from microporphyritic to pilotaxitic to hyalopilitic.

Microphenocrysts include: poorly aligned plagioclase laths (20%)

which average 0.2 mm long; elongate aggregates (avg. 0.15 mm long) of
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tiny pyroxene and opaque grains (2%) which probably represent altered

olivine; strongly zoned, subhedral augite crystals which average 0.15

mm long (trace); anhedral olivine which averages 0.2 mm long (trace);

and equant and a few bladed crystals of opaques (4%). These micro-

phenocrysts are set in a pilotaxitic groundmass (75%) of tiny plagio-

clase microlites, pyroxene and opaque granules, with a little light

gray glass. A few discrete blebs of brown glass with sparse microlites

are present. Most specimens do not contain a discrete microphenocryst

population, but instead have pilotaxitic textures with: 54% plagio-

clase laths, strongly aligned, from 0.6 to 0.03 mm long; 23% augite,

ranging from 0.2 mm long prisms to tiny granules; and 4% opaques in

equant and irregular forms. Brown glass (17%), with tiny microlites,

fills interstices between the groundmass crystals. Specimen 787

(Figure 15) has a hyalopilitic groundmass with: plagioclase laths

(15%) averaging 0.15 mm long; stubby subhedral crystals of zoned

augite (2%); and euhedral, elongate, skeletal olivine crystals (2%).

These crystals are set in a dark gray matrix composed of clear glass

choked with opaque granules and tiny pyroxene and plagioclase

microlites. The texture varies through the section, defining re-fused

flow breccia fragments. Irregular blebs of brown glass are more abun-

dant In some fragments than others, but average 3% (Figure 15).

Xenoliths can be found in any part of the Drift Campground

basaltic andesite, and are usually small patches of plagioclase

(An 42), orthopyroxene, and clinopyroxene strung out parallel to

flow textures. In specimen 787, however, the xenoliths are large

(commonly 1 cm, up to 4 cm) and abundant (not figured in modal

estimates). Two types are present. One type is senate textured

with hornblende (10%) that is completely altered to finely

crystalline pyroxene and opaques in the core, a narrow middle zone

of opaque granules, and a finely crystalline pyroxene rim. Euhedral

plagioclase crystals, many with brown glass inclusions, are abundant.

These two minerals are vaguely aligned in a matrix of brown glass

containing abundant small pyroxene and opaque crystals. The second

xenolith type is two-pyroxene andesite (Figure 15). Euhedral,

elongate plagioclase phenocrysts (up to 0.9 mm long) are abundant



Figure 15. Photomicrograph of xenolith in Drift Campground
basaltic andesite. Brown glass from two-pyroxene
andesite xenolith extends irregularly into host
rock, which contains irregular, discrete blebs of
brown glass. Specimen 787, 5 mm across, plane light.
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and slightly aligned. Many have abundant inclusions of brown glass.

Euhedral phenocrysts of orthopyroxene are equally abundant as larger,

stubby phenocrysts of augite. The augite phenocrysts have gray

granular rims of finely crystalline pyroxene, while the orthopyroxene

does not. Also present are clots of plagioclase, clinopyroxene,

orthopyroxene, opaques, and glass that are shaped like a hornblende

cross section. These phenocrysts are set in a groundmass of small

plagioclase, orthopyroxene, and equant opaque crystals in brown glass.

These xenoliths are probably fragments from the Castle Rocks

volcano exposed to the west of the Drift Campground basaltic andesite.

As noted by Hales (1975, p. 14) this volcano contains all gradations

from andesite rich in hornblende to two-pyroxene andesite. In the

slowly cooled interior of the Drift Campground basaltic andesite these

xenoliths were mostly assimilated, except for blebs of brown glass.

At the margin of the flow, in re-fused flow breccias such as specimen

787, the lava was chilled and the xenoliths were preserved. Assimila-

tion is confirmed by irregular xenolith margins in specimen 787, where

brown glass from the groundmass of xenoliths commonly extends outward

into the host rock (Figure 15). The Drift Campground basaltic andesite,

being more mafic and nearly aphyric, could have had enough heat to

assimilate large amounts of hornblende andesite and two-pyroxene

andesite. The Drift Campground basaltic andesite was erupted through,

and must therefore be younger than, the Castle Rocks volcano.

Two analyses of the Drift Campground basaltic andesite (789 and

796 in Appendix 3) are very consistent (e.g. Si02 - 56.7 and 56.4%,

Ti02 - 1.86 and 1.92%). The contamination of this lava was apparently

fairly uniform.

Spring Creek Basaltic Andesite (Tdba2)

This lava is well exposed in the bottom of Spring Creek Canyon

in the N 1/2 NE 1/4 sec. 36, T 11 S, R 10 E. It is a single flow

unit approximately 80 feet thick. The flow direction and gradient

cannot be determined because of the small area of exposure. It is

platy jointed in the manner described in the introduction to this
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section.

Hand samples from the dense base of this unit are dark gray,

whereas those from the platy-jointed zone are medium gray with pale

greenish streaks along the joint surfaces. Weathered surfaces are

moderate to dark yellowish brown. The rock is essentially aphyric

in hand specimen, with a trace of plagioclase phenocrysts (up to

1 mm long) and olivine phenocrysts (avg. 1 mm across). The matrix

appears finely mottled in many samples. This unit has normal paleo-

magnetic polarity.

Thin sections of this lava contain an average of 2% stubby to

elongate plagioclase phenocrysts from 1.2 to 0.2 mm long (avg. 0.5 mm).

Some are euhedral, although some are distinctly embayed and others

appear broken. All are normally zoned, with cores of about An 68,

and most contain a few sparse inclusions of pyroxene, glass, or

groundmass. Pale green to pale brownish gray augite phenocrysts (2%)

vary from 0.75 to 0.2 mm long (avg. 0.4 mm). The augite crystals are

euhedral and strongly zoned, and some are twinned. Some augite crystals

have cleavage traces that appear to be curved. The augite phenocrysts

commonly occur in small glomerocrysts and rarely they contain opaque

inclusions. Olivine phenocrysts (0.5%) vary from 0.5 to 0.1 mm long.

Larger crystals are euhedral. Smaller olivine crystals are elongate

and commonly hollow (Figure 16), and have parallel extinction (elon-

gated parallel to c axis). Some crystals are altered to bowlingite,

while many are surrounded by rims of groundmass augite and opaque

granules. A few contain opaque inclusions. Olivine is rarer, and

even absent, in specimens from the platy jointed zone. Equant opaque

phenocrysts (1%) are rounded to embayed, and vary from 0.25 to 0.05 mm

across. Orthopyroxene phenocrysts (trace), found in a glomerocryst

with plagioclase, average 0.4 mm long. The pilotaxitic groundmass

(94.5%) consists of strongly aligned plagioclase laths, tiny pyroxene

granules, and tiny equant grains of opaques, locally with a little

interstitial greenish brown glass. Plagioclase laths of different

sizes and orientations mark the flow banding of some specimens. Some

lighter streaks have less augite and opaques, more glass, and larger

plagioclase laths. A little cristobalite occurs in these areas, and
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some of these areas are iron stained. These areas probably correlate

to the pale greenish streaks observed in hand specimen.

No samples of this unit were chemically analyzed, but based on

the presence of augite, olivine, and orthopyroxene phenocrysts, it is

probably a basaltic andesite.

Street Creek Basaltic Andesite (Tdba3)

This unit is prominently exposed in cliffs at an elevation of

about 2,600 feet in the canyon of Street Creek for which it is named

(Plate 1). Conrey (1985) mapped the westward limit of this lava in

Street Creek. It extends southward, underlying the plateau between

Street and Spring Creeks, and crops out in cliffs on the north side

of Spring Creek Canyon. A single flow unit contact, in the NW 1/4

SE 1/4 SE 1/4 sec. 25, T 11 S, R 10 E, divides this flow into two

laterally adjacent flow units. The flow unit contact dips steeply

north, indicating that the southern flow unit is older. The southern

flow unit is a narrow lobe, from 0.5 to 0.25 mile wide, that flowed

east-northeast at a gradient of about 100 feet/mile. The southern

flow unit is about 140 feet thick and apparently filled a small

canyon, and presumably terminated near its easternmost outcrop. The

florthern flow unit then banked up against the first. The northern

f].ow unit appears to be a broad sheet, about 1 mile wide, which

flowed east-northeast at a gradient of about 120 feet/mile in the

western part, decreasing steadily eastward to 80 feet/mile. In the N

1/2 SW 1/4 sec. 30, T 11 5, R 11 E, a narrow lobe extends south from

the main mass of the northern flow unit (Figure 17). The base of this

restricted lobe drops 100 feet in elevation in less than 0.25 mile as

it is traced southward. This is apparently a small lobe of the second

flow unit that flowed down the north side of the same canyon which the

first flow unit occupied farther upstream. Both flow units are platy

jointed in a system similar to that described in the introduction

to this section.

Hand specimens of the Street Creek basaltic andesite are medium

gray to medium dark gray in both platy jointed and dense samples.
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Fly Creek tuff

Figure 17. Outcrop relations in Spring Creek Canyon. View north
from NW 1/4 SE 1/4 NW 1/4 sec. 31, T 11 S, R 11 E.
Top - photograph. Bottom - labelled sketch.
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Platy joints have a moderate greenish yellow color. Many specimens in

this unit have a slight pinkish tinge and some specimens are even gray-

ish red. Re-fused flow breccia samples near the base and top of the

flow have colors ranging from pale red purple to moderate red, and

commonly have about 5% brownish black spots about 1 mm in diameter.

The Street Creek basaltic andesite is nearly aphyric, with less than

1% plagioclase phenocrysts up to 1.5 mm long, and a trace of olivine

phenocrysts about 1 mm across, visible in hand specimens. The ground-

mass is finely crystalline and nonvesicular, although it appears

distinctly grainy and porous in oxidized re-fused flow breccias. This

unit has normal paleomagnetic polarity.

Many thin sections were cut from samples of this unit in hopes

of recognizing differences between the two flow units, but none were

found. They contain an average of 2% elongate plagioclase phenocrysts

which range from 2 to 0.35 mm long. Plagioclase phenocrysts have

unzoned cores (An 82) surrounded by thin normally-zoned rims. Many

have cores rich in inclusions, especially clinopyroxene, which may

be quite coarse. These phenocrysts vary from euhedral to embayed.

Other plagioclase phenocrysts are euhedral and free of inclusions.

Olivine phenocrysts (1%) vary from 1.75 to 0.1 mm long. Many are

partly to completely altered to iddingsite. Rounded plagioclase and

opaque crystals are enclosed in some of the larger olivine phenocrysts.

In many specimens the olivine is euhedral (Figure 18), whereas in

other specimens it varies from anhedral to skeletal. Pale green

augite phenocrysts (0.5%) are up to 0.4 mm across. Most are subhedral

to anhedral with ragged margins rich in tiny opaque inclusions. They

commonly form small glomerocrysts with plagioclase, and are strongly

zoned. Equant opaque phenocrysts (trace) average 0.1 mm across. In

different specimens they are euhedral, skeletal, rounded, or embayed.

The groundinass (96.5%) has a pilotaxitic texture in platy specimens

(Figure 18), and is dominated by plagioclase laths which vary in size

in different specimens from 0.1 to 0.6 mm long. Prisms of clinopyroxene,

usually around 0.07 mm long, occupy interstices between the aligned,

tightly packed plagioclase laths. Orthopyroxene prisms are much
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larger and rarer, and are absent from many thin sections of this unit.

Euhedral, equant opaque crystals range from 0.02 to 0.3 mm across in

different areas. A polished section of this u.nit showed that both

phenocryst and groundmass opaques are titanomagnetite. A trace of

light brown to pale gray glass is usually present in the interstices,

and is sometimes concentrated in lighter colored clinopyroxene-

deficient streaks. Orange to deep reddish brown opal also occurs in

these areas. In one specimen (639), very rare, small biotite crystals

(pleochroic from light brown to colorless) occur in these streaks.

Irregular areas of iron staining are common in the pilotaxitic ground-

mass, and some specimens have areas of deep reddish brown opaques in

the interstices between plagioclase laths. Clinopyroxene prisms are

oxidized to a light brown color in some flow bands in many specimens.

Re-fused flow breccias and dense specimens have pilotaxitic to hyalo-

pilitic textures. Orthopyroxene is not present in the groundmass of

these samples, but instead there are olivine microphenocrysts elongated

parallel to their c axes. These crystals are commonly skeletal or hollow

and surrounded by thin rims of opaque granules. Re-fused flow breccias

frequently have small, irregular areas stained brownish black, with

many groundmass opaques and clinopyroxenes oxidized. Pale orange

to orange brown opal is present in sparse irregular vesicles and

interstices.

In hopes of subdividing this unit, many samples of this unit were

chemically analyzed (257, 260, 267, 312, 639, and 660 in Appendix 3).

These analyses are very similar, with Si02 ranging from 54.9 to 57.7%,

Ti02 from 1.38 to 1.46%, and CaO from 7.59 to 7.77%.

Monty Campground Basaltic Andesite (Tdba4)

This unit is widely exposed in the northwest corner of the thesis

area. It is named for Monty Campground, near which it forms high

cliffs. In the N 1/2 NE 1/4 sec. 24, T 11 S, R 10 E, the flow pinches

out irregularly, and this is interpreted to be the southeast margin of

the flow. From there it can be traced northwestward in discontinuous
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outcrops, and is inferred to be a continuous sheet. The basal eleva-

tion of this sheet does not change significantly from 2,580 feet as

the unit is traced northwestward, so this is interpreted to be perpen-

dicular to the gradient of the flow. Here the Monty Campground basaltic

andesite is a single flow unit about 40 to 60 feet thick, with platy

jointing similar to that described in the introduction to this section.

In the NW 1/4 sec. 13, T 11 5, R 10 E, the basal contact (not visible,

but inferred from lowest outcrops) drops sharply to about 2,360 feet

(Plate 1). The top of the flow simultaneously increases in elevation

to about 2,700 feet in the SE 1/4 NW 1/4 sec. 13, T 11 5, R 10 E. At

this locality, cliffs and discontinuous outcrops indicate a thickness

of over 340 feet. The minimum basal contact rises again slightly to

about 2,500 feet as the unit is traced into the SW 1/4 SW 1/4 sec. 12,

T 11 5, R 10 E. The explanation of these phenomena is that the flow

filled a 200 foot deep canyon here. It overflowed this canyon to pro-

duce a thin sheet extending southeastward. The tremendous thickness

of this flow in the canyon resulted in very slow cooling, which formed

highly irregular jointing systems. For example, in the center of the

NW 1/4 sec. 13, T 11 5, R 10 E, vertical ribs over 20 feet high

resemble dikes. These are actually areas of vertical platy joint-

ing separated by irregularly jointed areas which erode more easily.

Some areas may have been altered or intensely jointed and do not crop

out. This produces a highly irregular outcrop pattern in the thickest

part of the flow (e.g., see the contacts of this unit drawn by Hewitt,

1970). The canyon may have been filled in pulses, forming irregularly

interbedded flow breccias which are visible at a few localities and

may also result in the irregular exposure mentioned above. Examination

of the north side of the Metolius Canyon by binoculars and on aerial

photographs reveals the exact same relations, except with thin sheets

on both sides of the main flow mass, and with much better exposure.

The canyon appears to be trending east-northeast, and this is inter-

preted to be the flow direction of this lava. The gradient of the

canyon-filling part of this lava cannot be calculated because of the

great relief and poor exposure, but the gradient of the southeast
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sheet crossing the Metolius Canyon is approximately 140 feet/mile.

Hill 2864 also is capped by outcrops of this unit. Here, re-fused

breccias and vesicular lava dip irregularly at angles up to 300. The

breccias are rich in xenoliths which at places were melted, while the

main bulk of the Monty Campground basaltic andesite contains no xeno-

liths. Upon close examination, these outcrops appear to be aggluti-

nated spatter. Also present are abundant scoria fragments, usually

found loose on the ground. The elevation of these outcrops is hard to

explain. Here the unit is apparently over 500 feet thick, with its

top over 200 feet higher than the top of the sheet to the southeast.

This is an unusual amount of relief on a mafic lava. Part of the

relief is probably the result of a "lava levee" effect, where the main

part of a flow builds levees on its sides, which permits the thickness

of the flow to increase. At places the lava breaks through the levees

to form the thinner, and topographically lower, sheets. However, it

appears that part of this relief may represent pieces of the vent from

which this lava erupted. The abundance of xenoliths in the agglutinate

reflects the initial vent-clearing eruptions which would be choked with

fragments of country rock. The flows would erupt after the vent was

clear and would not contain abundant xenoliths of country rock. Huge

blocks of the agglutinate could then be rafted downstream on top of

the flow to the present locations. Due to the topography of the

Castle Rocks volcano, which this unit was erupted through, it is

likely that the vent is not far to the southwest of the outcrops.

Hand samples of the Monty Campground basaltic andesite are medium

dark gray to dark gray where dense and medium light gray to medium

gray where platy. Platy joint surfaces are pale greenish gray in color.

Weathered surfaces are pale yellowish brown to dark yellowish brown.

Oxidized flow breccias are dusky red and weather grayish red. About

0.5% plagioclase phenocrysts up to 1.5 mm long are visible in hand

specimen. No mafic phenocrysts are visible under hand lens. Samples

are dense and nonvesicular. The groundmass appears partly glassy in

dense specimens, but in platy specimens it appears grainy under hand

lens. The paleomagnetic polarity of this unit was difficult to

determine. Specimens from the thick canyon-filling part of this flow
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all have normal paleomagnetic polarities. These cannot be trusted,
however, because they are not near the base of the flow and because
this part of the flow may have cooled extremely slowly. All specimens
from the base of the southeast sheet have reversed paleomagnetic pol-
arities, and this is believed to be the correct polarity for the entire
flow.

Thin sections of this lava contain 1% stubby plagioclase pheno-
crysts. Many have cores rich in glass, pyroxene, and opaque inclusions,
and these tend to be anhedral, while other phenocrysts have clear
cores and tend to be euhedral. Both types are relatively unzoned (An
85), with thin normally zoned rims. Dense glassy specimens have micro-
porphyritic textures. Aligned plagioclase laths (avg. 0.2 mm long)
form 13% of these specimens. Pale brownish gray augite (1%) occurs as
euhedral, zoned crystals (avg. 0.07 mm long). Olivine microphenocrysts
(1.5%) vary from arthedral (rounded to resorbed) crystals 0.2 mm across
to tiny skeletal or hollow elongate crystals. These have parallel
extinction, so they are apparently elongated parallel to their c axes.
Many have rims of opaque granules. Opaque microphenocrysts (0.5%)

are euhedral equant crystals averaging 0.025 nun across. Orthopyroxene
(trace) is at places found as a microphenocryst associated with clino-
pyroxene, plagioclase, and opaques. These microphenocrysts are set in
a dark gray, nearly opaque groundmass (83%), which consists of tiny
plagioclase and pyroxene crystals and abundant opaque dust, probably
in glass. Platy jointed specimens have pilotaxitic groundmass textures.
Plagioclase laths (65%) vary from 0.5 to 0.05 mm long. Tiny clino-
pyroxene prisms (17%) average 0.03 mm long. Large ones are euhedral
and strongly zoned. Most opaques (5%) are equant forms from 0.03 to
0.005 mm in diameter, but a few are bladed crystals 0.03 mm long.

Elongate olivine crystals (2%) are partly altered to iddingsite and
surrounded by groundinass clinopyroxene crystals. The content of light
brown glass is variable, but averages 10%. Lighter streaks that are
deficient in clinopyroxene and opaques are the sites of traces of
cristobalite and bright yellow to orange brown opal, which fill inter-
stices between plagioclase laths.

Xenoliths are abundant in the agglutinate on top of the Monty
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Campground basaltic andesite. They are pale pink, pale red purple,

and light gray on fresh surfaces and weather light brown. They

range up to 10 cm across, and vary from angular to rounded to elon-

gate streaks. In thin section, two types of xenoliths are evident:

hornblende andesites and two-pyroxene andesites. The hornblende

andesites contain from 5 to 10% large phenocrysts of hornblende. In

smaller xenoliths they are completely altered to reddish brown oxides

and pyroxene granules, and only the typical hornblende outline remains,

some with a hint of zoning. In larger xenoliths oxyhornblende is

still present (Figure 19), but surrounded by thick rims of opaques and

other finely crystalline alteration products. Smaller hornblende

phenocrysts are usually rounded and completely altered to opaques.

Larger oxyhornblende phenocrysts contain inclusions of plagioclase,

and have cores or zones altered to fine aggregates of orthopyroxene,

plagioclase, and opaques, with or without augite. Plagioclase pheno-

crysts are abundant (45 to 60%), euhedral, and stubby (Figure 19).

Many have cores or zones rich in fine inclusions, and most have com-

plex zoning. In some xenoliths the plagioclase phenocrysts are slightly

cloudy, perhaps the result of thermal alteration. Orthopyroxene and

augite also occur as phenocrysts (about 5% each). Orthopyroxene pheno-

crysts are euhedral, slender prisms up to 0.3 mm long. In most xeno-

liths they are slightly oxidized to a pale brown color. Pale green

augite phenocrysts vary from slender to stubby prisms. In some xeno-

liths they are unaltered, while in others they have rims of reddish

brown oxides. Equant opaque phenocrysts are present in some specimens

and average 2%. They are invariably highly oxidized. The groundmass

consists of microlites of plagioclase, pyroxene, and opaque granules

in a clear glass. In some specimens the groundmass is highly altered,

oxidized, and rendered unrecognizable.

The two-pyroxene andesites contain from 20 to 35% euhedral,

stubby to elongate, plagioclase phenocrysts (avg. 0.6 mm). They

are slightly aligned in the rock, and many have vague boundaries

caused by reaction with the groundmass during thermal alteration.

Most have relatively unzoned cores (An 57) and normally zoned rims,

with cores or zones rich in small inclusions. Slender, euhedral



Figure 19. Photomicrograph of hornblende andesite xenolith from
Monty Campground basaltic andesite. Oxyhornblende
(ohb) phenocrysts altered to opaque (op) rims.
Plagioclase phenocrysts abundant. Specimen 879, 5 mm
across, plane light.
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orthopyroxene phenocrysts (10%) average from 0.1 to 0.3 mm long in

different xenoliths. Orthopyroxene phenocrysts are unaltered in some

zenoliths, while in others they have dark rims and are strongly pleo-

chroic, probably a result of oxidation. Pale green augite phenocrysts

(5%) vary from 0.2 to 1.0 mm in different xenoliths. They tend to be

stubbier than orthopyroxene phenocrysts, and large ones commonly con-

tain opaque and plagioclase inclusions. Augite is unaltered in some

specimens, but has dark rims of opaque granules or fine pyroxene

crystals in other specimens. Equant opaque phenocrysts (3%) average

0.6 mm across. Some are embayed, but in most xenoliths they are

completely oxidized so that original forms are destroyed. Glomero-

crysts are fairly common and of two types: augite + plagioclase +

opaques, and orthopyroxene + opaques + plagioclase ± augite. The

phenocrysts are set in a matrix of finely crystalline plagioclase,

pyroxene, and opaques in clear glass. Xenoliths of two-pyroxene

andesite can contain a few "ghosts" of hornblende phenocrysts.

Some are small oval patches of opaque granules and other unidenti-

fiable minerals. Others are glomerocrysts of mediuin-grained plagio-

clase, orthopyroxene, and opaques with a little clear glass. These

have sharp margins which outline a form similar to a hornblende cross

section. The most convincing 'tghost" is an aggregate 5 mm across of

finely crystalline anhedral orthopyroxene, plagioclase, opaques, and a

little augite. This aggregate is highly oxidized but still retains

the typical hornblende cross section, even with relict zoning and

cleavage.

Both types of xenoliths are similar to lavas of the Castle Rocks

volcano described by Hales (1975). Apparently the Monty Campground

basaltic andesite was erupted through part of the hornblende andesite

volcano. Most xenoliths retain their original shape in the agglutinate

of Monty Campground basaltic andesite, and have sharp margins in thin

sections. Many are smeared out parallel to the flow structure in these

breccias, however, and in thin section show irregular protrusions into

the host rocks. The xenoliths bear much evidence of their instability

in the Monty Campground basaltic andesite. Hornblende phenocrysts are

apparently destroyed by oxidation and loss of water upon heating.
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D. Wendland (personal communication, 1983) reports that oxyhornblende

is rare in the Castle Rocks volcano, so the oxyhornblende in xenoliths

may be formed by this oxidation. Orthopyroxene and clinopyroxene

phenocrysts also are slightly oxidized, and vague crystal boundaries

around plagioclase result from reaction with the groundmass. The

groundmass was apparently oxidized and melted in many places, while

in others the heat caused the devitrification of groundmass glass.

Visible contamination is limited to these breccias, however. If any

hornblende andesite xenoliths were present in the bulk of the Monty

Campground basaltic andesite, they were completely assimilated leaving

no obvious trace.

Four chemical analyses of the Monty Campground basaltic andesite

(791, 792, 798, and 801 in Appendix 3) have Si02 values from 56.8 to

58.4% and Ti02 values from 1.89 to 1.96%.

This unit is very similar to the Drift Campground basaltic

andesite described previously. Chemical compositions are nearly

identical, except for a slightly higher Si02 content in the Monty

Campground basaltic andesite. Both crop out in the same area, and

the contact between the two cannot be seen. Both have xenoliths

from the Castle Rocks volcano, and they have the same paleomagnetic

polarity. The possibility of the Drift Campground basaltic andesite

being a subvolcanic intrusion associated with the nearby eruption of

the Monty Campground basaltic andesite was explored. But the jointing,

fine-grained texture, and vesicular specimens in the Drift Campground

basaltic andesite are evidence against this. Another hypothesis is

that the Drift Campground basaltic andesite is the base of the Monty

Campground basaltic andesite flow. But this would mean a flow approxi-

mately 900 feet thick, and a much higher basal contact is visible in

the north wall of the Metolius Canyon. The Drift Campground basaltic

andesite could be the downfaulted base of the Monty Campground basaltic

andesite, but because no major displacement is visible across the

Metolius River, the Drift Campground basaltic andesite would have to

be downfaulted in a narrow graben parallel to the Metolius River. The

most reasonable conclusion is that they are similar, but different

flows. Similar chemistry is not imusual for different Deschutes
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Formation lavas (see the section on basalts). The Castle Rocks

volcano is quite large (Hales, 1975) so it is reasonable that two

lavas which were erupted through different vents would contain similar

xenoliths. Slight differences in texture are evidence that these

units are two different flows. The Drift Campground basaltic andesite

is finer, hence its unusual appearance in the field, and contains both

olivine and plagioclase phenocrysts, while the Monty Campground basaltic

andesite is coarser and contains olivine only as a microphenocryst.

Yogodzinski (1986, p. 32) found similar aphyric basaltic ande-

sites, which also contain xenoliths from the Castle Rocks volcano, in

the lower Whi.tewater River area. These lavas have similar textures

(Yogodzinski, 1986, p. 149) and are also reverse polarity, but do not

contain olivine at all. Compositionally, these units are similar,

except that the lavas of Yogodzinski (1986, p. 134) contain signifi-

cantly less Ti02 and more FeO*. Interestingly, it appears that

Yogodzinksi's (1986, p. 32) lavas were erupted locally, similar to

the Monty Campground basaltic andesite.

Basaltic Andesite Five (Tdba5)

This unit is widely exposed west of the thesis area in the drain-

age of Street Creek (Hales, 1975, Plate 1; Conrey, 1985). It is

exposed in the thesis area in the NW 1/4 NE 1/4 sec. 26, T 11 S,

R 10 E, and can be traced eastward along the north wall of Street

Creek Canyon. This unit is correlated with a lava flow of approxi-

mately the same dimensions and stratigraphic position across the

Metolius River (Figure 20). This lava apparently is an extremely

narrow (0.25 mile wide) lobe which flowed east-northeast. Its gra-

dient decreases from about 100 feet/mile near the western border of

the thesis area to 80 feet/mile near the Metolius River. If the pro-

posed correlation is correct, the gradient across the Metolius River

is also about 80 feet/mile. This flow is a single flow unit from 40 to

60 feet thick. At the outcrops overlooking the Metolius River this

lava has a flat base, so if a canyon accounts for the narrowness of

this lava, it would have been flat-bottomed. The entire flow is jointed
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Metolius basalt

Figure 20. Lava flows in Warm Springs Indian Reservation.
Looking northeast to NW 1/4 sec. 20 and SW 1/4
sec. 17, T 11 S, R 11 E. Top - photograph.
Bottom - labelled sketch.
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into plates approximately 2 to 5 cm thick. These platy joints are

sub-horizontal throughout the flow, and locally show complex relation-

ships reminiscent of cross-bedding.

Hand samples of this unit are medium light gray to medium dark

gray on fresh surfaces, and weather dark yellowish brown. Joint sur-

faces, commonly only 0.5 cm apart, locally have a light greenish gray

color, but more commonly are grayish red purple. Many specimens of

this unit have a dusky purple tinge. Hand samples of this lava are

essentially aphyric; only a few plagioclase phenocrysts (trace) are

visible with a hand lens. This lava has very strong reversed paleo-

magnetic polarity.

Thin sections of this unit contain an average of 2% euhedral

plagioclase phenocrysts up to 2 mm long (avg. 1 mm). Some have sieve

textured cores with clinopyroxene, opaque, and glass inclusions, while

others are clear. Plagioclase phenocrysts are normal-oscillatory

zoned from about An 68. Pale greenish gray to light greenish brown

augite phenocrysts (1%) average 0.4 mm across. They are euhedral to

subhedral, and commonly zoned and twinned. Many contain opaque

inclusions. A few augite phenocrysts have cleavage traces and crystal

outlines that appear curved. Many augite phenocrysts form small

glomerocrysts with plagioclase. Olivine phenocrysts (0.5%) average 0.4

mm across. They are anhedral and usually surrounded by groundmass

clinopyroxene crystals. The content of opaque phenocrysts is difficult

to evaluate because of the extremely coarse opaque crystals in the

groundmass of many specimens. At least a trace of rounded opaque

phenocrysts, up to 0.3 mm long, are present. These phenocrysts are

set in a pIlotaxitic groundinass of parallel, tightly packed plagioclase

laths (60%). They range from 0.15 to 0.75 mm long in different speci-

mens and flow layers. The maximum anorthite content is An 63. Pale

greenish gray augite (20%) occurs as euhedral prisms up to 0.2 mm long

and as anhedral patches up to 0.3 mm long. Opaque crystals are abun-

dant in the groundmass (6%). They vary from 0.02 to 0.4 mm across.

Most are equant forms, but some are slightly elongate. Larger crystals

contain numerous inclusions of groundmass minerals and some appear to

be subophitic around plagioclase laths. In polished section, all of
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the opaques (phenocrysts and groundmass) were identified as titano-

magnetite, and the presence of numerous euhedral and rounded silicate

inclusions was confirmed. Apatite needles (0.5%) are prominent in

plagioclase, clinopyroxene, and glass. Light brown glass (10%),

charged with tiny opaques, fills interstices. Some lighter, augite-

deficient streaks have traces of cristobalite and light yellow to

orange brown opal in interstices between plagioclase laths. A few

diktytaxitic vesicles are also evident in these streaks. Brown iron

staining is common in thin sections of this unit.

Two samples of this unit (275 and 313 in Appendix 3) were chem-

ically analyzed. The composition of this unit is very distinctive:

fairly typical Si02 - 56.4 and 57.0%, extremely high Ti02 - 2.19

and 2.17%, yet moderate FeO* - 9.14 and 9.19%. These analyses are

similar to an analysis of this unit by Hales (1975, p. 83), except

the K20 reported by Hales is a little higher.

Fly Creek Ranch Basaltic Andesite (Tdba6)

This unit is exposed in a prominent ridge above the abandoned

Fly Creek Ranch, for which it is named, in the N 1/2 sec. 4, T 12 S,

R 11 E (Figure 21). The flow can be traced westward out of the thesis

area (Conrey, 1985), and eastward across Fly Creek to where it dis-

appears beneath the plateau supported by the Fly Lake basalt. This

flow probably terminated about 0.5 mile east of these exposures,

because no evidence of this unit can be found at the same stratigraphic

level in the NW 1/4 sec. 2, T 12 S, R 11 E. It is a single flow unit,

about 120 feet thick at its center, and filled a narrow canyon which

trended northeast and east. The ridge above Fly Creek Ranch is there-

fore a spectacular example of reversed topography (Figure 21). The

canyon was apparently at least 80 feet deep, and is most easily visible

where the flow is cut by Fly Creek Canyon. The gradient, determined

from the top of the flow because of the basal relief, decreases from

about 150 feet/mile in the west to about 60 feet/mile in the east.

The Fly Creek Ranch basaltic andesite has a different platy jointing

system than the other flows desribed in this report. The basal few
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Figure 21. Inverted topography and joint system of Fly Creek
Ranch basaltic andesite. Looking west from the
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feet of the flow are dense and poorly jointed into thick plates. The

rest of the flow is spectacularly platy jointed, but the joints strike

subparallel to the flow direction of the flow. Near the bottom of the

flow they are subhorizontal, dipping slightly toward the axis of the

canyon filled by the flow. Going upward, the joints curve upward to

vertical at the sides of the flow. Continuing upward, the joints con-

tinue to curve, now dipping away from the axis of the canyon, until

they are subhorizontal again at the top of the flow. The interior of

the flow is less well jointed and is surrounded by this tubular joint

system (Figure 21). Superimposed on the platy jointing system are

pseudo-columnar joints at right angles to the platy joints, and some

curved joints which strike perpendicular to the flow direction and

curve upward from the base of the flow. The zone of vertical platy

joints erodes to a bench, so from a distance this unit appears to be

two flow units (Figure 21). This unusual jointing system could be

caused by the deep canyon which this flow filled. Shear zones formed

parallel to the cooling surfaces, and developed into the tubular

system of platy joints.

Hand samples of this unit are medium dark gray in the dense

basal zone and medium gray where platy. Both weather moderate brown

to dark yellowish brown. Joint surfaces have pale greenish colors.

Less than 1% plagioclase phenocrysts (about 1 mm long) and reddish

olivine phenocrysts (about 0.5 mm long) are visible in hand specimens.

Most of the flow is nonvesicular, but specimens from the top of the

flow contain irregular small vesicles elongated parallel to the platy

joints. Botryoidal silica partially fills some of these vesicles.

This flow has reversed paleomagnetic polarity.

Thin sections of the Fly Creek Ranch basaltic andesite contain

an average of 2% plagioclase phenocrysts from 1.0 to 0.4 mm long.

Some are elongate, clear crystals, while others are stubby,

inclusion-rich crystals. Both types are euhedral and normally zoned

from about An 65 to An 39. Euhedral to subhedral augite phenocrysts

(2%) average 0.5 nun long. Most are zoned, and some have irregular

undulatory extinction, perhaps because of zoning. A few augite

phenocrysts have cleavage traces that appear to be curved. Olivine
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phenocrysts (0.5%), ranging from 0.8 to 0.15 mm long, are anhedral and

surrounded by groundmass augite crystals. In many specimens the rims

of olivine phenocrysts are altered to iddingsite. Equant opaque

phenocrysts (0.5%) are present in glomerocrysts with augite and

plagioclase. Some phenocrysts of opaques enclose or are molded

around groundmass crystals, while others are skeletal or embayed.

Groundmass minerals include plagioclase laths which range from 0.15 to

0.5 mm long in different specimens, clinopyroxene prisms and granules,

and equant opaque crystals. In specimens from the dense basal zone,

these crystals are unorjented in a little interstitial glass, producing

intergranular textures. In platy specimens the groundmass crystals

are highly oriented producing pilotaxitic textures. In both types,

however, lighter augite-deficient streaks are present in which pale

green clay minerals fill the interstices between plagioclase laths,

forming intersertal textures. Platy specimens also contain traces of

cristobalite and orange brown opal In the interstices in these streaks.

Some platy specimens also have abundant dark brown to light brown iron

staining. Vesicular platy samples from the flow top have abundant

medium brown to dark brown glass charged with tiny microlites and

opaque granules. These samples have an intersertal texture, with rare

diktytaxitic vesicles.

One sample (213 in Appendix 3) from the Fly Creek Ranch basaltic

andesite was analyzed. It contains 57.7% 5i02 and 1.72% Ti02.

Porphyritic Basaltic Andesites

Seven flows of porphyritic basaltic andesite were recognized in

the study area. Flost are found in the western one-third of the thesis

area, where they form long tongues up to 0.5 mile wide with east to

northeast gradients (Plate 1). These lavas are usually single flow

units, and vary from 30 to 120 feet thick. The thicker flows are

platy jointed, while the thinner flows are blocky jointed and vesicular.

This group of lavas is distinguished from other basaltic andesites by

the abundance of phenocrysts (10 to 40%), and most lavas of this type

can be distinguished easily by distinctive phenocryst assemblages



and groundmass textures.

Porphyritic Basaltic Andesite One (Tdpba1)

This lava is well exposed in the N 1/2 NW 1/4 sec. 19, T 11 S,

R 11 E. It is a single flow unit about 50 feet thick at its center.

The bottom and top few feet of this unit are vesicular, but the

interior of the flow is fairly dense. The flow is jointed into blocks

and crude columns about 3 feet in diameter. Very little of this flow

is exposed, but it appears to be a narrow lobe about 0.25 mile wide

which flowed to the east-northeast. This flow is tentatively corre-

lated with a lava flow of approximately the same thickness and width

on the north wall of the Metolius Canyon (Figure 20). There, its base

is at an elevation of 2,360 feet, exactly the same as the lava in the

thesis area. Even including possible plotting errors, this unit

appears to have an abnormally low gradient. This may be the result

of tectonism after this lava was deposited.

Hand specimens of Tdpba1 are medium gray to grayish red purple

(the reddish color is in more oxidized specimens near the base and

top), and weather grayish orange to pale brown. Plagioclase pheno-

crysts around 2 mm long are abundant (20%), and olivine phenocrysts

(avg. 1 mm long) are prominent (5%). The olivine crystals are reddish

brown as a result of alteration to iddingsite. Green augite phenocrysts

up to 3 mm long also are visible (2%). Most specimens are dense

except for a few irregular, smooth-walled vesicles from 1 to 4 mm wide.

Specimens from the interior show small irregular yellow green patches

in the groundmass. This unit has normal paleomagnetic polarity.

In thin section this unit contains about 20% euhedral, stubby

phenocrysts of plagioclase (from 0.3 to 2.5 mm across, avg. 1.0 mm).

Most are clear or contain only a few inclusions, while others are

sieve textured (Figure 22). All are normal oscillatory zoned, with

a core composition of An 66. Olivine phenocrysts (5%) vary from

0.15 to 2.5 nun across (avg. 0.6 mm). Most are subhedral, although

a few are euhedral and a few are embayed. Iddingsite is extensively

developed in the outer zones of the olivine, and surrounded by thin,
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Figure 22. Photomicrograph of Tdpba1. Rounded, equant augite
(aug) phenocryst, sieve textured plagioclase pheno-
crysts, and iddingsitized olivine (ol) phenocryst with
fresh olivine rim. Specimen 271, 5 mm across, crossed
polars.
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discontinuous rims of fresh olivine of about the same composition as

the core (Figure 22). A few of the smaller olivine phenocrysts are

not altered at all. Olivine phenocrysts contain small opaque

and plagioclase inclusions. Pale green augite (4%) varies from 2.5

to 0.15 mm (avg. 0.75 mm). Larger augite phenocrysts are distinctly

rounded and contain olivine and plagioclase crystals (Figure 22),

while smaller ones are euhedral. Orthopyroxene (1%) forms euhedral

phenocrysts up to 1.5 mm long. The various phenocrysts are locally

grouped into ovoid glomerocrysts up to 4.5 mm across. The glomero-

cryst assemblages are: olivine + plagioclase + augite (usually

anhedral), augite + plagioclase + olivine + orthopyroxene, and

plagioclase ± olivine. In most glomerocrysts, olivine is altered to

iddingsite only where exposed to the groundmass. In a few glomero-

crysts, all surfaces of all the olivine are altered, probably because

of infiltration of oxidizing fluids along the crystal contacts.

Clear olivine rims occur only on olivine exposed to the groundinass.

The groundmass (70%) consists of randomly or vaguely oriented plagio-

clase laths (avg. 0.07 mm long), euhedral clinopyroxene prisms

(avg. 0.05 mm long), and equant crystals and irregular aggregates

of opaques (avg. varies from 0.02 to 0.05 mm) enclosed in brown

glass charged with microlites and dust. The amount of glass varies

from specimen to specimen, so that the texture varies from intersertal

to hyalophitic.

Unit Tdpbaj contains about 55.1% Si02 (analyses 271 and 797 in

Appendix 3).

Porphyritic Basaltic Andesite Two (Tdpba2)

This lava is well exposed in the Deschutes River Canyon in the

NW 1/4 SE 1/4 sec. 27, T 11 5, R 12 E. The flow is directly overlain

by the Big Canyon basalt, and could easily be overlooked as a flow

unit of the Big Canyon basalt (Figure 13). It is approximately 40 feet

thick, and although the contacts are not clearly visible, appears to

occupy a shallow, flat-bottomed depression perhaps 20 feet deep. The

Big Canyon basalt thins over this flow, so that this unit probably
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formed about 20 feet of relief in this area before burial by the Big

Canyon basalt. No other outcrops of this unit were found in the

thesis area, and it does not appear to correlate with any flow exposed

to the north or east. Apparently this lava flowed from the southwest

or from the southeast, and terminated near this outcrop. Unit Tdpba2

is a simple, blocky jointed flow unit, with moderately vesicular base

and top, and little flow breccia.

Hand specimens of this unit are medium dark gray on fresh surfaces

and pale yellowish brown on weathered surfaces. A few fractures are

coated with very pale orange caliche. Specimens are dense and highly

porphyritic, so that float from this unit can be distinguished easily

from float of adjacent basalts. Plagioclase phenocrysts (20%) average

about 2 mm long, although the dark color makes them relatively incon-

spicuous. Yellow green olivine phenocrysts (5%) up to 3 mm long are

conspicuous, and greenish black augite phenocrysts (1%) also can be

found. Unit Tdpba2 has reversed paleomagnetic polarity.

In thin section, equant to elongate, euhedral plagioclase pheno-

crysts (20%) vary from 0.2 to 6 mm long (avg. 1.5 mm). Many have

inclusion-rich cores or zones, with most of the inclusions being black

to brown glass. Many other plagioclase phenocrysts are free of

inclusions. The plagioclase phenocrysts have unzoned cores of An 71,

and narrow normally zoned rims. Olivine phenocrysts (7%) vary from

0.2 to 2.5 mm across. Some are etthedral, although most are anhedral

(rounded and embayed). Most have cores or outer zones and fractures

altered to iddingsite, with fresh olivine rims. A few smaller pheno-

crysts are not altered, however. Small opaque inclusions are found

in the olivine phenocrysts, but are not common. Eutiedral augite

phenocrysts (3%) average 0.75 mm across. They are commonly zoned and

twinned, and some contain plagioclase inclusions. A few augite pheno-

crysts show complex patchy or undulatory extinction. Euhedral ortho-

pyroxene phenocrysts (1%) vary from 0.6 to 3 rum long, and frequently

envelope small plagioclase and olivine phenocrysts (Figure 23). Opaque

phenocrysts (1%) vary from 0.2 to 0.75 nun across. Most are equant

forms (some are irregular in shape and many are distinctly embayed),

although a few bladed crystals up to 1 mm long are present. A polished



Figure 23. Photomicrograph of Tdpba2. Large orthopyroxene (opx)
phenocrysts (right one at extinction) with plagioclase
(p1), augite (aug), and olivine (ol) phenocrysts, some
included in orthopyroxene. Specimen 699, 5 mm across,
crossed polars.
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section revealed that both forms of opaques are titanomagnetite and

frequently contain silicate inclusions. The groundmass contains ran-

domly oriented, euhedral, elongate plagioclase laths (30%) averaging

0.1 mm long. Subhedral to anhedral equant patches of pale green augite

(19%) average 0.08 mm across. Groundmass opaque crystals (4%) average

0.05 mm long. About half are equant or irregular, and about half are

bladed. Many have plagioclase inclusions or are molded around plagio-

clase laths. Again, examination in polished section shows that all of

these forms are titanomagnetite. Medium brown glass (15%), charged

with tiny opaque granules and abundant microlites (including apatite

needles) fills some of the interstices between groundmass crystals.

The texture is partly intergranular and partly intersertal.

Two splits of one sample (699-1 and 699-2 in Appendix 3) show

that this unit contains an average of 55.9% Si02.

Porphyritic Basaltic Andesite Three (Tdpba3)

This unit is exposed at two widely separated outcrops. In

the W 1/2 NE 1/4 sec. 19, T 11 S, R 11 E its base is at 2,450 feet,

and it is 30 feet thick. The flow pinches out to the south, while

to the north it disappears under talus, but presumably it pinches

out northward also. It apparently filled a broad, shallow (about

15 feet deep) depression here. In the W 1/2 NW 1/4 sec. 25, T 11 S,

R 10 E its base is at 2,570 feet, and the flow is only 20 feet thick.

It pinches out to the north and south. From these outcrop distri-

butions, Tdpba3 is probably a narrow tongue approximately 0.25 mile

wide, with a gradient of 70 feet/mile to the northeast. It underlies

the ridge north of Street Creek, and its southern edge is exposed

in Street Creek Canyon. The lava apparently once extended across the

Metolius Canyon, and is tentatively correlated to a 20 foot thick

flow exposed in the north wall of the Metolius Canyon in NW 1/4 NW

1/4 sec. 20 and SW 1/4 SW 1/4 sec. 17, T 11 5, R 11 E (Figure 20).

The base of this outcrop is at 2,420 feet, giving a gradient of

about 60 feet/mile across the Metolius Canyon. This slight decrease

in gradient toward a flow terminus is reasonable. This unit is
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jointed along curving joint blocks into blocks 3 feet in diameter.

Vesicular flow breccia is found in the basal few feet of the flow,

and the top few feet are vesicular and broken by slabby joints.

Unit Tdpba3 is medium light-gray on fresh surfaces and pale

to dark yellowish brown on weathered surfaces. A few subspher-

ical, smooth-walled vesicles up to 8 mm across are present in most

specimens, and some diktytaxitic vesicles are always evident,

though not as abundant as in basalts. Plagioclase phenocrysts up

to 3 mm long occupy about 20% of the rock, and olivine phenocrysts

up to 2 mm across constitute 10%. The groundmass is distinctly

grainy under hand lens and has a light greenish color adjacent to

vesicles. This flow has reversed paleomagnetic polarity.

Thin sections of this unit contain an average of 19% plagio-

clase phenocrysts. The euhedral plagioclase phenocrysts, equant

to elongate in shape, vary from 0.2 to 2 mm long (avg. 0.7 mm). tiost

have inclusions, sometimes concentrated in zones, although a few are

clear. They are normally zoned from An 62 to an undetermined more

sodic composition, and many show oscillatory zoning. Olivine pheno-

crysts (6%) vary from 0.15 to 3 mm across. tiost are subhedral,

although a few are euhedral and a few embayed. One spectacularly

embayed olivine phenocryst is 6 mm long. The rims of larger olivine

phenocrysts are strongly altered to iddingsite, while smaller crystals

are completely altered. Some have thin, discontinuous rims of fresh

olivine. Some of the olivine contains opaque inclusions and spherical,

low birefringence inclusions (devitrified glass?). Large (up to 4.5

mm) glomerocrysts of plagioclase with or without olivine are uncommon.

The groundmass of this unit includes 30% thin, crudely aligned

plagioclase laths which average 0.1 mm long. Pale green groundmass

augite (35%) occurs as narrow subophitic patches (up to 1 mm long)

and equant ophitic patches (avg. 0.4 mm across). Subhedral olivine

crystals (avg. 0.15 mm across) are fairly uncommon (1%) in the ground-

mass. They are not altered to iddingsite, but some are slightly

stained brown. Opaque crystals (3%) occur mostly as equant forms,

although some are bladed (avg. 0.05 mm across). The content of

gray to brownish gray glass is variable, but averages 6%. It is
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charged with opaque granules and fills interstices between plagioclase

laths where augite is not present. The groundinass texture varies from

subophitic to intersertal. Diktytaxitic vesicles are commonly filled

with yellow, orange, or brown opal and light brown calcite. In a few

specimens, some light streaks of augite-poor groundmass are present,

similar to those in platy andesites.

Four analyses of this unit (269, 270, 281 and 311 in Appendix 3)

are very consistent (52.9 to 54.8% Si02 and 1.11 to 1.16% Ti02).

The analyses suggest that this unit is transitional to a basalt.

This is confirmed by the presence of groundmass olivine, absence of

orthopyroxene, and the ophitic and diktytaxitic textures.

Porphyritic Basaltic Andesite Four (Tdpba4)

This unit is spectacularly exposed in a tributary canyon to

Spring Creek in the E 1/2 sec. 31 and sec. 32, T 11 5, R 11 E.

Differences in elevation of outcrops and a few exposures of the basal

contact suggest that this flow filled a canyon that was approximately

100 feet deep and 0.5 mile wide. The flow, about 120 feet thick, over-

lapped the canyon edges to produce narrow sheets at the side of the

main flow mass. The gradient is estimated at 100 feet/mile to the

northeast. It did not extend much farther northeast than its present

outcrops, because it is not found on hill 2436, just to the northeast.

Unit Tdpba4 is a single flow unit in most outcrops, although a steep

flow unit contact occurs in a gully in the SE 1/4 NE 1/4 SE 1/4 sec. 31,

T 11 5, R 11 E, and the sheets may have several thin flow units.

Scoriaceous flow breccia, commonly re-fused, is abundant in the base,

top, and sheets of this unit. Above the basal flow breccia is a mas-

sive, dark, more glassy zone, and the rest of the flow is platy jointed.

The plates vary from 0.5 to 5 cm thick. The platy jointing is sub-

horizontal near the base of the flow, and going toward the flow term-

inus, sweeps rapidly upward to vertical or even overturned. The mas-

sive zone is locally ramped upward along these curving joint surfaces

to appear at the top of the flow.

This lava ranges in color from pale red in flow breccias to dark
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gray in the massive zone to medium light gray in platy jointed specimens.

Light greenish yellow streaks of alteration are subparallel to the platy

jointing, and flow banding can be seen in many massive specimens. Dark

gray fragments and pale red fragments are found together in a pale red

matrix in some flow breccia samples. All types weather pale yellowish

brown to moderate yellowish brown. Most samples are dense, except for

flow breccias. Plagioclase phenocrysts (10%) average 1 mm long, and

bright yellow orthopyroxene phenocrysts (2%) are up to 1 mm long.

Reddish brown olivine phenocrysts (trace) vary up to 2 mm long. Dark

augite (trace) is difficult to find, but is up to 1 mm long. Phenocrysts

are much more difficult to see in platy specimens, because of the

coarser groundmass and alteration of phenocrysts.

Thin sections of this unit show an average of 14% plagioclase

phenocrysts from 0.2 to 2.0 mm long (avg. 0.6 mm). They are commonly

crudely aligned, especially in platy jointed specimens. Larger

crystals tend to be stubby and subhedral, while smaller crystals are

euhedral and elongate. Some of the larger, subhedral phenocrysts

have partially melted cores of An 77, surrounded by a thin rim

normally zoned to An 52. Other large, subhedral phenocrysts have

large inclusions of augite in their core, with each inclusion sur-

rounded by the same narrow normally zoned rim that is found around

the phenocrysts. While the resulting textures are different, both

types of phenocrysts probably resulted from reaction of calcic plagio-

clase with the magma. One plagioclase of this type may also have

served as a crystal nucleation site, as shown by tiny olivine crystals

(altered to iddingsite) that are scattered on the surface between

the calcic core and sodic rim. The smaller, euhedral plagioclase

phenocrysts are less anorthitic and lack the thin sharply zoned rims.

Instead they are normally zoned from An 65 to An 43. Augite phenocrysts

(1.5%) average 0.4 nun long, and vary from ragged, subhedral forms to

euhedral crystals. Orthopyroxene phenocrysts (1%) are about the same

size as augite phenocrysts, but are mostly distinctly rounded. Many

smaller orthopyroxene phenocrysts are surrounded by thin jackets of

augite, but only on the prism faces (Figure 24). Olivine phenocrysts

(0.5%) vary from 0.2 to 2 mm long. Although a few are euhedral, most



Figure 24. Photomicrograph of orthopyroxene phenocryst in
Tdpba4. Note augite jacket on prism faces.
Specimen 249, 1.3 mm across, crossed polars.
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are rounded and embayed, and some are surrounded by tiny groundmass

augite crystals. In massive specimens the olivine phenocrysts have

rims of iddingsite, and are commonly completely replaced by iddingsite

in re-fused flow breccias. In platy specimens they vary from fresh,

slightly stained crystals to completely altered patches of opaques

surrounded by iron-stained groundmass. In massive and re-fused flow

breccia specimens the groundmass is hyalopilitic, consisting of aligned

plagioclase laths (avg. 0.2 mm long) and tiny crystals of augite,

opaques, and rare olivine in a brownish gray glass charged with micro-

lites and opaque dust. Platy specimens have pilotaxitic groundmass

textures. In these specimens, aligned plagioclase laths (60%) range

from 0.1 to 0.2 mm long. Prisms of augite (17%) are 0.05 to 0.12 mm

long. Euhedral and ragged equant forms of opaques (3%) average 0.03

mm across. Olivine occurs in the groundmass as rare (0.5%) subhedral

crystals, but is absent in some coarser specimens. Light gray glass

is fairly sparse (1%). Cristobalite (1%) fills interstices between

plagioclase in lighter colored, augite-deficient groundmass streaks,

and is typically associated with apatite (0.5%).

Two analyses of this flow (245 and 249 in Appendix 3) show typical

basaltic andesite chemistry (56.5 to 57.0% Si02).

Porphyritic Basaltic Andesite Five (Tdpba5)

This unit caps a rounded east-trending ridge west of the thesis

area in the N 1/2 SW 1/4 sec. 26, T 11 5, R 10 E (Conrey, 1985).

Talus of this unit is abundant on slopes at the east end of this

ridge, and on the basis of topography this unit is thought to extend

slightly into the thesis area in the NW 1/4 SE 1/4 sec. 26, T 11 5, R

10 E. Outcrops of this unit are very rare and poor, but this flow

appears to be jointed into slightly dipping slabs from 5 to 10 cm

thick. All talus specimens and outcrops are moderately vesicular.

The vesicles are irregular-shaped and elongated parallel to the slabby

jointing. The lava flow is tongue-like in form, about 0.25 mile wide,

and slopes to the east. Thickness and gradient were not determined

because of limited outcrop information.
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Hand specimens of this lava are medium light gray on fresh

surfaces and moderate to dark yellowish brown on weathered surfaces.

The lava is moderately vesicular, with elongate, irregular vesicles

up to 5 mm long. Vesicles are lined with light yellowish green

alteration minerals. This unit contains about 20% plagioclase pheno-

crysts up to 3 mm long, a few percent olivine phenocrysts up to 1 mm

across, and a few percent augite phenocrysts about 0.5 mm across. The

mafic phenocrysts are difficult to observe as a result of oxidation of

most specimens. Because outcrops are very rare and poor, only two

samples could be collected for paleomagnetic polarity determination.

Both had approximately correct orientations of the magnetic poles

for reversed polarity. This agrees with the determination of Conrey

(1985, p. 58, 348).

In thin section, plagioclase phenocrysts (17.5%) vary from 0.3

to 3.0 mm long. Larger ones are sieve textured, commonly rounded, and

rarely embayed. Smaller ones are clear and euhedral. Both have u.nzoned

to slightly reverse-zoned cores (An 71), with thin rims normally zoned

to An 40. There is a hint, although difficult to prove because the

Michel-Levy method gives only minimum anorthite contents, that the

larger, spongy crystals are more anorthitic than the smaller, clear

crystals. Olivine phenocrysts (2.5%) vary from 0.2 to 1.0 mm across.

They are euhedral to subhedral and contain cubic opaque inclusions.

Olivine phenocrysts have rims of iddingsite, whereas the cores of many

are extensively altered to bowlingite. Augite phenocrysts (2.5%) are

euhedral and vary from 0.1 to 0.8 mm long. They commonly occur in

small glomerocrysts, and are strongly zoned. Some of the augite

phenocrysts show cleavage traces and crystal surfaces which are curved

by as much as 50° (Figure 25). The extinction angle remains relatively

constant in these curved augites, so that the extinction sweeps from

one end of the crystal to the other upon rotation of the stage.

Similar curved augite crystals are present in other units (Spring

Creek basaltic andesite, Tdba5, Fly Creek Ranch basaltic andesite),

but the cause of this phenomenon is unknown. Euhedral orthopyroxene

phenocrysts are fairly large (1.0 to 1.5 mm long) although rare (1%).

Each has an inclusion-rich surface just inside the crystal margin.



Figure 25. Photomicrograph of curved augite phenocryst in
Tdpba5. Specimen 645, 0.3 mm across, plane light.
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Highly embayed or skeletal opaque phenocrysts (trace) vary from 0.15

to 0.4 mm across. The groundmass is composed mostly of nonaligned to

slightly oriented euhedral plagioclase laths (35%) from 0.075 to 0.5

nun long. Subhedral to euhedral augite crystals (26%), some zoned,

vary from 0.02 to 0.1 mm long. Euhedral and irregular equant forms of

opaques (3.5%) average 0.025 mm across. A trace of apatite (needle-

shaped) also is present. Medium brownish gray glass (12%), choked

with tiny microlites, occupies the interstices between plagioclase in

some areas, so that the texture varies from intergranular to inter-

sertal. As mentioned previously, irregular vesicles are common in

this lava, and a few are occupied by cristobalite crystals.

No chemical analyses were performed on this unit, but based on

the coexistence of olivine, augite, and orthopyroxene phenocrysts, it

is probably a basaltic andesite. An analysis provided by R. Conrey

(C683 in Appendix 3) confirms this assignment (55.0% Si02).

Porphyritic Basaltic Andesite Six (Tdpba6)

This unit caps three separate ridges in the northwestern part

of the thesis area (Plate 1): one located mostly in the SE 1/4

sec. 14, T 11 5, R 10 E, one located in the NE 1/4 sec. 23, T 11 5,

R 10 E, and one located mostly in the N 1/2 SE 1/4 sec. 24, T 11 5,

R 10 E. This distribution of outcrops suggests a gradient of 150

feet/mile to the east-northeast. The outcrop in section 24 was

undoubtedly separated from that in section 23 by recent erosion, but

the separation between these outcrops and that in section 14 may indi-

cate two separate lobes, each about 0.4 mile wide, at the terminus of

this unit. This unit can be traced westward to the crest of Green

Ridge, where it is among a group of Deschutes Formation lavas that

poured eastward directly over the top of the eroded Castle Rocks

volcano (D. Wendland, personal communication, 1983). This lava is

exposed in good outcrops around the rim of each of the three ridges.

It is a single flow unit about 60 feet thick. Lower parts of the

flow unit are blocky jointed, and platy jointing becomes prominent

toward the top. The top of the flow shows platy joints dipping
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steeply in various directions. Platy jointing becomes more prominent

toward the flow terminus. The base and top are not exposed but are

probably vesicular, although flow breccia appears to be minor in this

unit.

Hand specimens of this unit are light brownish gray on fresh

surfaces and moderate brown on weathered surfaces. Medium gray

weathering rinds up to 1 cm thick underlie exposed surfaces. The

rock contains about 20% plagioclase phenocrysts which are usually

1 mm square, but vary up to 3 mm long, and 4% reddish brown olivine

phenocrysts up to 3 mm long. Small greenish spots of alteration are

abundant, especially in platy jointed specimens. These specimens also

show larger areas that are stained black. Overall, specimens of this

unit appear speckled. This lava has reversed paleomagnetic polarity.

Thin sections of this unit show textures ranging from porphyritic

to senate. Plagioclase (66%) varies from 0.05 to 6 mm long. The

crystals are fairly stubby and range from subhedral to euhedral. All

show normal zoning. Some of the larger crystals contain coarse

inclusions and show spectacular normal oscillatory zoning, with a

core composition of An 83. Medium-sized plagioclase crystals are

clear and have core compositions near An 62. Smaller plagioclase

crystals have core compositions near An 48. Augite appears to be

bimodal in size distribution. Large, euhedral crystals (up to 1.5 mm

long) are rare. Small, subhedral prisms of augite (24%) vary up to

0.05 mm long. There is also a trace of orthopyroxene. Most of the

opaques (5%) are irregular, discontinuous blades which average 0.15 mm

long. Some of the opaques, however, are equant in shape and average

0.02 mm across. Subhedral to anhedral olivine (4%) varies from 0.075

to 0.75 mm in diameter. Larger ones have a zone of medium reddish

brown iddingsite, surrounded by a zone of clear olivine. As shown by

the higher birefringence, the outer zone is more fayalitic. The outer

surfaces of olivine phenocrysts are frequently oxidized to a thin film

of opaques. Smaller crystals lack the zone of iddingsite, but some

have the opaque films. Clear glass (1%), charged with tiny opaque

granules and apatite needles, is present in most samples, although
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in some specimens it has altered to pale yellow green patches of clay

minerals (?)

This unit contains about 54.7% 5j02 and 1.42% Ti02 and has an

FeO*/MgO ratio of 2.39 (422 in Appendix 3).

Porphyritic Basaltic Andesite Seven (Tdpba7)

This lava caps a ridge in the N 1/2 SE 1/4 sec. 23, T 11 5,

R 10 E. It forms a 0.25 mile wide tongue, with a gradient of about

120 feet/mile to the east. Outcrops are fairly poor, but this flow

appears to be blocky jointed and about 40 feet thick. Vesicular,

2 foot diameter boulders of this unit are found loose on top of the

ridge, but the interior of the flow is dense.

Conrey (1985, p. 349) correlated this unit to his samples 690

and 692, which are from a lava which flowed northeast around the "Old

Volcano," a pre-Deschutes basaltic andesite edifice. However, his

samples 690 and 692 are only sparsely porphyritic. The flow of

samples 690 and 692 may overlie Tdpba7.

Hand specimens of this unit are medium light gray where fresh

and dark yellowish brown on weathered surfaces. A slightly darker

rind (medium gray), about 1 cm thick, underlies weathered surfaces.

The rock contains about 25% plagioclase phenocrysts up to 3 mm long

(but most are less than 1 nun long) and 5% reddish olivine phenocrysts

up to 1 mm across. Small spots of greenish alteration are abundant.

Together, these features make this rock appear speckled. Only one

oriented sample, which gave an abnormal paleomagnetic orientation,

was collected. The lava with samples 690 and 692 of Conrey (1985,

p. 349), which may closely overlie this unit, also has an abnormal

paleomagnetic orientation.

Thin sections of this unit contain about 35% euhedral plagioclase

phenocrysts from 0.4 to 3.5 mm long (avg. 0.35 mm). Most are about

two or three times longer than wide. Large phenocrysts have cores

containing coarse inclusions, but smaller phenocrysts are clear. Some

plagioclase glomerocrysts up to 4.5 nun across are present. All plagio-

clase phenocrysts are slightly normally zoned, with a core composition
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of An 57. Olivine phenocrysts (5%) vary from 0.2 to 1 mm across.

Most are subhedral, and all have outer zones altered to iddingsite,

with thin rims of clear, fresh olivine. Some contain opaque inclusions

and spherical inclusions of low birefringence material (devitrified

glass?). The groundmass consists of plagioclase laths (35%), from

0.05 to 0.4 mm long (avg. 0.15 mm), with a composition of An 47.

Prisms of pyroxene (20%) average 0.1 nun long. Most are clinopyroxene,

but because a few show parallel extinction, orthopyroxene may also be

present. Opaques (3%) occur in three forms. Over half are equant

crystals which average 0.04 mm across. About a third are bladed

crystals, which average 0.2 mm long. The remainder are molded around

plagioclase laths to form patches up to 0.25 mm across. Small (0.1 to

0.2 mm) subhedral and anhedral crystals of olivine (2%) also are present.

Most are not altered, although a few are slightly iron stained and

many are surrounded by groundmass pyroxene crystals. There is also

a trace of apatite and glass. The groundmass texture is intergranular.

This lava contains about 55.8% 5i02 and 1.26% Ti02, and has an

FeO*/MgO of 1.93 (436 in Appendix 3).

This unit is similar to Tdpba6 in the field and in thin sections,

and both occupy similar stratigraphic positions. In hand specimen,

Tdpba6 has a slight brownish tint compared to specimens of this unit,

and has larger phenocrysts and fewer olivine phenocrysts. In thin

section, Tdpba6 has a more senate texture while specimens from this

unit have a more discrete phenocryst population. This is not a defin-

itive difference however, because texture can vary widely within a

flow. Pyroxene and opaques are less abundant in this unit, and the

opaques tend to be smaller, and fewer are bladed. There is also a

suggestion that orthopyroxene is more abundant in this unit than in

Tdpba6, although this is very tentative because the small grain size

makes identification of groundmass pyroxenes difficult. The pyroxene

grains tend to be larger and the plagioclase appears to be less anor-

thitic in this unit. The Michel-Levy method gives the minimum anor-

thite content, however, so anorthite content is not definitive. In

summary, these two lavas are extremely difficult to tell apart in the

field and in thin section. However, the chemistries are very different.
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This unit has lower FeO* and Ti02 and higher NgO and CaO. These dif-

ferences are much larger than those resulting from sample heterogeneity

and analytical error.

Gunsight Andesite (Tda)

The Gunsight is a local name for the narrow ridge in sec. 36,

T 11 S, R 10 E and sec. 31, T 11 S, R 11 E (Figure 21). This ridge

is supported by a single flow informally called the Gunsight andesite.

This flow was traced westward to within two miles of the crest of

Green Ridge by Conrey (1985).

The Gunsight andesite is well exposed in 40 to 60 foot high

cliffs around the ridge. The bottom 2 to 4 feet of the flow consist

of nonvesicular flow breccia which is either loose and rubbly or

re-fused to a dense rock. Above that is a narrow zone of dense, glassy

rock which locally shows flow banding. The bulk of the flow is per-

vasively jointed into plates from 3 to 5 cm thick. The joints are

subhorizontal just above the glassy zone, but have moderate dips in

various directions in the upper part of the flow. At many locations,

another joint set occurs within the subhorizontal joint set. These

joints have an angle of about 30° to the main set, and appear very

similar to planar cross-bedding. Also present are ramp joints which

cut the other joint sets. These are subhorizontal near the base and

curve upward to vertical, going eastward. The top of the ridge is

capped in a few locations by knobs of flow breccia. The flow is

approximately 80 feet thick and has a gradient of approximately 100

feet/mile to the east-northeast. It apparently filled a narrow,

straight canyon, and is a spectacular example of reversed topography.

This unit has reversed paleomagnetic polarity.

In hand specimen the Gunsight andesite is medium dark gray in

the dense zone and medium light gray in the platy zone, with pale

to moderate greenish yellow alteration along joint surfaces. It

weathers dark yellowish orange to dark yellowish brown. Flow breccia

is oxidized to various shades of red. It contains less than 1% plag-

ioclase phenocrysts about 1 mm long, and even rarer phenocrysts of
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olivine and augite of about the same size. Phenocrysts are less

evident in platy jointed specimens.

In thin section smaller phenocrysts are visible, so that the

rock contains a total of 4% phenocrysts. Fairly stubby, euhedral

plagioclase phenocrysts (2%) vary from 0.4 to 1.5 mm long. Most

are clear, but a few have spongy cores, zones, or rims. They have

normally zoned cores, with a composition of about An 64, with thin

sodic plagioclase rims. Olivine phenocrysts (1%), euhedral to embayed,

average 0.1 mm long. They are encrusted with tiny groundmass ortho-

pyroxene crystals. The olivine is variably altered to opaque granules

and pyroxene; some are completely destroyed. Olivine not altered to

opaques and pyroxene is altered to iddingsite or stained by iron oxides.

Stubby euhedral prisms of augite (0.5%) average 0.3 mm long. Opaque

phenocrysts (0.5%) were identified as titanomagnetite in polished

section. They are euhedral to anhedral (including embayed) and aver-

age 0.3 mm across. A few are large (0.75 mm long). The groundmass

consists of subparallel plagioclase laths (avg. 0.2 mm long), with a

composition near An 42, microlites of clinopyroxene and orthopyroxene,

opaque granules (identified as titanomagnetite in polished section),

and glass. Coarser specimens (those with platy joints) show a trace

of apatite in the groundmass, and lighter streaks with orthopyroxene,

cristobalite, clays, and apatite between the plagioclase laths. The

content of glass varies, so that the groundmass texture varies from

pilotaxitic to hyalopilitic.

The chemical analysis (222 in Appendix 3) shows that this unit

is an andesite (59.1% Si02).

Porphyritic Andesite (Tdpa)

A porphyritic andesite flow is widely exposed just west of the

thesis area on the north side of Spring Creek Canyon (Conrey, 1985).

Pieces of this unit are abundant on the slopes in the SW 1/4 SE 1/4

sec. 26 and N 1/2 NE 1/4 sec. 35, T 11 5, R 10 E. Though exposures

are poor, on the basis of topography this unit extends slightly into

the thesis area in the SW 1/4 SE 1/4 sec. 26 and N 1/2 NE 1/4 sec. 35,
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T 11 S, R 11 E (Plate 1).

Outcrops of this unit show subhorizontal to moderately dipping

platy joints from 1 to 5 cm thick. The rock is grayish olive green

and weathers dark yellowish orange. This unit is dense, with about

15% plagioclase phenocrysts up to 4 mm long, and thin greenish streaks

of alteration. It has normal paleomagnetic polarity.

In thin section the rock contains 15% plagioclase phenocrysts

from 0.4 to 4.0 nun long. Most are clear or have a few sparse inclu-

sions, and are euhedral, while others are richer in inclusions and

somewhat ragged. The largest ones are sieve textured and partly melted.

All are normal oscillatory zoned from about An 77 to An 25. Subhedral,

pale green augite phenocrysts (avg. 0.4 mm) are fairly sparse (1.5%).

Phenocrysts of opaque minerals from 0.6 to 0.1 mm also are present

(0.5%). They are equant in shape and rounded. Many are embayed and

preferentially surrounded by groundmass augite crystals. Well aligned,

tightly packed plagioclase laths (57%) averaging 0.15 mm long give the

groundmass a pilotaxitic texture. Interstitial to the plagioclase

laths are anhedral patches (0.15 mm across) and tiny prisms (0.01 mm

long) of pale green augite (20%). Equant crystals and irregular forms

of opaques (avg. 0.02 mm across) also are present (2%). Some small

areas of the rock are deficient in augite and appear lighter colored.

In these areas light brown clay minerals (2%) and clear cristobalite

(1%) occupy interstices between the plagioclase laths. Anhedral patches

(avg. 0.1 mm across) of hornblende (1%), pleochroic from pale brown to

pale green, occur in these areas. A trace of tiny apatite needles is

also concentrated in these areas. These areas are probably the greenish

streaks of alteration observed in hand specimen, and are probably the

result of concentration of volatiles or residual liquid.

This lava contains 59.0% 5i02 (656 in Appendix 3).

Conrey (1985, p. 218, 220) documented slight heterogeneity in this

lava, which he ascribed (p. 223) to the incomplete mixing of a high

Al, low Mg basaltic andesite with an aphyric andesite. Conrey (1985)

effectively demonstrates magma mixing in several Deschutes Formation

lavas.



Tuffs

Mapping of tuffs proved to be difficult because of poor exposure,

the great number of tuffs, and the similar appearance of many tuffs.

Another problem was that a single tuff unit often had a variable

appearance, due to the following reasons: 1) presence of more than

one type of pumice whose abundances change laterally and vertically;

change in color of matrix ash, probably reflecting changes in pumice;

change in texture vertically from fine grained (rich in ash and

crystals) at the base to coarse grained (rich in pumice lapilli) at

the top; 4) irregular changes in texture and structure; and 5) changes

in color due to vapor-phase oxidation and welding.

Thirty-two tuffs are individually mapped on Plate 1 and discussed

in this section. Most are major units worthy of detailed description

although several minor units are included because they are valuable

markers, contain interesting features, or are useful for paleomagnetic

stratigraphy. Two areas (Big Canyon and Deschutes Canyon in the SE 1/4

SW 1/4 sec. 34, T 11 5, R 12 E) were studied in detail, and several

minor tuffs in these areas are described. Many tuff outcrops shown on

Plate 1 are not individually described; these undivided tuffs may

prove worthy of study in the future.

Descriptions of tuffs are usually limited to outcrop and hand

specimen data. Because of the changes in appearance discussed

previously, these descriptions may not be completely adequate to

characterize a unit. Only a few thin sections of tuffs were cut,

and these proved to be of little use in characterizing these units.

Chemical analyses are presented for pumice from many important

units. The type and estimated abundance of phenocrysts in pumice

proved useful for correlation in many instances. Quantitative

abundance and composition of phenocrysts can be quite characteristic

and definitive, but are beyond the scope of this study.

Unless otherwise indicated, the tuffs described in this section

are believed to have been deposited by ash flows. But because this

is often a controversial interpretation, the term will not be used

in naming the units.
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Tuffs are found in all parts of the thesis area; they constitute

wore of the Deschutes Formation in the western part than in the eastern

part. Most form extensive sheets with east to north-east gradients.

Some fill narrow canyons cut into other tuffs or into sedimentary rocks.

Tuffs in the western part are on the average thicker than those in the

eastern part.

Tuff One (Tdt1)

This is the only tuff recognized beneath the Chinook tuff. It

is exposed around the mouth of Street Creek, and is prominent behind

lakefront homesites in the W 1/2 SW 1/4 SW 1/4 sec. 20, T 11 S, R 11 E.

Its base is covered by the waters of Lake Billy Chinook, and about

20 feet are exposed. Tuff one consists of several flow units, with

the upper ones channelled deeply into lower ones (Figure 26). These

channels can also be seen across the Metolius River, and suggest a

northeast flow direction. Unit Tdt1 is overlain by a lithic breccia

throughout its extent (Figure 26). Unit Tdt1 contains sparse rounded

to subangular cobbles of dense volcanic rocks which are not represented

in hand samples.

Hand samples consist of about 30% pumice lapilli from 0.5 to

2 cm across, although some reach 8 cm. Most of the pumice are white

to very light gray to yellowish gray, while a few are medium light

gray or brownish gray. Small subangular dark volcanic rock fragments

about 1 cm across constitute about 5%. The rest of this unit consists

of a pale red to pinkish gray cohesive material which contains sand-

sized pumice, rock fragments, and crystals in a tuffaceous matrix with

a few irregular pores. Unit Tdt1 has weak normal paleomagnetic polarity.

This unit is more heterogeneous and lithic-rich than typical

ash-flow tuffs. In addition, the matrix is more cohesive and porous

than is normal in ash-flow tuffs. Unit Tdt1 may have been deposited

by a flow transitional between an ash flow and a puxniceous debris flow.

No pumice lapilli from Tdt1 were analyzed.



Figure 26. Tdt1 overlain by lithic breccia. Dipping flow unit
contact in Tdt1 at right. Outcrop in SW 1/4 SW 1/4
SW 1/4 sec. 20, T 11 5, R 11 E. Lithic breccia about
10 feet thick.
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Chinook Tuff (Tdt2)

This is one of the most extensive units in the thesis area, and

consequently is a valuable marker. It is widely exposed along the

shores of Lake Billy Chinook, for which it was named by Stensland

(personal communication, 1981), a convention followed by Smith and

Priest (1983, p. 122) and Smith (1987a, 1987b).

In the thesis area, the Chinook tuff can be traced in discon-

tinuous outcrops from the Deschutes Canyon to the NE 1/4 sec. 19,

T 11 5, R 11 E. It is prominently exposed along the Monty Road

between Perry South and Monty Campgrounds. The tuff may extend into

the SW 1/4 sec. 18, T 11 5, R 11 E, although no correlation could

be confidently made. Most of the breaks between outcrops probably

represent covered intervals. However, there is much evidence of

relief at the base of the Chinook tuff. In Fly Creek Canyon, the

Chinook tuff thins abruptly by about 100 feet over the altered

basaltic andesite. In the Deschutes Canyon, the stratigraphic

position of the Chinook tuff is occupied by fine-grained sediments

in the SE 1/4 SW 1/4 sec. 34, T 11 5, R 12 E. This may represent

the west side of a north-trending channel occupied by the Chinook

tuff in this area, similar to a north-trending channel occupied

by the Chinook tuff farther north (Smith, 1987a).

The Chinook tuff forms a broad sheet, about 100 feet thick, that

slopes roughly eastward at about 35 feet/mile from Spring Creek to

Fly Creek. East of Fly Creek, the base of the Chinook tuff dips

beneath the waters of Lake Billy Chinook. The visible thickness

decreases eastward, suggesting a further decrease in basal elevation.

The visible thickness of the Chinook tuff decreases southward in the

Deschutes Canyon, until in the SW 1/4 SE 1/4 NW 1/4 sec. 3, T 12 5,

R 12 E only 8 feet of the Chinook tuff are visible above normal water

level. This may indicate thinning of the Chinook tuff toward its

south edge. Interpretations of visible thickness must be treated with

care however, because the Chinook tuff may have been partially eroded

before burial.

The Chinook tuff is characterized by multiple flow units in
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most outcrops. Later flow units are commonly channelled into earlier

ones. Different flow units are defined by different abundances or

sizes of pumice and lithic fragments, and flow unit contacts are

often accentuated by finer-grained tuff at the base of the overlying

flow unit. Rarely, plane-bedded tuff, perhaps of ground surge origin,

separates flow units.

Most flow units are pinkish gray in hand specimen. These contain

from 10 to 30% white, chalky, finely vesicular pumice lapilli. In

most hand specimens the pumice lapilli rarely exceed 1 cm in diameter.

The pumice lapilli contain a few plagioclase and orthopyroxene pheno-

crysts. Considerable admixed volcanic lithic material is always visible;

it varies from 10 to 40% and ranges from coarse sand to pebbles. Some

fine pebbles are highly altered to green or yellow clay. These

altered lithic fragments are characteristic of this unit. Many flow

units contain much larger lithic fragments, and some flow units are

characterized by rounded cobbles. Most hand samples contain at

least a few darker pumice lapilli, also less than 1 cm in diameter.

These are medium gray and in some flow units are altered yellow. The

pumice and lithic fragments are enclosed in a pinkish gray tuff matrix,

with a few crystals. The fine-grained bases of a few flow units are

grayish pink with smaller pumice and lithic fragments, and with more

tuff matrix.

Between Fly Creek and Spring Creek, the Chinook tuff is capped

by a flow unit with considerably coarser pumice. This flow unit was

distinguished by Hewitt (1970) as a different ash-flow tuff. However,

no sediments were observed under this flow unit, and it is considered

as one of the many Chinook tuff flow units. The pumice lapilli (10 to

50%) vary from 3 cm to 30 cm in diameter, and increase in size and

abundance upward in this flow unit. The pumice 1apil1i are set in a

matrix of pale red tuff, with some admixed vo1canic lithic coarse sand.

Light gray, mixed dark gray and light gray (Figure 27), and interme-

diate varieties of pumice (401, 417, 612, 614, 615, 616, 620, and 624

in Appendix 3) represent rhyodacitic to dacitic compositions. No

analyses were attempted of the more characteristic white pumice of

the Chinook tuff. All flow units of the Chinook tuff have normal



Figure 27. Mixed pumice from Chinook tuff. Specimen 417, from
top pumice-rich flow unit.
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paleomagnetic polarity.

Several unusual features are present in the Chinook tuff. In

Fly Creek Canyon, in the SE 1/4 NW 1/4 SW 1/4 sec. 26, T 11 S, R 11 E,

one flow unit is bedded, with beds about 1 cm thick defined by crude

grain size variations and elongation of pumice lapilli. These beds

are parallel to the lower contact of the flow unit, but become more

irregular upwards, where they appear to form large cross beds with

wavelengths of about 4 m and amplitudes of about 40 cm (Figure 28).

The total thickness of tuff displaying bedding is about 3 m. The

bedding may indicate that this flow unit was emplaced by a low-density

pyroclastic flow, perhaps transitional between a typical ash flow

and a typical base surge. In several outcrops, a few flow units of

the Chinook tuff appear to be crudely plane-bedded, perhaps for the

same reasons. In the excellent outcrops in gullies in the W 1/2

SE 1/4 NE 1/4 sec. 19, T 11 S, R 11 E and in the SE 1/4 SE 1/4

sec. 24, T 11 5, R 10 E, the Chinook tuff is dominated by a very

thick flow unit with abundant vertical pipes of volcanic lithic gravel

with little matrix (Figure 29). These pipes were probably formed

by elutriation of fine material during defluidization of the flow

(Wilson, 1980).

As described previously, many flow units of the Chinook tuff are

rich in volcanic lithic fragments, often quite large. Much of this

material could have been derived from extensive conglomerates which

underlie the Chinook tuff. This would require the flows that produced

the Chinook tuff to have been erosive; a similar conclusion is required

by the presence of flow units channelled into older ones, without

evidence of fluvial erosion. There is a suggestion that the Chinook

tuff becomes richer in coarse lithic material away from the source;

the outcrops in lower Juniper Canyon are especially rich in cobbles,

while those in Street Creek Canyon are devoid of cobbles. In the

Deschutes Canyon, the outcrops in the NW 1/4 SE 1/4 sec. 34, T 11 S, R

12 E are much richer in lithic fragments than those in the W 1/2 sec.

3, T 12 5, R 12 E. Some flow units of the Chinook tuff are so rich in

lithic material to suggest that the flows must have been very dense,

and may have been transitional between pumiceous debris flows and



Figure 28. Cross bedding in Chinook tuff. Outcrop in SE 1/4
NW 1/4 SW 1/4 sec. 26, T 11 S, R 11 E.
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Figure 29. Elutriation pipes in Chinook tuff. Altered lithic
fragment (lf) and typical chalky white pumice also
visible. In NE 1/4 SW 1/4 NE 1/4 sec. 19, T 11 S,
R 11 E.
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typical ash flows.

It is curious that the same unit contains some flow units with

structures indicative of low-density, highly fluldized transport and

other flow units with structures indicative of high-density transport.

The presence of erosive channels also indicates widely varying flow

conditions. This unit is worthy of much more detailed study.

Tuff Three (Tdt3)

This unit can be traced laterally for only 500 feet at an eleva-

tion of about 1,980 feet in the Deschutes Canyon in the SE 1/4 SW 1/4

sec. 34, T 11 5, R 12 E. It is overlain by an erosional surface, so

that its thickness varies from 2 to 6 feet. This unit is unimportant

but is included because it contains some interesting features.

This tuff is white on fresh surfaces and weathers very pale

orange. It consists of white pumice lapilli and rounded sand and

gravel of dark volcanic lithic material in a white matrix of tuff with

a few crystals and fine sand-sized black glass fragments. The base of

Tdt3 contains less than 10% pumice lapilli, less than 1 cm in diameter,

whereas the top contains 20% pumice lapilli from 1 to 10 cm in diameter.

Lithic material is scattered throughout the unit, but is concentrated

in lithic-rich lenses toward the base. The entire unit contains dark

yellowish brown impressions of flat, monocotyledonous organic material.

This material may have been grass or reeds. The organic material is

concentrated at the base, where it is strongly aligned from north to

north-northwest. This unit has weak normal paleomagnetic polarity.

Pumice lapilli from this unit were not analyzed.

Tuff Four (Tdt4)

This unit is exposed in a large roadcut in the Three Rivers

Recreation Area, at about 2,120 feet in the SE 1/4 NE 1/4 SW 1/4

sec. 26, T 11 5, R 11 E. It can be traced westward to several

discontinuous outcrops in lower Fly Creek Canyon, and eastward

to outcrops beneath the Juniper Canyon basalt in the 5 1/2 SE 1/4



sec. 25, T 11 S, R 11 E (Figure 8). In several locations it over-

lies a thin discontinuous air-fall pumice lapilli bed which over-

lies a paleosol. This unit has a maximum thickness of about 20

feet.

At the roadcut exposures mentioned previously, the top of Tdt4 is

extensively eroded by deep scours filled with interbedded volcanic

lithic and pumiceous sands. The pumiceous sands superficially resemble

Tdt4, so that from a distance Tdt4 and cross-bedded lithic sandstones

appear to be interbedded. Large blocks of Tdt4 can be found in the

sedimentary rocks which fill the scours. In one instance, a vertical

fissure about 2 cm wide and 2 m deep in Tdt4 is filled with sandstone

and was apparently formed when a large block of Tdt4 tilted slightly

into a large scour.

Hand specimens of Tdt4 are wh;ite to pinkish gray. Specimens

from the base are slightly finer grained than those from the top.

About 20% of Tdt4 consists of white pumice lapilli, less than 0.5 cm

in diameter at the base but up to 2 cm in diameter at the top. At the

base the pumice lapilli are horizontally aligned. From 10 to 20% of

Tdt4 consists of volcanic lithic material, mostly sand sized but rang-

ing up to 1 cm in diameter. The rest of the unit is white tuffaceous

matrix, with tiny pumice fragments, lithic fragments, and crystals.

This unit has weak reversed paleomagnetic polarity.

The cores of about 10 white pumice lapilli were scooped out

and analyzed (595 in Appendix 3). This sample has a transitional

dacite/rhyodacite composition.

Tuff Five (Tdt5)

This unit is exposed only in Street Creek Canyon. In several

spectacular outcrops in gullies in the SE 1/4 SE 1/4 SE 1/4 sec. 24,

T 11 5, R 10 E, four ash flow units are exposed between 2,280 and

3,000 feet in elevation (Figure 30). The lower three all have normal

polarity, and are thought to be part of the Chinook tuff. The upper

one has reversed polarity, and upon close examination, a thin paleosol

can be seen separating the Chinook tuff and this flow. Traced west-
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Figure 30. Strata exposed on north side of Street Creek Canyon. E 1/2 SE 1/4 sec. 24, T 11 S, R 11 E.
About 800 feet of section shown. Left - photograph. Right - labelled sketch.
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ward to other spectacular gully outcrops in the SW 1/4 SE 1/4 SE 1/4

sec. 24, T 11 5, R 10 E, a channel filled with sedimentary rocks can

be seen clearly separating the Chinook tuff from this overlying tuff.

This overlying tuff, which cannot be correlated elsewhere, is desig-

nated Tdt5. It is a single flow unit, ranging from 30 to 40 feet

thick.

Hand samples of this unit are pinkish gray to very light gray.

White pumice lapilli, usually around 1 cm in diameter, constitute

from 15 to 30% of this unit. A few darker pumice lapilli, altered

yellow, are also present. Volcanic lithic fragments (20%) are mostly

medium sand, but range up to pebbles 1 cm long. The matrix material

is a dense pinkish gray tuff. The base of the unit is finer grained

and depleted in pumice, and forms a resistant ledge.

No samples from this unit were analyzed.

Tuff Six (Tdt6)

This unit is exposed only in lower Fly Creek Canyon, at an

elevation of about 2,160 feet in the SE 1/4 SE 1/4 sec. 27, T 11 5,

R 11 E (Plate 1). This tuff is about 30 feet thick, with the top

one-third of the unit oxidized and bioturbated, and capped by a

paleosol.

Hand samples of this unit are pale yellowish brown to light

brownish gray. Black pumice lapilli up to 10 cm in diameter,

smaller mixed black and light gray pumice up to 3 cm in diameter,

brownish gray pumice up to 3 cm in diameter, and white to light

gray pumice up to 1 cm in diameter constitute about 30% of this

tuff. Angular and subangular volcanic lithic fragments up to 1 cm

in diameter are abundant (20%). The matrix is a light brownish gray

tuff with conspicuous plagioclase crystals. Unit Tdt6 has normal

paleomagnetic polarity.

Five analyses (630, 631, 636A, 636B, and 636C) of dark pumice

from Tdt6 are presented in Appendix 3. They vary from a dacite

(63.7% 5i02 and 5.71% FeO*) to a rhyodacite (68.8% 5i02 and 4.25% FeO*).

The light gray to white pumice lapilli in this unit were not analyzed.



Tuff Seven (Tdt7)

The most accessible exposures of this unit are in roadcuts along

an abandoned road in the NW 1/4 NE 1/4 sec. 32, T 11 5, R 11 E. Here

Tdt7 is about 100 feet thick, is composed of at least two flow units,

and is separated from the underlying Chinook tuff by about 20 feet of

sedimentary rocks including paleosols. It is also found in outcrops

overlooking the Metolius River in the 5 1/2 SE 1/4 sec. 29, NW 1/4

NW 1/4 sec. 33, and NE 1/4 NE 1/4 sec. 32, T 11 5, R 11 E. It is ten-

tatively correlated with a tuff exposed in several locations in Spring

Creek Canyon. The best exposure of this tuff in Spring Creek Canyon

is in the SW 1/4 NW 1/4 SW 1/4 sec. 30, T 11 5, R 11 E, where it is

about 80 feet thick. This tuff is composed of many flow units in all

outcrops. In the Spring Creek outcrops the lowest flow unit is fairly

thick and homogeneous, while the upper flow units are thin (0.5 to 3

feet thick), have highly variable abundances of pumice lapilli, and

are sometimes channelled into one another. Some flow units are sepa-

rated by vaguely bedded tuffs.

Hand specimens of this unit are very light gray to pinkish gray.

The base of Tdt7, in the only location where it was observed (NW 1/4

NW 1/4 NE 1/4 sec. 32, T 11 5, R 11 E), is fine grained and pumice-

poor, and immediately overlain by a pumice-rich layer with pumice

lapilli up to 5 cm across. Most of Tdt7, however, is characterized

by abundant (15 to 30%) white pumice lapilli usually less than 1 cm

in diameter. Sparse hornblende crystals up to 3 mm long can be found

in these pumice lapilli. In some locations, particularly the eastern

outcrops, darker pumice lapilli are also present. These include

medium gray pumice lapilli up to 5 cm in diameter, and mixed white and

light gray pumice up to 20 cm across. These are minor constituents,

however. Unit Tdt7 is distinguished from the underlying Chinook tuff

by its lack of large admixed lithic fragments. Some volcanic lithic

material is present (up to 15%), but it ranges from fine sand to

pebbles up to 1 cm across. The pumice and lithic fragments are

scattered in a fairly dense pinkish gray tuffaceous matrix. This

unit has normal paleomagnetic polarity.
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No pumice lapilli from this unit were analyzed.

Tuff Eight (Tdt8)

This unit is prominently exposed in gullies in the E 1/2 SW 1/4

NE 1/4 sec. 19, T 11 5, R 11 E. Here it is a single flow unit about

60 feet thick. Tuff eight can be traced in discontinuous outcrops

up Street Creek to the SW 1/4 NE 1/4 SW 1/4 sec. 19, T 11 5, R 11 E.

This unit is correlated with several outcrops on the north side of

Spring Creek Canyon, and with outcrops along the Metolius Canyon in

the SW 1/4 sec. 18, T 11 5, R 11 E. In several localities, Tdt8 is

underlain by a layer of air-fall pumice lapilli from 1 to 1.5 feet

thick.

Unit Tdt8 has a distinctively light-colored base, with an

oxidized flow top. Hand samples from the base range from white to

pinkish gray, and consist of 20% white pumice less than 1 cm in

diameter in a tuffaceous matrix conspicuously speckled with horn-

blende and orthopyroxene crystals about 1 nun long. The abundance

of dark crystals in the base of this unit is distinctive and aids

correlation. Volcanic lithic fragments tend to be minor and small.

In some specimens, a few light gray pumice lapilli up to 3 cm long

and a few lithic fragments up to 2 cm long are present. Hand

samples from the top are conspicuously oxidized to grayish orange

pink to moderate orange pink. These specimens are much richer in

pumice, with up to 30% pumice altered to pink or yellow colors.

From 20 to 40% volcanic lithic fragments, from fine sand to granules,

are also present. Hornblende and orthopyroxene crystals are not

conspicuous in the matrix of these specimens, but can be found in

many of the pumice lapilli. Tuff Tdt8 has normal paleomagnetic

polarity.

No pumice lapilli from this unit were analyzed.

Tuff Nine (Tdt9)

This unit is found in two separate locations in Street Creek
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Canyon. In the SE 1/4 SE 1/4 sec. 24, T 11 5, R 10 E to the SW 1/4

SW 1/4 sec. 19, T 11 5, R 11 E, Tdtg is about 100 feet thick

(Figure 30). It cannot be traced laterally, however, and its strati

graphic level is occupied by other units only 300 feet northeast of

these outcrops. The second locality is in the NE 1/4 NE 1/4 sec. 30,

T 11 S, R 11 E, where Tdtg forms excellent outcrops at least 60 feet

thick. Again, the unit cannot be traced laterally. Unit Tdt9 is

overlain everywhere by a sequence of 1- to 3-foot-thick lithic brec-

cias, which also cannot be traced laterally. These relations suggest

that Tdt9 and the overlying lithic breccias occupy a narrow canyon

over 100 feet deep which trends slightly south of east. Unfortunately,

this stratigraphic level is covered on the south side of the Metolius

Canyon, and the further extent of this canyon-filling tuff cannot be

assessed.

This tuff consists of several thick flow units, some of which

are channelled into underlying flow units. Hand specimens from

most of the unit are pale yellowish brown to light brownish gray,

while the top 6 feet are oxidized to a pale reddish brown. Unit

Tdt9 is fairly homogeneous. Approximately 40% of this tuff con-

sists of light gray to white pumice lapilli up to 1 cm in diameter.

Many pumice lapilli are oxidized to yellowish gray and pale yellowish

gray. Mixed medium gray and light gray pumice lapilli are also

present (10%), and vary from 1 to 4 cm in diameter. Dark gray

pumice lapilli up to 8 cm in diameter are scattered throughout

this unit. Another 40% of this tuff consists of medium sand to

granules of volcanic lithic fragments. The medium light gray tuffa-

ceous matrix is unusually scarce (about 10%). The massive unsorted

structure, the presence of thick flow units, and the abundance of

pumice suggest that this tuff was emplaced by a mass flow, probably

an extremely sandy ash flow. Unit Tdtg has reversed paleomagnetic

p0l a r i ty.

No pumice samples from this unit were analyzed.



Tuff Ten (Tdt10)

The most accessible exposure of this unit is in a roadcut in

the Three Rivers Recreation Area, at an elevation of about 2,280

feet in the SW 1/4 SW 1/4 SE 1/4 sec. 26, T 11 5, R 11 E. Here

Tdt10 is about 50 feet thick. It can be traced westward to several

excellent outcrops on both sides of lower Fly Creek Canyon (Figure 31).

It can also be traced eastward in scattered outcrops (Figure 8) to

the mouth of Big Canyon. In Big Canyon and farther east, its strati-

graphic position is occupied by Tdt11. Unit Tdt10 is widely exposed

across the tietolius River in the Warm Springs Indian Reservation.

The base of Tdt10 was observed in only one locality (Figure 31), where

it overlies a pumiceous paleosol. Throughout its extent, Tdt10 is cap-

ped by a sequence of three brown, pumiceous paleosols separated by

two white air-fall pumice lapilli beds. This sequence is then over-

lain by the Big Canyon basalt (Figure 31).

This tuff is characterized by a pink color, apparently formed

as a result of extensive vapor-phase oxidation. It is graded from

a fine grained base to a pumice-rich top. Hand specimens from the

base of Tdt10 are grayish orange pink, and consist of about 10%

white pumice fragments mostly less than 2 mm in diameter and about

10% lithic fragments up to 2 mm long in a dense tuffaceous matrix.

Hand specimens from the top of Tdt10 are moderate orange pink to

pale red. These specimens consist of about 20% white, fibrous to

chalky pumice lapilli between 1 and 10 cm in diameter. About 5%

more mafic pumice from 0.5 to 5 cm in diameter are extensively oxi-

dized to pale yellowish orange to pale olive colors. About 20%

volcanic lithic material from fine sand to pebbles 1 cm in diameter

are also present. Unit Tdt10 has reversed paleomagnetic polarity.

Five punhice samples from Tdt10 were analyzed (588, 589A, 589B,

589C, and 609 in Appendix 3). The white pumice lapilli are rhyo-

dacitic (71.2 to 73.4% Si02) while the oxidized more mafic pumice

are dacitic (67.6% Si02). The white pumice lapilli in this unit

are unusually rich in tigO (up to 2.4%) and poor in Na20 (as low

as 2.4%).
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Figure 31. Outcrops in east side of lower Fly Creek Canyon.
SE 1/4 SE 1/4 SE 1/4 sec. 27, T 11 S, R 11 E. Top -
photograph. Bottom - labelled sketch.
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Tuff Eleven (Tdt11)

This unit is exposed at an elevation of about 2,190 feet in Big

Canyon, and at 2,160 feet in the west wall of Juniper Canyon. It

forms a sheet, about 20 feet thick, sloping gently eastward. Unit

Tdt11 does not extend farther east than Juniper Canyon, and its

stratigraphic level on the east wall of Juniper Canyon is occupied

by conglomerates and lithj.c breccias. To the west of Big Canyon, tuff

Tdt10 occupies this stratigraphic position. The contact between Tdt10

and Tdt11 is not exposed, and the relation between them is unknown.

Because they are exposed close to one another it is possible that one

occupies a channel cut into the other, but based on present evidence,

these units are regarded as the same age.

Hand specimens of this unit are brownish gray to pale yellowish

brown. White and dark gray pumice lapilli, and mixed and intermediate

pumice lapilli, constitute about 25%. Most are less than 2 cm in

diameter, but some reach 6 cm in diameter. Dark subangular to sub-

rounded volcanic lithic fragments are abundant (45%), and range from

fine sand to granules. These materials are set in a brownish gray

tuffaceous matrix. Unit Tdt11 has weak reversed paleomagnetic polarity.

Three pumice samples (681, 682, and 683 in Appendix 3) document

a dacitic and rhyodacitic composition of the dark and light pumice,

respectively.

Tuff Twelve (Tdt12)

This unit is exposed at an elevation of about 2,140 feet in

the Deschutes Canyon in the NW 1/4 SE 1/4 SW 1/4 sec. 34, T 11 5,

R 12 E. It is only 6 feet thick and was traced for less than 500

feet. Even though this unit is an extremely minor unit, it is

included for paleomagnetic polarity stratigraphy.

This tuff is pinkish gray on fresh surfaces and pale yellow-

ish orange on weathered surfaces. This unit consists of white and

light gray pumice lapilli (15 to 20%), from 0.5 to 4 cm in diameter,

set in a tuffaceous matrix. Crystals and medium volcanic lithic
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sand are minor components. Toward the top of the unit, the white

pumice lapilli are oxidized to pink colors and the light gray pumice

lapilli are oxidized to yellow colors. Unit Tdt12 has reversed

paleomagnetic polarity.

No analyses were performed on this unit.

Tuff Thirteen (Tdt13)

This unit is exposed in several outcrops in a small part of

the Metolius Canyon, in the SW 1/4 sec. 28 and NW 1/4 sec. 33,

T 11 5, R 11 E (Figure 32). Distribution of outcrops and a slop-

ing lower contact in the NW 1/4 NE 1/4 NW 1/4 sec. 33, T 11 S,

R 11 E (Figure 32) suggest that this unit occupies a narrow canyon,

about 40 feet deep, which trends north to north-northeast. This

is an unusual direction for a paleocanyon in this part of the thesis

area. This unusual flow direction may be caused by the Big Canyon

basalt, a slightly older unit which has a western margin that trends

roughly north. East- to northeast-trending drainages would have

been diverted northward along the margin of this flow. As this

drainage became established, it could have cut a small canyon, which

was then filled by Tdt13. Unit Tdt13 was then eroded slightly

before burial by lithic breccias (Figure 32).

An identical sequence of beds is found in all exposures of this

unit (Figure 32). Immediately underlying Tdt13 is a bed of very

coarse sandstone. This is overlain, along a knife-sharp contact, by

a 6-foot-thick bed of air-fall pumice lapilli. The bottom several

inches of this air-fall bed are slightly finer grained and vaguely

plane-laminated. In some locations a contact is visible in the middle

of this air-fall bed; the upper air-fall bed is slightly finer grained

than the lower one. Both consist of white, fibrous pumice containing

a few hornblende crystals. Above the air-fall bed is a sequence of

tuff beds which vary from 0.5 to 2 feet thick, which is overlain by a

15 foot thick massive tuff, followed again by more thin tuff beds.

All of the tuffs in this unit have a characteristic pale yellowish

brown color.



sed. rocks

lithic breccia

air-fall pumice lapilli bed
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sed. rocks

sed. rocks

Figure 32. Sloping lower contact of Tdt1. Looking north to
NW 1/4 NE 1/4 NW 1/4 sec. 33, T 11 S, R 11 E. Top -
photograph. Bottom - labelled sketch.
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The tuffs in Tdt13 are of three types. The most abundant type

contain little pumice. Instead they consist mostly of euhedral

plagioclase and hornblende crystals in a pale yellowish brown to pale

pink tuffaceous matrix. Gray volcanic lithic fragments, up to 1 cm

in diameter, are common in these units. A few lithic fragments

contain abundant hornblende phenocrysts, and some hornblende-rich

pumice lapilli are also present. Most of these thin tuffs are normally

graded, and many have horizontal lamination.

Next in abundance are pumiceous tuffs which contain a variety of

pumice types: black, brown, and very light gray to white (Figure 33).

All contain hornblende phenocrysts, and in the black pumice they reach

6 miii long. The abundance of hornblende in the very light gray to white

pumice appears to be variable. Mixed black and brown pumice lapilli

and mixed white and brown pumice lapilli also occur in these units

(Figure 33). Some pumice lapilli, especially the darker types, reach

15 cm in diameter, but most pumice lapilli do not exceed 2 cm in diameter.

These pumiceous tuffs also contain abundant plagioclase and hornblende

crystals and volcanic lithic fragments in a pale pink tuffaceous matrix.

These tuffs are structureless, and most of the thicker tuff beds are

of this type.

The least voluminous type of tuff is very rich in pumice lapilli

and usually occurs as thin interbeds between the other types. Most of

the lapilli in these beds are white to very light gray pumice; darker

varieties are rare. These lapilli, between 1 and 2 cm in diameter and

up to 4 cm in some beds, are nearly in framework support. Between the

pumice lapilli is a pale pink tuffaceous matrix, which contains abun-

dant irregular vesicles up to 5 mni across.

These three types of tuffs are complexly interbedded, but overall,

Tdt13 appears to be slightly normally graded. A few channels are

present (Figure 34); these usually have flat floors and steep sides,

and range from 0.5 to 2 feet deep.

The tuffs containing a significant pumice component were probably

deposited by crystal-rich mass flows, probably ash flows. Comminution

of phenocryst-rich pumice lapilli by grain to grain collisions would

have produced the crystals. The flows could have been debris flows,
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Figure 33. Variety of pumice types in Tdt13. Specimens, from
left to right: 768, 773, 772, and 391.
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Figure 34. Small channel with flat bottom and steep sides in Tdt13.
Bed one foot above hammer is pumiceous tuff. Channel
fill is pumice-poor tuff. Taken at location of
specimen 405.
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however, with water as the continuous phase rather than gas. The

pumice-poor tuffs, with grading and horizontal stratification, were

deposited by turbulent flows. These flows may have been muddy slur-

ries produced by mixing of an ash flow with water or by rapid erosion

of the top of an ash-flow sheet. The pumice-rich tuffs must have

contained water, because cohesionless dry ash cannot support pores.

These may have been deposited by distal turbulent flows, which had

deposited most of the crystal and lithic load farther upstream, and

then slowed enough to deposit the load of pumice and ash.

Even though Tdt13 has a complex origin, the similarity of

pumice types and the abundance of hornblende indicate that all beds

owe their origin to a single magma batch or several related ones,

similar to an ash-flow tuff. Chemical analyses of pumice from

Tdt13 (391, 392, 768, 772B, 772M, and 773 in Appendix 3) can there-

fore be related to one another. These analyses show remarkable

variation (range over 20% Si02, 5% MgO, and 1% Ti02). The black and

brown pumice lapilli are basaltic andesites (55.8 and 56.9% Si02),
although some of the black pumice might be basaltic because a mixed

brown and black pumice contains 51% Si02 . The white to very light

gray pumice lapilli are variable in composition (60.5 to 71.8% Si02).

Cove Palisades Tuff (Tdt14)

This unit is exposed at an elevation of 2,240 feet in the W 1/2

sec. 3, T 12 S, R 12 E in the Deschutes Canyon. In the southern part

of this area, this unit is widely exposed and is probably a continuous

sheet, while in the northern part, exposures of this unit are sepa-

rated by sedimentary rocks. This probably represents the northern end

of this unit. It can be traced southward to outcrops along the paved

road grade down into the Deschutes Canyon south of the thesis area.

It is prominently exposed in the landform called "The Ship" in The Cove

Palisades State Park, and in the road grade out of the Crooked River

Canyon to Culver. This unit was named for the state park by Smith and

Priest (1983), and this name will be used here.

This unit is characterized by its light colored outcrops;
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its lower bed, about 1 foot thick, is especially conspicuous.

This lower bed is white to very pale orange. It consists of white

pumice lapilli 1 cm in diameter with white accretionary lapilli up

to 6 mm in diameter. The accretionary lapilli are dense and hard

and do not show visible concentric structure. The lapilli are

mixed with dark volcanic lithic fragments, coarse sand to granules

in size, in a tuff matrix. Variations in grain size cause conspic-

uous plane bedding, with beds averaging about 1 cm thick. This layer

is remarkably continuous and is diagnostic of the Cove Palisades tuff.

This layer may have been produced by a base surge cloud moving ahead

of the main pyroclastic flow.

The main part of the Cove Palisades tuff has a maximum thick-

ness in the thesis area of about 20 feet. It contains 10% white

pumice lapilli less than 6 mm in diameter. Subrounded volcanic lithic

fragments are common, and in most of the Cove Palisades tuff vary

from granules to pebbles 5 cm in diameter. However, in many

localities the middle or top of the Cove Palisades tuff is rich

in rounded cobbles and a few boulders. These materials are set in

a matrix of white to pinkish gray tuff with a few crystals. In

some localities, there is an abrupt contact between the lower tuff

and upper cobble-rich tuff; this may represent two flow units.

The Cove Palisades tuff has weak normal paleomagnetic polarity.

The presence of cobbles and boulders, and especially of cobble-

rich zones, in the Cove Palisades tuff is enigmatic. As in the

Chinook tuff, this may indicate a high-density flow.

No pumice lapilli were analyzed from this unit.

Hoodoos Tuff (Tdt15)

This unit is prominently exposed in the NE 1/4 SE 1/4 NW 1/4

and the NW 1/4 SW 1/4 NE 1/4 sec. 33, T 11 5, R 11 E. Here large

hoodoos of this tuff are supported by slabs of welded Fly Creek

tuff, forming a picturesque locality described by Brogan (1973)

as the "balanced rocks." Although many tuffs (including the Chinook

tuff, Tdt17, and Tdt9) form hoodoos capped by resistant blocks,
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this tuff is characterized by them in several localities, and is

named for them. The locations of other hoodoos of this unit capped

by blocks of welded Fly Creek tuff are: 1) a short distance from

the above locality in the N 1/2 NW 1/4 NE 1/4 sec. 33, T 11 5, R 11 E;

2) on the north side of the mouth of Spring Creek Canyon, in about

the center of the NE 1/4 sec. 30, T 11 5, R 11 E; and 3) across the

Fletolius River in the Warm Springs Indian Reservation, in the 5 1/2

NE 1/4 SE 1/4 sec. 20, T 11 5, R 11 E. All localities are on south-

facing slopes and where the overlying Fly Creek tuff is welded near

its base.

The Hoodoos tuff can be traced westward in discontinuous out-

crops as far as the south side of Street Creek Canyon. North of

Street Creek Canyon its stratigraphic position is occupied by Tdt17.

This unit has also been traced up Fly Creek Canyon by Conrey (1985).

The Hoodoos tuff can also be traced in very discontinuous outcrops

eastward as far as the NW 1/4 SW 1/4 SE 1/4 sec. 30, T 11 5, R 12 E.

It ranges from about 140 feet to less than 30 feet thick. The Hoodoos

tuff slopes eastward at about 100 feet/mile in the western part. The

gradient decreases steadily eastward to about 30 feet/mile.

The base of the Hoodoos tuff crops out in many areas where the

rest of the unit is not exposed, and was initially thought to be a

separate unit. However, in excellent exposures in a gully in the SE

1/4 SE 1/4 NE 1/4 sec. 32, T 11 5, R 11 E, the complete gradation in

this tuff can be seen. The Hoodoos tuff here consists of three flow

units, with each successive flow unit darker than the underlying one.

In the outcrops studied by Conrey (1985, p. 269) only two flow units

are visible. All flow units have reversed paleomagnetic polarity.

Even in outcrops without distinct flow unit contacts, the color

gradation can be seen. The two end-members of this gradation will be

described.

The base of the Hoodoos tuff is very light gray to light gray

and weathers light olive gray. It consists of about 40% pumice

lapilli, most of which range from 0.5 to 2 cm in diameter. A few

pumice lapilli reach 15 cm in diameter. Two types are present:

white to very light gray, and light olive gray to olive gray. A
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few mixed types are also found. Nedium sand to pebbles 2 cm in

diameter of angular volcanic rock fragments are common (20%). These

materials are set in a very light gray tuffaceous matrix. Conrey

(1985, p. 269) describes an air-fall pumice lapilli bed just below

the base.

The upper parts of the Hoodoos tuff are medium gray to brownish

gray. Black, plagioclase-phyric pumice blocks range up to 30 cm in

diameter, but most are about 10 cm in diameter. Flattened bombs of

partly vesicular black pumice with breadcrust or ropy surfaces may

represent collapsed pumice or poorly vesiculated blobs of magma.

These "cow-dung't bombs are not horizontal, and must have impacted upon

some surface before transport in the ash flow. Nixed black and light

gray pumice lapilli and bombs, identical in occurrence to the black

pumice, are very common in this unit, and serve to characterize it.

Nany lapilli and bombs have homogeneous black pumice in the interior,

but have mixed black and light gray pumice around the margins. Light

gray to very light gray pumice lapilli, up to 5 cm in diameter, are

also present. Volcanic lithic fragments are not abundant in the top

of the Hoodoos tuff, but a few angular glass fragments up to 1 cm

across are present. The vapor-phase oxidized top of the Hoodoos tuff

is moderate orange pink to moderate reddish orange.

Five analyses of the Hoodoos tuff (543, 544, 545, 650, and 654

in Appendix 3) are from the bottom flow unit or near the base of

the Hoodoos tuff. Even though these have widely different colors,

the range in composition is surprisingly small (70.5 to 68.8% Si02,

0.59 to 0.67% Ti02, and 2.01 to 2.32% CaO). Two analyses from higher

in the Hoodoos tuff (330 and 334 in Appendix 3) are much more mafic

(65.0 and 63.9% Si02), and a considerably more mafic component must

be present because the latter analysis is of a mixed pumice.

Two unusual features of the Hoodoos tuff deserve mention. First,

rounded granitoid xenoliths up to 6 cm in diameter are occasionally

found. In thin section, these consist mostly of plagioclase, quartz,

and alkali feldspar. The grains are separated by colorless glass,

which constitutes about half of the specimens. The mafic minerals in

these xenoliths have broken down to small orthopyroxene, opaque, and
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rare augite granules, but relict biotite is found in one specimen.

Trace constituents include zircon and apatite. These xenoliths

represent fragments plucked from an older plut.on and partially

melted by the Hoodoos magma. Conrey (1985, p. 269, 274-291) reports

many other types of xenoliths found in the Hoodoos and other tuffs,

describes their unique textures due to rapid partial melting, and

discusses their implications for the crust beneath the Cascades.

Second, the Hoodoos tuff contains a variety of clastic dikes in

gully exposures in the SE 1/4 NW 1/4 sec. 4, T 12 5, R 11 E. These

clastic dikes range up to 3 feet wide, although most are about

6 inches wide. One dike was traced for nearly 200 feet, but most

could not be followed for more than 50 feet. The average strike of

the dikes is northeast, but in detail the strikes vary by up to 30°.

Most of the dikes are nearly vertical, although several dikes have

irregular shapes so that a dip could not be accurately defined. Many

of the thinner (0.5 to 6 inches wide) dikes bifurcate upwards, while

bifurcations along strike or downward are not very common. Many dikes

narrow downward, and some disappear completely to become an orange

iron-stained fracture. In most cases, the opposite walls of the dikes

match closely (Figure 35), although a few dikes flare upward abruptly

so that a gap would exist if the walls were fit back together.

Every dike observed had a fine-grained tuff rind next to the

country rock (Figure 35). These may have formed by entry of a fluid

phase into the permeable tuff, causing accretion of fine material

on the wall. Most dikes are coarser in the center, and this suggests

that some flowage differentiation of the dike material has taken

place. In some finer-grained dikes, the dike material is delicately

flow banded (Figure 35). Several dikes show evidence of multiple

injection across the width of a dike (Figure 35). One dike has a

subvertical septum of fine tuff and sandstone across the dike. This

indicates filling of one segment of the dike before another. The

resistance of the dikes is variable; some weather in positive relief,

others in negative relief. The Hoodoos tuff adjacent to many of these

dikes is more resistant than the tuff farther away.

The dike material is quite variable, but all the materials appear



Figure 35. Clastic dikes in Hoodoos tuff. SE 1/4 NW 1/4 sec. 4, T 12 S, R 111 E.
Left - Matching walls, fine-grained margins, and pumice in coarse-grained dike.
Right - Fine-grained margin, flow banding, and coarser interior in fine-grained dike.
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to be derived from the Hoodoos tuff. Most thin dikes are composed of

fine tuff, sometimes quite rich in crystals and small lithic fragments

(Figure 35). Abundant black glass chips were found in several dikes.

The thicker dikes consist of white to dark gray pumice lapilli in a

yellowish gray tuff matrix (Figure 35). Overall, the dikes are

always better sorted than the adjacent Hoodoos tuff, and rock frag-

ments and pumice appear to be segregated better than in the Hoodoos tuff.

The origin of these dikes is problematic. Flowage differentiation

features suggest that these features are not cracks passively filled

by debris. Rather, considerable flow velocity is required. The fine-

grained margins indicate some fluid phase, either gas or water, was

present and percolated into the wall rocks. Because much of the dike

material is finer than the enclosing tuff, these are not segregation

veins due to elutriation of fines. A possible explanation is that

the bottom of the Hoodoos tuff stayed fluidized even as the upper part

was compacting. This fluidized material could then have been injected

upwards due to density instability. Finally, it should be noted that

features such as these may be more widely recognized; clastic dikes,

though rare, were also found in the Chinook tuff and in Tdt17.

Fly Creek Tuff (Tdt16)

This tuff is widely exposed in Fly Creek Canyon, for which it is

named, and can be easily observed in roadcut exposures in the SE 1/4

SW 1/4 NE 1/4 sec. 33, T 11 5, R liE and in the SE 1/4 SE 1/45W 1/4

sec. 4, T 12 5, R 11 E. It can be traced westward as far as the south

side of Street Creek Canyon (Figure 17). In some locations, outcrops

of the Fly Creek tuff were so continuous that the contact was mapped

instead of individual outcrops. Conrey (1985, p. 247) traced the Fly

Creek tuff up Street Creek Canyon to within two miles of the crest of

Green Ridge, and found that it was downdropped by faulting below the

level of exposure on the west side of Green Ridge. The Fly Creek tuff

was traced as far eastward as the Deschutes Canyon (Figure 10). It is

therefore one of the most extensive units in the thesis area and a

valuable marker.
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The thickness of the Fly Creek tuff is variable for three reasons:

1) relief at the base of the tuff; 2) thinning of the tuff sheet toward

its margins; and 3) erosion before burial.

Relief of the basal contact is visible in the SW 1/4 NE 1/4

sec. 33, T 11 5, R 11 E. On the northwest side of the northeast-

trending ridge in this area, the base of the Fly Creek tuff is at

an elevation of 2,580 feet. On the southeast side of this ridge, a

roadcut exposure indicates that the base of the Fly Creek tuff must

be below 2,540 feet, so that at least 40 feet of relief is required

between these exposures. This relief is not due to gradient, because

these outcrops are only 1,000 feet apart perpendicular to the gradient

of the Fly Creek tuff. Examination of outcrop relations suggests that

a broad, shallow depression trended northeast through the SE 1/4 sec.

33, T 11 5, R 11 E, and was filled by the Fly Creek tuff.

Just south of Street Creek Canyon, in the SE 1/4 sec. 26, T 11 5,

R 10 E, the Fly Creek tuff can be constrained as less than 80 feet

thick. A small outcrop in a gully in the NE 1/4 NW 1/4 NW 1/4 sec. 4,

T 12 5, R 11 E shows the Fly Creek tuff to be over 160 feet thick

in that area. The thickness variation between these outcrops is

probably caused by thinning of the tuff sheet toward its northern

boundary. Similarly, the Fly Creek tuff is only 30 feet thick in the

Deschutes Canyon, presumably near the distal edge of the tuff sheet.

Erosion of the Fly Creek tuff may have resulted in some abnormally

thin sections in the Three Rivers Recreation Area. However, signifi-

cant erosion can be documented only in the 5 1/2 sec. 32, T 11 5, R 11

E, where a ridge supported by lithic breccias and conglomerates over-

lies abnormally thin and unusually poorly exposed Fly Creek tuff.

These relations suggest that an east-northeast-trending channel was

eroded into the Fly Creek tuff and then filled by conglomerates and

lithic breccias.

The gradient of the Fly Creek tuff is northeastward at about

120 feet/mile in the western part of the thesis area, decreasing

to about 50 feet/mile in the eastern part of the thesis area. In

the Deschutes Canyon the elevation of the base of the Fly Creek tuff

decreases northward at about 70 feet/mile. The probable flow direc-
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tion of the Fly Creek tuff was approximately northeast in the western

part of the thesis area, turning to a more northerly direction in the

eastern part of the thesis area.

A bed of air-fall pumice lapilli directly underlies the Fly Creek

tuff in many locations. It varies from 0.5 to 2 feet thick, and tends

to be thicker to the west. The air-fall pumice lapilli bed is absent

in many locations, however.

In the eastern part of the thesis area the Fly Creek tuff is

unwelded. Here it shows a vertical gradation in grain size and color.

Hand specimens from the basal few feet of the Fly Creek tuff are

white on fresh surfaces and weather very pale orange. These consist

of about 20 to 30% white pumice lapilli from 2 to 6 mm in diameter

and about 10% gray volcanic lithic material from medium sand to gran-

ules in a white tuff matrix. Plagioclase crystals are also common,

and a few specimens contain opalized wood. Hand specimens from the

middle of the Fly Creek tuff are light gray to pale red purple on

fresh surfaces and light brown on weathered surfaces. These consist

of about 30% pumice lapilli from 0.5 to 5 cm in diameter, although

toward the top the pumice lapilli reach 20 cm in diameter. Pumice

lapilli range from very light gray to medium light gray, usually with

a distinctive violet tint. Very sparse hornblende phenocrysts are

present in some lapilli. The rest of these specimens consist of 10%

volcanic lithic material up to 1 cm in diameter in a light gray tuff

matrix. Most specimens are fairly dense and coherent, but pumice

lapilli do not exhibit flattening. Therefore, these specimens are

regarded as unwelded. Toward the top, the Fly Creek tuff is vapor-

phase oxidized to pale red to moderate orange pink colors. Many large

pumice lapilli and blocks in this zone have concentrically arranged

grayish pink to moderate orange pink colors. The Fly Creek tuff has

reversed paleomagnetic polarity.

Going west, larger and darker pumice can be found. For example,

in the NW 1/4 SW 1/4 SE 1/4 sec. 36, T 11 5, R 11 E, medium gray

pumice blocks up to 40 cm in diameter can be found, and some blocks

have breadcrust surfaces. The dominant size of pumice in the Fly

Creek tuff changes little, however.
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In the SE 1/4 NE 1/4 sec. 31, T 11 5, R 12 E, the Fly Creek

tuff is partly welded where it filled a small gully about 20 feet

deep. This is an exception, however, for widespread welding of

the Fly Creek tuff is restricted to west of Fly Creek. In sec. 33,

T 11 5, R 11 E the Fly Creek tuff is partly welded, with pumice

flattened to length:height ratios of 5:1 to 8:1. The lower part of

this partly welded Fly Creek tuff is light gray to medium light

gray, but going upward, specimens become grayish orange to moderate

orange pink, probably due to vapor-phase oxidation. Many pumice

lapilli have light gray to light brownish gray cores and pale yel-

lowish orange rims. Large pumice blocks in the partially welded

tuff are mostly collapsed, and the abundant plagioclase and sparse

hornblende phenocrysts are easily seen in hand specimens and thin

sections from these blocks. Collapsed mixed light gray and medium

gray pumice lapilli are also visible. The partly welded tuff

weathers to plates from 2 to 20 cm thick. Except in the locations

where the Fly Creek tuff filled depressions, it is always welded

very near the base.

The degree of welding increases rapidly westward of sec. 32,

T 11 S, R 11 E, until in the NE 1/4 sec. 31, T 11 S, R 11 E, the

Fly Creek tuff is densely welded to a black vitrophyre. Fiammé

are still visible in hand specimen (Figure 36), and weathering

accentuates the fiammé to give outcrops a platy appearance. Farther

west, however, in the SE 1/4 sec. 36, T 11 S, R 10 E and in the

NE 1/4 sec. 1, T 12 5, R 10 E, the Fly Creek tuff is even more

densely welded to a black vitrophyre without visible texture.

This vitrophyre weathers to spheres up to 2 m in diameter,

reflecting its textural isotropy.

Going north from the previous outcrop, the degree of welding

decreases slightly toward the north margin of the tuff sheet.

Specimens from the N 1/2 sec. 30, T 11 5, R 11 E are partly welded to

densely welded with large fiammé clearly visible. Wherever welded,

the Fly Creek tuff is broken along two sets of nearly vertical joints.

The trends are variable, but one set strikes roughly northwest (N20°W

to N60°W) and intersects the second set at nearly right angles.



Figure 36. Fiammé in welded Fly Creek tuff. Note mixed pumice
at center. Smooth joint surface in SW 1/4 NE 1/4
sec. 31, T 11 S, R 11 E. Scale in inches and
centimeters.
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Joints are separated by about 2 to 10 feet.

Conrey (1985, p. 248) reports a flow unit contact within the Fly

Creek tuff along the road grade in Fly Creek Canyon in SE 1/4 SW 1/4

sec. 4, T 12 5, R 11 E, and believes that flow unit contacts are

probably present, though obscure, elsewhere. In the Deschutes

Canyon, only one flow unit is definitely present. Farther west,

however, where outcrops are poorer, vague flow unit contacts were

occasionally observed.

Six samples of light to medium gray pumice from the Fly Creek

tuff were analyzed (91, 145, 338, 340, 483, and 739 in Appendix 3).

All have a very similar chemical composition (68.7 to 71.7% 5i02

and 0.36 to 0.41% Ti02), making the bulk of the Fly Creek tuff

rhyodacitic. However, Conrey (1985, p. 248) reported that the

Fly Creek tuff in his thesis area graded upward to where it also

contained black, crystal-rich scoria that is nearly basaltic. On

this basis, an isolated outcrop in a gully in the NE 1/4 NW 1/4

NW 1/4 sec. 4, T 12 5, R 11 E is probably the upper part of the

Fly Creek tuff, and two mixed light and dark gray pumice lapilli from

this outcrop were analyzed (566 and 567 in Appendix 3). Also, two

samples of black, crystal-rich hornblende pumice, found as float just

above the welded part of the Fly Creek tuff, were analyzed (575 and

665 in Appendix 3). These analyses document a basaltic andesite com-

ponent (55.6% 5i02 and 1.40% Ti02) in the Fly Creek tuff. Conrey

(1985, p. 247-260) presents additional chemical and mineralogic analy-

ses of this tuff, and ascribes the features to the fortuitous injec-

tion of a mafic magma into a silicic magma chamber, causing limited

mixing and triggering eruption.

Tuff Seventeen (Tdt17)

This tuff is best exposed at the north side of the mouth of

Street Creek Canyon in the SW 1/4 SW 1/4 NE 1/4 and NW 1/4 NW 1/4

SE 1/4 sec. 19, T 11 5, R 11 E. Here the base of Tdt17 is at an

elevation of about 2,480 feet, and forms a prominent ledge over-

hanging conglomerates. From this location, Tdt17 can be traced
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westward along discontinuous outcrops on the north side of Street

Creek Canyon (Figure 30) to the western edge of the thesis area. The

unit can also be traced northwestward to excellent outcrops in the

N 1/2 NE 1/4 sec. 24, T 11 5, R 10 E, and to the northwest corner

of the thesis area through discontinuous outcrops.

There is ample evidence of considerable relief at the base of

Tdt17. First, it is found on top of the Monty Campground basaltic

andesite, which as mentioned previously, has about 200 feet of relief

on its upper surface. Second, the tuff closely overlies the Monty

Campground and Street Creek basaltic andesites, and yet also closely

overlies the much older Tdpba3 between them. Apparently, Tdt17 fills

a wide canyon eroded between the two basaltic andesites. More direct

evidence is found in the N 1/4 SW 1/4 sec. 19, T 11 5, R 11 E, where

the basal contact changes abruptly from an elevation of 2,480 feet

(over conglomerates) to 2,600 feet (over the Street Creek basaltic

andesite). Similarly, just to the west of the thesis area, in the SE

1/4 NW 1/4 sec. 26, T 11 5, R 10 E, the base of Tdt17 where it over-

lies conglomerates is over 30 feet lower than the top of the nearby

Street Creek basaltic andesite.

This unit is at least 120 feet thick throughout the thesis area,

and approaches 200 feet thick in some areas. In most outcrops, only

a single flow unit is visible, but in the locality where Tdt17 is

thickest, in the N 1/4 NE 1/4 sec. 24, T 11 5, R 10 E, one irregular

flow unit contact is visible.

Unit Tdt17 changes character from west to east. In the SE 1/4

NW 1/4 and SW 1/4 NE 1/4 sec. 26, T 11 5, R 10 E, Tdt17 contains

abundant angular blocks of black glass with plagioclase phenocrysts

and gray platy andesite with plagioclase phenocrysts. The platy

andesite blocks reach 2 m in diameter, but usually are about 10 cm

in diameter, and are probably accidental fragments picked up and

transported by Tdt17. Many black glass blocks have extensively

fractured margins which resemble incipient radial jointing, and some

black glass blocks are vesiculated around their margins to a dark

greenish gray pumice. These clasts are believed to represent unvesi-

culated fragments of the same magma that produced the pumice in this
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deposit. This conclusion is confirmed by the presence of distinctive

square glomerocrysts of plagioclase (about 6 mm to 1 cm across) in

both u.nvesiculated black glass blocks and in dark pumice lapilli and

blocks up to 50 cm in diameter. To the east, the abundance and size

of blocks decrease, and the abundance of pumice increases until Tdt17

resembles a typical ash-flow tuff, although still a little rich in

lithic material. Unit Tdt17 was probably emplaced by a block and ash

flow, perhaps produced by the explosive destruction of a dome. Cooler

material from the crust of the dome could have broken into the black

glassy blocks, while hotter material from inside the dome might have

vesiculated slightly or shattered apart. The related magma deeper in

the vent could then have vesiculated more completely, producing the

pumice. The abundance and size of dense blocks, including the acci-

dental plagioclase-phyric platy andesite, indicate that this was

a very high density or extremely energetic flow.

These coarse components are not well represented in a typical

hand specimen, which is light brownish gray. Hand specimens are

composed of about 20% pumice lapilli from 0.5 to 2 cm in diameter.

Pumice types include white to yellowish gray, olive gray, and black.

A few mixed types (black and gray) are found, but are fairly rare.

Most black pumice fragments are large (up to 50 cm in diameter) and

scattered throughout the unit. Some are flattened and have bread-

crust surfaces, similar to black pumice in the Hoodoos tuff. Toward

the top, Tdt17 has been oxidized (probably by vapor phase processes)

to a moderate orange pink color. Unit Tdt17 has reversed paleomag-

netic polarity.

Nine samples from Tdt17 have been analyzed (487, 490, 492, 493,

494, 777, 779, 780, and 802 in Appendix 3). The black glass blocks

are andesites to dacites (61.6 and 63.3% 5i02). The pumice samples

range from andesitic (62.1% 5i02) to rhyodacitic (69.1% 5i02).

Unfortunately, the chemical compositions of the black glassy blocks

and the black pumice are not identical. Nevertheless, they are very

similar (compare 487 with 493 and 487 with 777), 50 it is quite

possible that the blocks and pumice are comagmatic.

This unit occurs at nearly the same stratigraphic level as the
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Hoodoos tuff, which is found just south of Street Creek Canyon. The

contact between the two is not exposed, and the two are very similar

(general dark color, abundant dark pumice bombs which are commonly

large or flattened, reversed polarity). However, they are believed

to be separate units because: 1) mixed pumice, which are so charac-

teristic of the Hoodoos tuff, are rare in Tdt17; 2) lithic material is

abundant in Tdt17, while it is much less prominent in the Hoodoos tuff;

3) in general, Tdt17 has more Ti02, FeO*, MgO, and CaO and less K20

than the Hoodoos tuff at similar Si02 contents (Appendix 3), and 4)

the Hoodoos tuff has more structure (flow units, grading in pumice

types) than Tdt17. The Hoodoos tuff may have been eroded from this

area when the large canyon which Tdt17 now occupies was cut.

Tuff Eighteen (Tdt18)

This tuff is exposed in the north wall of Street Creek Canyon,

in the SE 1/4 sec. 24, T 11 5, R 10 E and in sec. 19, T 11 5, R 11 E.

The basal surface of tuff eighteen slopes east-northeast at about

100 feet/mile. It is about 50 feet thick, and consists of two flow

units. The base of the unit is light-colored and resistant, forming a

conspicuous ledge which overhangs conglomerates in many locations

(Figure 30). A thin (up to 20 cm), discontinuous bed of air-fall

pumice lapilli underlies Tdt18 in several locations.

Specimens of the basal part of this unit are very pale orange

to grayish orange pink on fresh surfaces, and weather pale yellow-

ish orange. Light-colored pumice lapilli, up to 10 cm long, con-

stitute 20% of the base of Tdt18. Volcanic lithic fragments are very

rare, but plagioclase and hornblende crystals are conspicuous in the

tuffaceous matrix. Most pumice lapilli are altered to pink or yellow

colors in the basal zone. Unit Tdt18 changes to a light gray color

toward the top, with 20% light olive gray and olive gray pumice lapilli

up to 2 cm in diameter in a light gray tuffaceous matrix with conspic-

uous plagioclase and orthopyroxene crystals. Again, volcanic lithic

fragments are rare. This unit has reversed paleomagnetic polarity.

Unit Tdt18 is at exactly the same stratigraphic level as the
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Fly Creek tuff south of Street Creek. The units have similar colors

and polarities, and both contain hornblende crystals. Correlation

of these units is highly likely, but cannot yet be confirmed.

No pumice lapilli from Tdt18 were analyzed.

Tuff Nineteen (Tdt19)

This unit is exposed at several localities in Big Canyon. It

is present at the top of a roadcut at 2,450 feet in the NW 1/4 NE 1/4

NE 1/4 sec. 1, T 12 5, R 11 E. Tuff nineteen is found at an elevation

of 2,420 feet in the NE 1/4 NE 1/4 SW 1/4 sec. 31, T 11 5, R 12 E.

It is also found in several outcrops in gullies at an elevation of

2,370 feet in the SE 1/4 NE 1/4 NE 1/4 sec. 31, T 11 S, R 12 E.

This unit is at most 40 feet thick, and appears to slope northeast

at a gradient of about 60 feet/mile.

Hand samples of this tuff are yellowish gray to white. Tuff

nineteen is fairly fine grained, and consists of less than 10% fibrous

white pumice lapilli less than 1 cm in diameter in a tuff matrix.

Volcanic lithic fragments are scarce and no larger than granules.

Some specimens contain molds of twigs and other organic matter,

aligned to the east. This unit has weak normal paleomagnetic polarity.

The twig molds indicate that this tuff was deposited by a fairly cool

ash flow or by a pumiceous debris flow.

No pumice samples from this unit were analyzed.

Tuff Twenty (Tdt20)

This unit is exposed at two locations at an elevation of about

2,420 feet in the north side of Big Canyon. These outcrops are in

the NE 1/4 NE 1/4 SW 1/4 and the SE 1/4 NE 1/4 NE 1/4 sec. 31, T 11 5,

R 12 E. Tuff twenty is fairly minor, but is included for paleomagnetic

polarity stratigraphy.

Hand specimens of this unit are yellowish gray. Similar to

Tdt13, tuff twenty consists of pumice-rich beds about 1 foot thick,

separated by thinner beds of tuffaceous sandstone. The pumice-
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rich beds consist of about 50% pumice lapilli which average 1 cm

in diameter. Host pumice lapilli are light gray, but brownish

gray, white, and mixed types are also common. The pumice lapilli

are included in a tuffaceous matrix containing irregular pores

up to 3 mm across. The tuffaceous sandstones are coarse grained

and massive to parallel laminated. Like Tdt13, this unit may have

been deposited by a pumiceous debris flow formed from the unconsoli-

dated, pumice-rich top of an ash-flow tuff. Tuff twenty has weak

normal paleomagnetic polarity.

Pumice from this unit were not analyzed.

Tuff Twenty-One (Tdt21)

This unit is exposed in sparse outcrops in the northwestern

part of the thesis area. The best outcrops are in the NE 1/4 SE

1/4 SW 1/4 sec. 13, T 11 5, R 10 E, where about 100 feet of Tdt21

are exposed. In the NE 1/4 SE 1/4 SE 1/4 sec. 14, T 11 5, R 10 E,

over 160 feet of this unit are exposed. The gradient and flow

direction of this unit could not be determined.

Hand samples of this unit are grayish pink to grayish orange

pink. Specimens from the top tend to have more of a pink color

than specimens from the base. About 15 to 30% of this unit con-

sists of white fibrous pumice lapilli, some of which are oxidized

pinkish gray, up to 2 cm in diameter. A slightly more mafic com-

ponent is represented in mixed light gray and white pumice lapilli

up to 4 cm in diameter. Nany of the light gray pumice lapilli are

oxidized to yellowish colors. Volcanic lithic fragments, from medium

sand to pebbles 1 cm across are fairly common (15%). Some lithic frag-

ments in Tdt21 reach 5 cm in diameter. This tuff has weak reversed

paleomagnetic polarity.

No samples from this unit were analyzed.

Tuff Twenty-Two (Tdt22)
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Road in the N 1/2 sec. 5, T 12 S, R 11 E. It is exposed over an

interval of about 100 feet. This unit can probably be correlated

westward to the "andesitic tuffs" of samples 684 and 686 and south-

ward to samples 698, 417, and 408 of Conrey (1985). It is also very

similar to a tuff at about 2760 feet elevation on the Fly Creek grade.

However, Conrey (1985, p. 348) reports an opposite polarity for this

outcrop.

Hand specimens of this tuff are pale yellowish brown on fresh

surfaces and moderate yellowish brown on weathered surfaces. About

50% of this unit consists of black to brownish black pumice lapilli,

up to 10 cm in diameter, which weather yellowish brown. Light gray

pumice lapilli, up to 1 cm in diameter, are also common. A few

lithic fragments up to granule size are present. These materials are

mixed in a pale yellowish brown tuffaceous matrix with some crystals.

This tuff has reversed paleomagnetic polarity.

Four samples of the dark pumice from Tdt22 were analyzed (569,

570, 571, and 572 in Appendix 3). These have a fairly consistent

composition (66.6 to 68.6% Si02 and 0.72 to 0.76% Ti02) of a high-

silica dacite.

Tuff Twenty-Three (Tdt23)

This unit is exposed at an elevation of about 2,370 feet in the

NW 1/4 SE 1/4 SW 1/4 sec. 34, T 11 5, R 12 E. It is about 10 feet

thick, and can be traced only about 500 feet along the Deschutes

Canyon, but this unit is included for paleomagnetic polarity

stratigraphy.

Hand specimens of Tdt23 are light gray on fresh surfaces, and

pale yellowish orange on weathered surfaces. This unit is vertically

graded. The base consists of about 20% subangular to subrounded

volcanic lithic granules and pebbles and 10% white, light gray, and

mixed pumice lapilli about 5 nun in diameter in a light brownish gray

tuffaceous matrix with considerable lithic and crystal fine sand

grains. Toward the top, the pumice becomes larger (up to 2 cm in

diameter) and more abundant (20%), and lithic granules and pebbles
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become very minor. The sandy tuff matrix becomes more abundant upward.

Even though the matrix in this unit contains considerable admixed fine

sand, it is still quite cohesive because of abundant tuffaceous

material. This unit was probably emplaced by a very impure ash flow.

Unit Tdt23 has weak reversed paleomagnetic polarity.

No pumice samples from this unit were analyzed.

Tuff Twenty-Four (Tdt24)

This unit is exposed at the bottom of a tributary canyon to

Big Canyon, at an elevation of 2,620 feet in the SW 1/4 NE 1/4 NW 1/4

sec. 2, T 12 5, R 11 E. About 10 feet of this tuff are exposed, but

the base and top cannot be seen.

This unit is grayish orange on fresh surfaces and dark yellow-

ish brown on weathered surfaces. It contains a variety of pumice

types: brownish gray, medium gray, and light gray. Most pumice

lap:illi are less than 1 cm in diameter. This unit is characterized

by an abundance of volcanic lithic pebbles and cobbles not accurately

represented in hand specimens. These materials are mixed in a grayish

orange tuff matrix. As suggested by the abundance of lithic pebbles

and cobbles, this tuff may have been deposited by a flow transitional

between a pumiceous debris flow and an ash flow. Unit Tdt24 has normal

palomagnetic polarity.

No samples from Tdt24 were analyzed.

Tuff Twenty-Five (Tdt25)

This tuff is exposed in three locations in the Big Canyon area.

It is prominently exposed in a roadcut, at an elevation of about

2,520 feet, in the NE 1/4 SW 1/4 SW 1/4 sec. 36, T 11 5, R 11 E,

where it is apparently about 40 feet thick. It is also exposed in

a cut along a nearby abandoned road in the NW 1/4 SW 1/4 SW 1/4

sec. 36, T 11 5, R 11 E. The third series of outcrops are at an

elevation of about 2,560 feet in the N 1/2 SE 1/4 sec. 2, T 12 5,

R 11 E. This is a fairly minor unit.
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Hand samples of this unit are white on fresh surfaces, and gray-

ish orange on weathered surfaces. About 10% pumice lapilli (mostly

white, a few light olive gray, and a few mixed) up to 2 cm in diameter

are enclosed in a white tuffaceous matrix. About 5% volcanic lithic

fragments, from medium sand to granules, are also present. The base

of Tdt25 is finer-grained and rich in rounded pumice granules. In

some outcrops, Tdt25 exhibits a crude bedding defined by changes in

abundance of pumice lapilli. This tuff has very weak remanent magne-

tization, nd no consistent polarity.

Pumice samples from this unit were not analyzed.

Tuff Twenty-Six (Tdt26)

This unit is the same as Hewitt's (1970) ash-flow tuff number

six. It is continuously exposed in the Deschutes Canyon from the

SW 1/4 NW 1/4 SW 1/4 (Figure 10) to the NE 1/4 NW 1/4 NW 1/4 sec. 3,

T 12 5, R 12 E. Here it is a single flow unit about 40 feet thick,

and forms a prominent cliff which overhangs sedimentary rocks in

several locations. This unit disappears beneath talus at both.ends

of these outcrops, so it is not known if Tdt26 occupies a shallow

channel. It is also exposed in Juniper Canyon in the NE 1/4 SE 1/4 SW

1/4 sec. 33, T 11 5, R 12 E. Here a large scour has removed most of

Tdt6 from the north end of the outcrop (Figure 37).

This tuff is extremely rich in volcanic lithic material, most of

which is composed of angular to subangular pebbles up to 2 cm in

diameter. Rounded cobbles are also present in this unit, and are con-

centrated toward the base, where Tdt26 overlies a discontinuous air-

fall pumice layer. Outcrops of Tdt26 are distinctively weathered

moderate yellowish orange to dark yellowish orange.

Hand samples of Tdt26 are pale yellowish brown to olive gray.

Three types of pumice are present: 1) black, varying from cindery

to silky in appearance, 2) light olive gray, and 3) white. The

black pumice fragments reach up to 50 cm in diameter, although they

are usually about 10 cm in diameter, and commonly have breadcrust

surfaces. Small inclusions of gray lithic material are common in



Figure 37. Large scour cut into Tdt26. Looking east in the
NE 1/4 SE 1/4 SW 1/4 sec. 33, T 11 S, R 12 E.
Note overhanging scour wall and block of Tdt26.
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black pumice of Tdt26. The light olive gray pumice is the most

abundant. Most are about 2 cm in diameter, but they range up to 6 cm.

White pumice lapilli are slightly less abundant than the light olive

gray, and are usually 1 cm or less in diameter. Most hand samples

contain about 50% pumice lapilli and 15% lithic fragments up to 1 cm

in diameter in a tuffaceous matrix including crystals and small

pumice fragments and lithic material. Unit Tdt26 has weak normal

paleomagnetic polarity.

Three samples from Tdt26 were analyzed (752, 754A, and 754B in

Appendix 3). These show that there is no consistent chemical dif-

ference between the black and light olive gray pumice lapilli, all

of which are dacitic (average of 65.2% Si02). However, no analyses

of the white pumice lapilli were performed. This unit therefore

might have some variation in chemical composition.

Tuff Twenty-Seven (Tdt27)

This unit occurs at an elevation of 3,120 feet in the SW 1/4

SE 1/4 sec. 23, T 11 S, R 10 E. Poor exposures of Tdt27 extend

over a height of 20 feet, and the top and base of this tuff are not

visible. This unit may correlate westward to the "andesitic tuff" of

sample 693 of Conrey (1985, p. 349).

This unit contains about 10% light olive gray pumice lapilli

from 0.5 to 2 cm in diameter. A few white and medium gray pumice

lapilli are also present. Subangular dark volcanic lithic material

is common (about 50%), and ranges from medium sand to fine pebbles.

Black, glassy lithic fragments with plagioclase phenocrysts are common

in this unit. These components are mixed in a yellowish gray tuff

matrix. This unit has reversed paleomagnetic polarity.

No samples from Tdt27 were analyzed.

Tuff Twenty-Eight (Tdt28)

This tuff is exposed at several localities in Big Canyon.

The westernmost outcrops are at 2,660 feet in the SE 1/4 NE 1/4
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sec. 2, T 12 S, R 11 E, and the easternmost outcrop is at 2,480

feet in the SW 1/4 NE 1/4 NE 1/4 sec. 31, T 11 S, R 12 E. This

tuff, about 15 feet thick, slopes to the east at about 80 feet!

mile. This unit is fairly minor, but is included for paleomagnetic

polarity stratigraphy.

This tuff is very light gray, yellowish gray, and grayish yellow.

The base contains about 15% volcanic lithic fragments, from medium

sand to pebbles up to 3 cm in diameter, and about 15% pumice lapilli

from 0.5 to 1 cm in diameter, in a tuffaceous matrix. The abundance

of pumice increases upward, and at the top the pumice lapilli are

1 to 20 cm in diameter. The pumice lapilli in Tdt28 range from very

light gray to light olive gray to medium dark gray. This unit has

reversed paleomagnetic polarity.

Most of Tdt28 has structures and textures indicative of

deposition by an ash flow. However, the easterninost outcrop of

Tdt28, in the SW 1/4 NE 1/4 NE 1/4 sec. 31, T 11 5, R 12 E, has

round, smooth-walled vesicles up to 5 mm in diameter in the tuffa-

ceous matrix. The distal part of Tdt28 may have been deposited by

a pumiceous mud flow.

Four pumice samples from Tdt28 were analyzed (448, 449, 450,

and 513 in Appendix 3). The darker pumices are dacites (67.5% Si02),

while the lighter pumices are rhyodacites (69.0 and 72.0% Si02).

Although the range in silica content is fairly small, other elements

show much more variation. For example, Ti02 ranges from 0.38% in the

very light gray pumice to 0.68% in the medium dark gray pumice, while

MgO varies from 0.4 to 1.0%, respectively.

Tuff Twenty-Nine (Tdt29)

This unit is exposed in only one locality, on the north side of

Street Creek Canyon. In the SE 1/4 SE 1/4 sec. 23, T 11 5, R 10 E,

Tdt29 forms a prominent cliff, and in the NW 1/4 SW 1/4 SW 1/4

sec. 24, T 11 5, R 10 E, it forms a small isolated knob. Float of

rounded volcanic lithic cobbles is found beneath this knob. The dis-

tribution of outcrops suggests that Tdt29 occupies a narrow channel,
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curving from slightly north of east to slightly south of east, which

was eroded into Tdt27. About 60 feet of tuff is exposed, all of which

is at least partly welded. About 10 to 20 feet above the base of the

outcrops, Tdt29 is densely welded. If the top of the unit is unex-

posed because it is nonwelded, this unit may be much. more than 60 feet

thick. Farther to the west, Conrey (1985, p. 348) has found a welded

tuff thought to be correlative with this unit.

Outcrops of Tdt29 have a moderate yellowish brown color from a

distance. In hand specimen, black fiainmé, commonly 1 cm long but up

to 10 cm long, are prominent (40%). These black collapsed pumice

lapilli, with common plagioclase and orthopyroxene plienocrysts, are

slightly iridescent. In the densely welded zone, they are flattened

to length:height ratios of 8:1 or more. Light gray, angular to rounded,

volcanic xenoliths up to 5 mm across are commonly included in these

fiammé. Light gray to light brown angular volcanic lithic fragments,

up to 1 cm across, form about 20% of this unit. The matrix material

is a brownish. gray dense tuff with some plagioclase crystals. This

unit has reversed paleomagnetic polarity.

Three large black fiammé from this unit were analyzed (522, 523A,

and 523B in Appendix 3). They are all dacitic in composition (63.4 to

65.7% Si02) but show about 0.5% variation in several components (FeO*,

MgO, CaO, and Na20). This unit has the least chemical variation of

any tuff in the thesis area, but further analyses, especially of

smaller fiammé, might document more variation.

Six Creek Tuff (Tdt30)

This tuff can be successfully correlated to many parts of the

thesis area. It is found beneath the Gunsight andesite, at about

3,080 feet in the N 1/2 SE 1/4 sec. 36, T 11 5, R 10 E. The tuff

occurs in a ditch along the Prairie Farm Road at an elevation of about

3,040 feet in the NW 1/4 NW 1/4 SW 1/4 sec. 5, T 12 5, R 11 E, from

where it can be traced west to three small outcrops. It is specta-

cularly exposed along the Fly Creek grade, in the SW 1/4 SW 1/4

NW 1/4 sec. 9, T 12 5, R 11 E. This unit is found in two roadcuts
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in the Three Rivers Recreation Area, at about 2,680 feet in the

NE 1/4 SE 1/4 NE 1/4 sec. 35, T 11 5, R 11 E and in the center of

the SW 1/4 sec. 1, T 12 5, R 11 E. It is found at an elevation of

about 2,700 feet in a small tributary to Big Canyon in the NW 1/4

SW 1/4 SE 1/4 sec. 35, T 11 5, R 11 E. Excellent exposures can be

found along the bottom of Big Canyon in the N 1/2 sec. 10, T 12 5,

R 11 E. Finally, Tdt30 is tentatively correlated to a tuff exposed

in a roadcut in the SW 1/4 SW 1/4 SE 1/4 sec. 31, T 11 5, R 12 E,

and to a nearby outcrop in the NE 1/4 NW 1/4 NW 1/4 sec. 6, T 12 5,

R 12 E. Conrey (1985) has successfully traced this tuff westward up

several creeks. It is found in the drainage of Six Creek for which

it is named, within one mile of the crest of Green Ridge, and Conrey

(1985, p. 261) has found this tuff between 200 and 300 feet thick on

the west flank of Green Ridge.

In the thesis area, unit Tdt30 apparently forms a broad sheet,

varying from over 100 feet thick in the west to less than 20 feet

thick in the east, with an average eastward gradient of 65 feet/mile.

Only one flow unit was observed in all outcrops, except in the Fly

Creek grade, where there are two.

Outcrops of Tdt30 are dark yellowish brown. The top is vapor-

phase oxidized to dark yellowish orange. This tuff is characterized

by large (up to 1 m diameter) black, cindery, plagioclase-poor pumice.

The pumice is more vesiculated around fairly common, gray, angular

volcanic xenoliths up to 1 cm across, which occasionally lie loose in

large irregular vesicles. This is probably due to nucleation of

volatiles on the surface of these xenoliths. The large black pumice

bombs are concentrated at various levels in the tuff. To the east,

the black pumice become smaller and less abundant, while light olive

gray pumice lapilli, up to 10 cm but commonly 4 cm in diameter, become

more prominent. A few pumice lapilli with intermediate colors are

present, and true mixed pumice lapilli are rare but present. This

tuff is fairly rich in volcanic lithic fragments, some of which are

rounded cobbles of black glass with plagioclase phenocrysts (in thin

section, abundant orthopyroxene and opaque phenocrysts, a few augite

phenocrysts, and a few apatite micro-phenocrysts are also visible).
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Typical hand specimens, especially from the eastern outcrops,

do not contain these coarse components. Instead, these specimens

are pale yellowish brown to dark yellowish brown, and consist of

about 20% dark gray to light olive gray pumice lapilli, less than

1 cm in diameter, and about 50% fine sand to pebbles of dark volcanic

lithic material in a tuffaceous matrix. Some specimens from the

eastern outcrops are even richer in lithic sand. This unit has

reversed paleomagnetic polarity.

Seven pumice samples from Tdt30 were analyzed (428, 429, 508A,

508B, 508C, 526, and 528 in Appendix 3). The black pumice is ande-

sitic (59.5 to 61.4% 5i02) and the light olive gray pumice is

rhyodacitic (avg. 68.9% Si02). Intermediate compositions are also

found (e.g. sample 330 in Appendix 3, with 65.0% Si02). Like the

Fly Creek tuff, this unit may represent the coincidental intrusion of

a mafic magma into a rhyodacite magma chamber, resulting in slight

mixing and triggering the eruption (Conrey, 1985, p. 264-268).

Units Tdt29 and Tdt30 are dark-colored ash-flow tuffs at about

the same stratigraphic level in two separate areas. The possibility

that Tdt29 is a welded, proximal part of Tdt30 was explored, but was

ruled out on the basis of chemistry and mineralogy. Pumice samples

from Tdt29 are richer in plagioclase phenocrysts, and have higher

MgO and CaO and lower Na20 contents at similar Si02 values.

Tuff Thirty-One (Tdt31)

This unit is exposed at an elevation of about 2,440 feet in

three localities in Juniper Canyon. It is only about 10 feet thick,

and overlies a sequence (about 8 feet thick) of thin, gray lithic

breccias. This tuff is a minor unit, but is included here because

it is one of the few units recognizable in Juniper Canyon.

Hand samples of this unit are very pale orange on fresh sur-

faces, and pale yellowish orange on weathered surfaces. White and

some light gray pumice lapilli increase in size and abundance upward.

Toward the top, pumice lapilli reach 2 cm in diameter and constitute

30% of hand specimens. Volcanic lithic fragments, from fine sand to
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granules, are rare in this tuff. These materials are enclosed in a

very pale orange tuff matrix, which contains a few large (up to 1 cm),

smooth-walled vesicles. In addition, a few small twig molds are

present. Unit Tdt31 has no detectable remanent magnetization. These

observations suggest that Tdt31 was deposited by a pumiceous mud flow,

rather than an ash-flow.

No samples from this unit were analyzed.

Tuff Thirty-Two (Tdt32)

This unit is well exposed beneath the Gunsight andesite in the

NW 1/4 NE 1/4 SE 1/4 sec. 36, T 11 S, R 10 E. About 10 feet of Tdt32

are exposed in a small ledge overlying sedimentary rocks. It cannot

be traced to any other location, but is included here for paleomag-

netic polarity stratigraphy.

Hand specimens of this unit are pale yellowish orange, and

weather moderate yellowish brown. White, light gray, and mixed pum-

ice lapilli, up to 2 cm in diameter, form about 30% of most specimens.

Dark volcanic lithic fragments, from medium sand to pebbles 2 cm

in diameter, form about 20% of this unit. Nany of these are black

obsidian. These materials are mixed in a pale yellowish orange tuff

matrix. Many pumice lapilli in this unit also have a yellow tint.

Unit Tdt32 has reversed paleomagnetic polarity.

No pumice samples from this unit were analyzed.

Post-Deschutes Formation Units

Netolius Basalt (QThm)

The Metolius basalt is an intracanyon lava flow in the Netolius

Canyon which has been extensively eroded into isolated wedge-shaped

remnants. The Netolius basalt was first identified by Hodge (1938;

1942, p. 30) who confused it with the Big Canyon basalt in the Fly

Creek area. Waters (1968a) made the same error and also misidentified

the Nonty Campground basaltic andesite as Metolius basalt. These
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errors resulted from similar elevations of Deschutes Formation lavas

and the Metolius basalt. Hewitt (1970) correctly identified the

major outcrops of the Metolius basalt in the thesis area, and Hales

(1975) traced it back to the Metolius Canyon west of Green Ridge.

Conrey (1985, p. 70) found a north-trending dike of Metolius basalt

in the west face of Green Ridge, and gradients of the top of the flow

and near-vent features (thin flow units, scoriaceous bombs) indicate

this to be the vent area.

The Metolius basalt is exposed in five widely separated parts

of the thesis area (Plate 1). In the SE 1/4 SW 1/4 sec. 19, T 11 5,

R 11 E, a 60 foot thick columnar jointed flow unit and a few small,

blocky jointed flow units comprise a remnant of the Metolius basalt

where it flowed up Street Creek. In the SW 1/4 SE 1/4 sec. 29, T 11

5, R 11 E is a remnant of the basalt where it flowed up Spring Creek.

This outcrop consists of a single flow unit with crude columnar joint

blocks 3 to 5 feet in diameter in the bottom and top. The middle of

the flow unit consists of smaller, irregular joint blocks which have

eroded to a narrow bench. A lower flow unit is exposed in a small

outcrop down the slope in the NE 1/4 SE 1/4 SW 1/4 sec. 29, T 11 5,

R 11 E. In the W 1/2 sec. 28, T 11 5, R 11 E is the largest remnant

of the Metolius basalt in the thesis area. It consists of over ten

flow units. Rounded cobbles are abundant on top of this remnant and

indicate that the Metolius River once swept over this area before

entrenching itself in the Metolius basalt. In the SE 1/4 SE 1/4 NW

1/4 SW 1/4 sec. 28, T 11 5, R 11 E several tree molds and rounded

cobbles are encased in the Metolius basalt near its sloping base. The

preservation of growth rings and cracks in the burnt wood, in the form

of detailed casts in the lava, attests to the fluidity of this basalt.

Eight 25-foot-thick flow units are exposed in the 5 1/2 NW 1/4 sec.

27, T 11 5, R 11 E. Each blocky jointed flow unit forms a cliff with

a bench at its top. The easternmost outcrop of the Metolius basalt is

in the SE 1/4 SW 1/4 SE 1/4 sec. 29, T 11 5, R 12 E where only the top

8 feet of a blocky jointed flow unit are exposed. This outcrop was

misidentified by Stearns (1931, p. 145) as Crooked River basalt.

Numerous outcrops of the Metolius basalt on the north side of the
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Metolius Canyon (Figures 17 and 20) are readily identifiable by binoc-

ulars or on aerial photographs.

Maximum thickness of the Metolius basalt is about 250 feet in

the largest remnant. The base can only be approximated but appears

to be perched about 200 feet above the modern river level (i.e., the

Metolius River has eroded 200 feet below the level it had when the

Metolius basalt was erupted). Because the Metolius basalt is more

eroded than the Crooked River basalt and followed a more circuitous

path, its gradient is more difficult to calculate. Outcrops in tri-

butary canyons cause additional problems because the tops are probably

significantly lower than the flow surface was in the main canyon.

The gradient is estimated to be 60 feet/mile and does not appear to

change in the thesis area, even between the easternmost remnants.

Flow units of the Metolius basalt range from 10 to 60 feet thick

and average 20 feet thick. They are usually blocky jointed but thicker

flow units have tops and bottoms of crude columnar joints and interiors

of irregular smaller columns. The tops of most flow units break into

slabs, from 6 inches to 2 feet thick, along horizontal concentrations

of vesicles. The tops of these slabs locally have pahoehoe surfaces.

Tops and bottoms of flow units are moderately vesicular, with rare

vesicle cylinders near the base. There is relatively little flow

breccia. All flow units have normal paleomagnetic polarity.

Hand specimens of the Netolius basalt are medium gray where fresh

and moderate yellowish brown, dark yellowish brown, or moderate brown

on weathered surfaces. Medium dark gray rinds up to 2 cm thick under-

lie weathered surfaces. The basalt is diktytaxitic, porphyritic (up

to 5% olivine phenocrysts up to 4 mm long), and coarsely crystalline.

In the Street Creek (specimen 317) and Spring Creek (253) remnants,

the olivine occurs as clear, moderate yellow green crystals. In other

specimens (152, 418, 353, 356, and 358) the olivine has been altered

to iddingsite so that the color varies from dusky yellow green to

moderate olive brown to dusky red. Some samples (348, 360) are darker

in color (medium dark gray, dark gray, or olive gray), appear slightly

coarser, and do not have as pronounced a diktytaxitic texture as the

first sample type. The olivine phenocrysts are the same abundance and
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size, but they are usually duller in appearance.

In thin section, the Metolius basalt is characterized by 3%

olivine phenocrysts and 0.5% plagioclase phenocrysts. The olivine

phenocrysts are up to 3 mm long with the larger ones spectacularly

embayed. Smaller ones are subhedral. Some favorably oriented olivine

phenocrysts show normal zoning. Olivine phenocrysts have inclusions

of equant opaques but not of transparent spinels. The plagioclase

phenocrysts range up to 4.5 mm long. The resorbed cores of these

crystals have a distinctive sieve texture in which the plagioclase

(An 68) appears as separate rounded blebs surrounded by a mesh-like

pattern of clinopyroxene, opaque, and glass inclusions (Figure 38).

The clinopyroxene inclusions commonly enclose several plagioclase

blebs in an ophitic manner. The sieve textured core is surrounded by

a normally zoned rim that is either clear or contains tubes of glass

oriented perpendicular to the crystal margin. These unusual plagio-

clase phenocrysts were found in every thin section of the Metolius

basalt, and are considered characteristic of this unit. The groundmass

texture is variable. Randomly oriented to aligned plagioclase laths

(An 65) from 1.5 to 0.2 mm long form 49% of the rock. Subhedral

olivine crystals, averaging 0.2 mm in diameter, form 13%. Bladed

crystals, irregular blebs, and equant crystals of opaques add another

4%. The remainder is occupied by a variable proportion of augite and

glass. The augite is very light brown to pale grayish green, contains

numerous opaque inclusions, and is intergranular to slightly subophitic

in the lighter colored samples (317, 253, 152, 418, 353) and ophitic

to subophitic in darker ones (358, 360). Typically, ophitic specimens

contain less glass. The glass is dark brown to light brown and charged

with opaque dust and microlites. It occupies angular interstices

between other crystals and lines some round vesicles. The glass con-

tent varies from 4 to 16%. The lowest flow unit (sample 360) at the

remnant in the S 1/2 NW 1/4 sec. 27, T 11 5, R 11 E contains light

brown glass which is extensively altered to greenish yellow, yellow,

light brown, and green clay minerals oriented perpendicular to sur-

rounding crystal boundaries. These clays also fill diktytaxitic pores.

The clinopyroxene and augite do not appear to be altered, but the



Figure 38. Photomicrographs of plagioclase phenocryst in
tietolius basalt. Note mesh-like sieve texture.
Specimen 353, 1.3 mm across. Top - plane light.
Bottom - crossed polars.
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olivjne is surrounded by rims of golden yellow iddingsite.

One other specimen, 679 from the easternmost remnant, warrants

description. It has the same phenocryst assemblage, but because

it is from a chilled and vesicular flow top, it has considerably

smaller plagioclase laths and abundant glass. Augite is not con-

spicuous and occurs as small dark gray crystals charged with

opaques. Groundmass olivine crystals are completely altered to

iddingsite in their cores, and the olivine phenocrysts are strongly

altered to iddingsite except in the cores. Both have clear olivine

rims over the iddingsite, although these are very thin, and are much

more prominent around groundmass olivines. Fine-grained calcite and

light brown opal form complex intergrowths on the bottoms of subspher-

ical vesicles, and light brown opal fills diktytaxitic pores throughout

the rock.

These textural variations demonstrate that the augite crystal-

lized mostly after the tietolius basalt was erupted. Slow cooling

results in fewer crystal nucleii and larger crystal size, forming

ophitic textures. Fast cooling results in many crystal nucleii and

smaller crystal size, forming intergranular textures. Groundmass

plagioclase and olivine must have nucleated before augite, although

not necessarily before eruption. Groundmass plagioclase and olivine

may have continued to crystallize along with augite.

Different cooling rates in a single flow unit could easily

produce the textural variations described previously. This is

certainly the case with specimen 679. However, samples from many

lower flow units (358, 360) tend to be darker colored, less dikty-

taxitic, more ophitic, and coarser while specimens from upper flow

units (152, 317, 253, 353, 356) tend to be lighter colored, dikty-

taxitic, intergranular, and finer. These specimens were collected

from a similar location, just above the lower vesicular zone, in each

flow unit. Textural variation from bottom to top of the Netolius

basalt may be caused by later flow units insulating earlier ones,

which would require the flow units to be emplaced in fairly rapid

succession. An alternative hypothesis is that a difference in

chemical composition or gas content caused these systematic textural
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variations. Four analyses of the Metolius basalt (253, 317, 356,

418 in Appendix 3) vary somewhat in chemical composition (e.g., Si02

from 49.8 to 53.1%), but the composition does not appear to vary

systematically with stratigraphic position.

Street Creek Lagoon Basalt (QThs)

In the NE 1/4 NE 1/4 SE 1/4 SE 1/4 sec. 19, T 11 5, R 11 E is

a small (20 feet across) outcrop of lava (Plate 1). About 15 feet

of a single flow unit are exposed. The flow unit is blocky jointed

with a hint of platy jointing. The bottom of the flow unit is not

clearly visible, but the top is moderately vesicular and breaks

along horizontal concentrations of vesicles into slabs from 1 to

2 feet thick. No flow breccia is found associated with this lava.

Hand specimens of this lava are medium gray and weather pale

to dark yellowish brown. Medium dark gray weathering rinds up to

1 cm thick underlie weathered surfaces. The lava is porphyritic

(3% dusky red olivine crystals which average 1 mm long) with a

medium to finely crystalline groundmass. The rock is fairly dense,

although small patches of diktytaxitic vesicles are present. Hand

specimens show a vague subhorizontal streakiness. This lava flow

has reversed paleomagnetic polarity.

In thin section this lava is clearly porphyritic with 3%

olivine phenocrysts up to 1 mm long. The olivine ranges from

euhedral to subhedral and contains inclusions of equant opaques.

Moderate reddish brown iddingsite is extensively developed in

these phenocrysts; some are completely altered, others have cores

of fresh olivine, and some have altered cores and rims of fresh

olivine. Strongly aligned plagioclase laths (average 0.25 mm long

and 0.03 mm wide) form 63% of the rock. The plagioclase has a core

composition of An 53 and is normally zoned. Subhedral crystals of

olivine (from 0.05 to 0.5 mm across) add another 11%. Many are

extensively to entirely altered to a low-birefringence, dark brown

material (iddingsite?). Pale greenish gray augite forms 16% of

the rock. It is molded around plagioclase laths, and varies from
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intergranular to subophitic to ophitic. Olivine and augite tend to be

concentrated in different areas of the specimen. Apatite needles (1%)

are conspicuous in the plagioclase and augite and also in medium brown

glass (1%) which fills a few angular interstices between plagioclase

laths. Equant opaque crystals are very prominent (5%) and average

0.04 mm across and range up to subhedral patches 0.1 mm across. Most

of the rock is nonvesicular, except for a few isolated vesicles into

which plagioclase crystals project.

This unit was not analyzed chemically, but based on the pet-

rography it is probably a basalt.

The stratigraphic position of this lava is uncertain. The

outcrop is surrounded by a grassy slope so that the relationship

with units exposed nearby is obscure. Nearby outcrops reveal a

Deschutes Formation lithic breccia overlying Tdt1 (normally polar-

ized). These units are fairly continuous and probably are in direct

contact with this lava. The small isolated outcrop and unusual

texture suggests that this is not a Deschutes Formation lava.

This unit is not altered or silicic enough to be similar to pre-

Deschutes Formation units. The correct paleomagnetic orientation

and the joint system rule against the small outcrop being a slump

block or giant clast.

The small isolated outcrop suggests an intracanyon relation-

ship. Hales (1975, p. 46) described reversely polarized finely

crystalline diktytaxitic basalts and basaltic andesites intracanyon

to the Metolius Canyon around Jefferson Creek west of Green Ridge.

One flow was dated at 1.60 ± 0.3 Ma (Hales, 1975, p. 65; Armstrong

et al., 1975, p. 8; recalculated by Fiebelkorn et al. 1982). Contrary

to the conclusion of Armstrong et al. (1975, p. 8), these lavas

must be younger than the Metolius basalt because they form benches 200

feet below the benches formed by the Metolius basalt. The top of the

Street Creek Lagoon basalt is 400 feet below the nearest bench formed

by the Metolius basalt. Therefore, the Street Creek Lagoon basalt is

tentatively correlated with these reversely polarized intracanyon

lavas. These lavas may be quite heterogeneous, as three analyses of

Hales (1975, p. 90) show considerable variation (e.g., MgO - 5.1, 6.6,
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and 7.8%; Ti02 1.15, 1.27, and 1.56%). Thus, the Street Creek Lagoon

basalt would not be expected to be identical to the specimens

described by Hales (1975, p. 48). The Street Creek Lagoon basalt

is probably older than the Wizard Falls basalt of Conrey (1985,

p. 74-76), which is essentially at river level and very well

preserved.

Crooked River Basalt (QThc)

The Crooked River basalt is an extensive lava flow that

originated from the vicinity of Horse Ridge, about 15 miles south-

east of Bend (Peterson and Groh, 1970). The probable vent was a

small shield volcano (shown on the geologic map of Peterson et al.

1976), about 3 miles in diameter, that is traversed by U.S.

Highway 20 just north of Horse Ridge. The lava flowed north as

a thin sheet over a plateau of the Deschutes Formation until it

entered the Crooked River Canyon near O'Neil (Peterson and Groh,

1970) and became a thick intracanyon flow (see Robinson and

Stensland, 1979). It flowed to the junction with the Deschutes

River Canyon, which it flowed up at least 3 miles as well as down

to at least 2 miles north of Round Butte Dam. This unit has been

eroded so that extensive wedge-shaped remnants remain perched on the

canyon walls.

The Crooked River basalt is exposed in five areas of the thesis

area (Plate 1). Four large wedge-shaped remnants are present on the

west wall of the Deschutes Canyon (Figures 10 and 13). At the mouth

of Iletolius Canyon are three outcrops. At 2,320 feet and 2,240 feet

are two separate ledges representing the uppermost and a lower flow

unit preserved separately. These could be confused as flows within

the Deschutes Formation from a distance, but outcrops along an old

road reveal the true intracanyon relation. The reason why there are

two separate benches is unclear but may be the result of an irregular

lower contact beneath the intracanyon flow or perhaps to an easily

eroded interbed of flow breccia, hyaloclastite, or pillow basalt.

These could have resulted as the flow advanced up the Netolius Canyon
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into a lake formed by damming of the Metolius River. The third out-

crop is a poor exposure of flow breccia at reservoir level. The

Crooked River basalt probably extended several miles up the Metolius

Canyon, but all traces have been removed.

The Crooked River basalt is a compound lava flow with at least

ten irregular flow units. The flow units range up to 200 feet thick

but most are 20 to 40 feet thick. The largest remnant (Figures 10

and 13), in the NE 1/4 sec. 34, T 11 5, R 12 E, exposes 440 feet of

basalt above water level, and the sequence may continue up to 100 feet

underwater. The top of the flow slopes at 20 feet/mile down the

Deschutes Canyon, and steepens to 40 feet/mile from the largest rem-

nant to those in the mouth of the Metolius Canyon. The gradient

increases north of the thesis area until it is plainly visible 2 miles

north of Round Butte Dam at the northernmost remnant (see map of Jay,

1982). The Crooked River basalt probably did not extend more than

2 miles from the northernmost remnant. This rather abrupt termination

may have been caused by the cooling power of the Metolius River.

The flow units are blocky jointed where thin and columnar jointed

where thick (Figure 13). Some flow units have blocky jointed bottoms

and tops and columnar-jointed interiors. The thickest flows display

spectacularly curved columns. The flow units have moderately vesi-

cular tops and bases with little flow breccia. Pahoehoe surfaces

locally can be found on slabby joint blocks at the top of flow units.

At a few localities colluvium and rock outcrops along the sloping

lower contact are slightly baked to a pink color. All flow units

have reversed paleomagnetic polarity.

Hand samples of the Crooked River basalt are medium light gray

to medium gray when fresh and light brown to moderate yellowish

brown on weathered surfaces. The interior of many specimens is

commonly darker (olive gray) in a rind up to 4 cm thick under

weathered surfaces. The basalt is aphyric and contains abundant

diktytaxitic vesicles. It is coarsely crystalline so that olivine

and plagioclase crystals can be seen easily under hand lens.

In thin section the Crooked River basalt is aphyric (although

olivine and plagioclase crystals grade into slightly larger sizes).
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Randomly oriented to moderately aligned plagioclase laths (An 68)

from 0.2 to 1.5 mm long (avg. 0.4 mm) form 56% of the rock. All

are normally zoned to about An 40. Most are clear but a few contain

zones of unidentifiable inclusions. Subhedral to euhedral olivine

from 0.1 to 1 nim across constitutes 22%. The olivine contains

inclusions of equant opaques and a few translucent brown equant

euhedra which may be spinel. Olivine crystals are not altered,

although specimen 701 shows light yellowish brown patches in olivine

which may be the result of low temperature alteration or weathering.

Subophitic to intergranular augite constitutes 17% of the rock. The

augite is slightly pleochroic from medium brown to medium brownish

gray to greenish or violet gray. The dark color of the augite (Figure

39) distinguishes this flow from the Metolius basalt and Deschutes

Formation basalts. Much of the augite contains abundant opaque cubes

and blades. Dark gray glass occurs in variable amounts (probably

depending on location within a flow unit) but averages 1%. It is

invariably charged with tiny granules of opaques and dendrites of

opaques and other minerals, and some is devitrified to low birefrin-

gence crystals. The opaques in olivine, augite, and glass total about

4%. Diktytaxitic vesicles are abundant (5 to 20% of the bulk specimen)

and a few are filled with opal, chalcedony (Figure 39), or cristobalite.

As shown by analyses 320, 323, 701-1, and 701-2 (Appendix 3),

this unit contains from 49.7 to 51.1% Si02, and is classified as

a basalt.

Hornblende Pumice (Qhp)

Hales (1975, p. 86) first recognized a distinctive hornblende-

bearing pumice scattered on the surface to the west of the thesis

area. He deduced that it was evidence of young volcanism to the

west although he stated that the pumice was "alluvial." Beget

(1981) recognized an air-fall origin for the hornblende pumice. He

suggested that the vent was in the Mt. Jefferson area, and dated

it between 40,000 and >140,000 years by glacial stratigraphy.

Yogodzinski et al. (1983), reported comagmatic pyroclastic flows



Figure 39. Photomicrograph of Crooked River basalt. Note dark-
colored augite (aug), plagioclase (p1) and olivine
(ol). Chalcedony (cd) in diktytaxitic vesicles.
Specimen 723, 1.3 mm across, plane light.
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in the Whitewater River Canyon, and suggested the "North Complex"

of Sutton (1974), a group of hornblende- and hypersthene-bearing

domes and lavas on the north flank of fit. Jefferson, as the prob-

able vent.

The hornblende pumice can be found mixed in soil throughout the

thesis area. At many locations, the pumice was mostly eroded and the

remainder churned into the soil by plant roots and animal activity.

This is especially true of the plateaus in the eastern two-thirds

of the thesis area, where small elliptical mounds of hornblende

pumice-bearing soil support juniper trees. Between the mounds most

of the soil has been stripped but pumice lapilli can still be found

among the loose blocks of rimrock basalt. At many localities, however,

especially on canyon slopes, the hornblende pumice is preserved as a

discrete tephra layer. On the north side of Street Creek Canyon and

on the southwest side of the fietolius Canyon in sec. 19, T 11 5,

R 11 E, the roots of fallen trees have torn up large amounts of fresh,

relatively pure hornblende pumice. The pumice has been washed down-

hill to form conspicuous white "streamers" on the hill slopes. A

thick layer of pumice undoubtedly lies just beneath the soil in that

area.

Roadcuts, quarries, and wave-cut cliffs provide many excellent

outcrops of this tephra layer in the thesis area (Figure 40).

Interestingly, all outcrops are located on canyon sides. The base

of the tephra layer is not usually visible, but in three hand-dug

holes a basal layer was found to overlie a soil. The basal layer

of the tephra is 5 to 10 cm thick and thickly laminated. It con-

sists mostly of well-sorted, subrounded, small (1 to 3 mm), white

pumice. About 10% black sand grains (0.5 to 1 mm) are mixed with

the white pumice in this lower layer. This basal layer is almost

certainly tephra layer U of Beget (1981), based on his descriptions

(Beget, personal communication, 1982).

The upper part of the hornblende pumice layer is much thicker

and coarser grained. It is vaguely stratified parallel to the

underlying slope, the result mainly of parallel alignment of elon-

gate lapilli and some crude and irregular grain size variations.
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The pumice lapilli are angular and moderately sorted. This layer

is tephra layer E of Beget (1981). Further discussion in this

report will be limited to layer E, because layer U was rarely

observed.

The maximum pumice size in tephra layer E increases to the

west (Figure 40), although grain size distributions determined

by sieving do not change significantly (Figure 41). Because larger

pumice lapilli cannot be adequately sampled or sieved (sieve interval

was 10 for coarse sizes), it is possible that the coarsening of the

tephra to the west is accomplished by addition of coarser sizes, while

the finer grain size distribution remains nearly the same.

The grain size distributions (Figure 41) show two populations:

a relatively well-sorted coarse population and a relatively poorly

sorted fine population. The fine population is much more prominent in

mechanically sieved samples than in the hand-sieved sample, the result

of production of fine particles by abrasion during sieving. The fine

population is still identifiable in the hand-sieved sample, however.

Many natural processes could produce the fine population (trapping of

fine particles in irregularities on the surface of larger lapilli,

breakage on impact, breakage during compaction and weathering, and

infiltration of particles into the tephra layer from overlying soil),

but these do not need to be invoked. It is likely that this fine

population is produced during even the most careful collection, trans-

port, and sieving operations. Nevertheless, the fine population is

not abundant enough to significantly affect the Ininan sorting para-

meter
,

and tephra layer E plots within the pyroclastic fall

field of the Md0/a0 graph (Figure 42) of Walker (1971).

Tephra layer E thickens from about 3 feet in the NE 1/4 NW 1/4

NE 1/4 sec. 32, T 11 5, R 12 E to over 6 feet in the SW 1/4 SE 1/4

NE 1/4 sec. 19, T 11 5, R 11 E. Tephra layer E is overlain by

colluvium and soil, and because all the outcrops are on canyon

slopes, this contact is probably erosional. Therefore the recon-

naissance isopachs of Beget (1981; personal communication, 1982)

are probably minima, and his volume estimate also a minimum.

The maximum preservation and exposure of a tephra layer on slopes
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would at first seem anomalous. But pumice is efficiently removed

from flat surfaces because the entire surface is subject to sheet

erosion. On slopes, however, runoff is concentrated in, gullies

and the tephra can be preserved on interfluves. At some locations,

pumice eroded from the plateaus was rounded and redeposited on canyon

slopes (Figure 40). The reworked pumice exposed in a quarry in the

SE 1/4 SW 1/4 NW 1/4 sec. 36, T 11 S, R 11 E, has a depositional dip

between 25 and 30°. This deposit probably represents a steep alluvial

fan. Abundant admixed brown sand defines the dip and cross-bedding in

this deposit. The grain size distribution of this deposit clearly

shows the effects of transport of pumice lapilli (finer coarse popu-

lation) and the admixture of sand (prominent fine population).

Tephra layer E contains many different types of fragments. The

most abundant fragment (approximately 90% by volume) is white pumice

which weathers grayish yellow. Fragments are slightly elongate with

moderately stretched vesicles. The pumice has a cellular, rather than

fibrous, texture. The pumice is fresh, glassy, and fairly tough

(difficult to break in half with fingers). It is characterized in

hand specimen by about 5% hornblende phenocrysts from 1 to 3 mm long.

Phenocrysts were separated from samples 142, 805, and 806L of this

pumice and identified under binocular microscope. Most abundant are

plagioclase phenocrysts, a few of which contain small titanomagnetite

inclusions. Orthopyroxene and hornblende are approximately equal in

abundance. The orthopyroxene occurs as 0.5 mm long prisms with a

light greenish brown color. They are characterized by inclusions of

titanomagnetite octahedra. The hornblende is lustrous black in

reflected light and deep brown in transmitted light. Some hornblende

phenocrysts contain titanomagnetite inclusions. Titanomagnetite

(rounded crystals and some euhedral octahedra) is the least abundant

phenocryst phase. Chemical analyses of these three samples (Appendix 3)

show that the white pumice contains 68.0 to 68.4% 5i02, 1.98 to 2.01%

I(zO, and 0.44 to 0.47% Ti02, and is classified as a rhyodacite.

Much more uncommon in tephra layer E are light gray pumice

fragments which weather grayish yellow. They are also characterized

in hand specimen by about 5% hornblende phenocrysts. Phenocrysts
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were separated from sample 806D of the pumice, and identified under

binocular microscope. Plagioclase, similar to that in the white pumice,

is the most abundant phenocryst phase by far. Hornblende is next in

abundance and appears identical to that in the white pumice. Olivine

and orthopyroxene are also present in approximately equal abundances.

Adamantine straw yellow olivine phenocrysts commonly appear rounded

and some contain round opaque inclusions. The orthopyroxene is

identical to that in the white pumice. Titanomagnetite is fifth in

abundance, and typically occurs as octahedra and rounded, irregular

crystals. Two crystals of bright green augite, with a few tiny opaque

inclusions, were identified in this sample. Some surfaces are coated

with glass, so they are probably not contaminants. They may be xeno-

crysts, however. The dark pumice (sample 806D in Appendix 3) has

61.0% 5i02, 1.16% K20, and 0.82 % Ti02, and is classified as an

andesite.

Many fragments contain both white and light gray pumice

irregularly mixed together. This mixed pumice is actually more

abundant than the light gray pumice, and it is difficult to find a

pure light gray pumice fragment. Sample 806M of this mixed pumice

has, as could be expected, an intermediate phenocryst assemblage and

an intermediate composition (63.4% Si02, 1.42% K20, and 0.71% Ti02)

(Appendix 3). One thin section of the mixed pumice (808?) was

examined. The light gray pumice contains smaller and fewer vesicles,

and contains more abundant microlites of hornblende and plagioclase

and granules of opaques. The white pumice contains larger and more

abundant vesicles, and fewer hornblende and plagioclase microlites

and opaque granules. The two are intimately mixed and gradational,

however, so distinction is difficult in thin section. Plagioclase

phenocrysts, from 0.4 to 2 mm long (avg. 1 mm), are abundant. Most

crystals are euhedral and fairly stubby, although some are broken.

They are normal oscillatory zoned from An 66 to An 42. Many have very

thin, sharply defined jackets of sodic plagioclase (An 20); most of

these are found in the light gray pumice. Cores of a few plagioclase

crystals have been melted, and the composition could not be accurately

determined. Most of these are present in the light gray pumice, but
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some occur in the white pumice as well. The next most common pheno-

cryst is hornblende which is pleochroic from deep brown to green

to light brownish green. These range from 0.5 to 0.05 mm wide and 1.5

to 0.5 mm long. Most are euhedral, but a few are broken crystals.

Hornblende commonly contains a few rounded opaque and plagioclase

inclusions. No difference in hornblende between the light gray and

white pumice was found. Orthopyroxene phenocrysts vary from 0.2 to

1.2 mm (avg. 0.75 mm), and some contain subhedral opaque and plagio-

clase inclusions. Most crystals are euhedral though some appear

broken. Olivine ranges from 0.3 to 1.3 mm (avg. 0.75 mm) and is

euhedral to rounded. Olivine phenocrysts contain euhedral opaque

inclusions, a few of which are surrounded by brown glass. The olivine

is biaxial negative with a very large 2V (composition roughly Fo 80).

The olivine is usually located in the light gray pumice. One olivine

crystal was found enclosed in a euhedral orthopyroxene phenocryst.

Finally, there are equant phenocrysts of euhedral to rounded opaques

from 0.1 to 0.5 mm in diameter.

These phenocrysts also occur in small glomerocrysts: orthopyro-

xene ± plagioclase ± opaques, olivine + plagioclase + opaques, and

hornblende + opaques. Many phenocrysts and glomerocrysts are sur-

rounded by microlite-rich glass, which looks like unvesiculated light

gray pumice.

This thin section also contains a large (7 by 10 mm), equant,

euhedral oikocryst (MacKenzie et al., 1982, p. 33) of hornblende

(Figure 43). It has the same optical properties as the phenocryst

hornblende, and is partially rimmed by microlite-rich glass. Olivine

chadocrysts (MacKenzie et al., 1982, p. 33) from 0.5 to 1.5 mm across

are similar to loose olivine phenocrysts in optical properties but

most are more rounded and some are even embayed. All opaque chado-

crysts are rounded and range from 0.1 to 0.5 mm across. A few are

deep reddish brown and are probably chromite. Plagioclase chadocrysts

are euhedral, stubby, and from 0.25 to 1.25 mm long. They are the

same as loose phenocrysts but lack the sodic plagioclase rims.

Plagioclase and opaque chadocrysts project from the oikocryst into the

microlite-rich glass, and the parts of the plagioclase crystals out-



Figure 43. Photomicrograph of hornblende oikocryst in hornblende
pumice. Chadocrysts are plagioclase (p1), olivine
(ol), and opaques (op). Microlite-rich glass (mrg)
borders oikocryst. Specimen 808P, 1.3 mm across,
plane light.
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side the oikocryst have sodic rims. The oikocrysts also contain a few

small included patches of the microlite-rich glass, although the micro-

lites are unoriented and coarser than in the groundmass. Orthopyroxene

is conspicuously absent in the hornblende oikocrysts.

Angular xenoliths up to 1 cm across are fairly common in tephra

layer E. Most are medium gray to medium light gray and contain abun-

dant plagioclase and hornblende phenocrysts. In thin sections (806X),

these fragments have a groundmass very similar to the microlite-rich

glass around the phenocrysts and oikocryst in sample 808P. However,

the size of the microlites of plagioclase, hornblende and opaques varies

somewhat, as do the proportions. The phenocryst population is similar

to that in sample 808P, but varies slightly in size and proportion.

The plagioclase has a similar composition and has the characteristic

sodic jackets. Olivine and hornblende phenocrysts appear identical to

those in sample 808P. Orthopyroxene is present as a phenocryst, but

is subordinate. Hornblende oikocrysts with all the same relations are

found in these lithic fragments. The chadocrysts vary in size, pro-

portions, and in total volume in different oikocrysts. Some oikocrysts

are attached to one another or broken along the hornblende cleavage.

Yogodzinski (1986, p. 82) reports that a similar but larger xenolith

from the related pyroclastic flows contains 55.2% 5i02, 0.93% K20,

and 0.95% Ti02, and is classified as a basaltic andesite.

The similar phenocrysts, groundmass, and hornblende oikocrysts

strongly suggest that these xenoliths are uninflated samples of the

magma that vesiculated to form the light gray pumice. This is con-

firmed by a remarkable texture in which pods, cracks, and channels in

the microlite-rich groundmass are filled by vesicular glass with

microlites. This texture does not appear to be the result of mixing

of unvesiculated and vesicular magmas or invasion of voids in the

xenoliths by vesiculating magma. Rather, from the shapes and sizes of

vesicles it appears that the microlite-rich glass vesiculated and

poured out of the channels. The contact between u.nvesiculated and

vesiculated glass is remarkably sharp. Microlite contents appear to

be different because of the different degree of vesiculation, but are

nearly the same. The light gray pumice is not identical in composition
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to the gray lithic fragments, and appears to be mixed slightly with

the rhyodacite. This may be a problem in sampling a pure light gray,

unmixed pumice. Alternatively, the slightly mixed magma could have

vesiculated completely to form the light gray pumice, while the pure

basaltic andesite magma was too poor in volatiles to vesiculate

completely.

Other gray lithic fragments are not vesiculated and do not

appear to be related to either pumice. These fragments, many

of which have abundant plagioclase and orthopyroxene phenocrysts,

are probably accessory or accidental xenoliths.

Rounded fragments of medium light gray, speckled material are

comon in tephra layer E. They appear speckled because they con-

sist of abundant tiny crystals of hornblende and plagioclase in a

moderately vesiculated glass. Some also contain hornblende pheno-

crysts. These fragments are found loose in the tephra or as inclu-

sions in the white pumice, and can reach 3 cm in length. In thin

section (806C), these speckled fragments consist mostly of euhedral

acicular hornblende and plagioclase crystals. Hornblende and plagio-

clase are about equal in abundance. The hornblende has the same pleo-

chroism as the hornblende oikocrysts and phenocrysts discussed pre-

viously, but is very commonly twinned. Plagioclase is too thin to

determine the composition in many specimens, but in one specimen it is

zoned from about An 37 to An 10. There are no thin sodic jackets as

around previously discussed plagioclase. Many have hollow cores, and

in an end-on view look like hollow squares. Hornblende and plagioclase

crystals are approximately equal in size, but the grain size varies

from 0.4 to 1.25 mm long in different specimens. Opaque granules are

abundant, and apatite needles (up to 0.3 mm long) are common. Many of

the apatite crystals are hollow. Orthopyroxene appears in one xeno-

lith as small clusters of 0.2 to 0.75 mm long crystals surrounded by

hornblende, in some specimens as abundant needles, and is absent in

some others. Olivine was not found in these speckled xenoliths. The

elongate crystals are randomly oriented in most specimens but aligned

in a few xenolj.ths. Glass constitutes about 10 to 20% of these xeno-

liths by volume. Subspherical, fairly large vesicles in the glass
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constitute about 40 to 50% of the bulk specimen. In some places long

crystals have been broken as a result of vesiculation. These textural

relations suggest that rapid crystallization produced a crystal mush,

which then vesiculated slightly upon eruption. Analysis by

Yogodzinski (1986, p. 82) of similar but larger fragments from the

related pyroclastic flows show an andesitic composition (59.8% Si02,
1.18% K20, and 0.86% Ti02). This is intermediate between the basaltic

andesite and rhyodacite, and may be a mixing product.

In summary, tephra layer E contains two magma types. Rhyodacitic

magma with plagioclase, orthopyroxene, hornblende, and opaque pheno-

crysts is most abundant. Andesitic magma with plagioclase, hornblende

(some poikilitic), olivine, orthopyroxene, and opaque phenocrysts

is subordinate. Parts of the andesitic magma were rapidly chilled

and crystallized, perhaps by contact with the cooler rhyodacitic magma.

This probably triggered eruption, and this chilled magma then vesicu-

lated to form the speckled xenoliths. The rhyodacitic magma vesicu-

lated to form the white pumice, while the bulk of the andesitic magma

erupted as the light gray pumice. Some mixing of the magmas occurred

during vesiculation, forming the mixed pumice. Clots of partially

inflated andesitic magma were erupted to form the gray lithic xeno-

liths. Yogodzinski (1986, p. 90, 95) reached a similar conclusion,

but did not relate the lithic fragments and gray pumice to the

speckled fragments.

Slumps (Qsl) and Talus Slopes (Qts)

The steep canyons in the thesis area promote the development

of mass movements. Slumps involve the backward rotation of large

fairly coherent blocks which slide downward and outward. In the

SE 1/4 sec. 26, T 11 5, R 11, E is a very large slump developed in

Deschutes Formation tuffs and sediments. Many roadcuts in the slump

show extreme structural disruption of the units, although the overall

stratigraphic sequence is preserved in the slump, especially at the

top. The Fly Lake basalt is breaking up and slumping into the heads

of small canyons in the NW 1/4 SW 1/4 NW 1/4 sec. 2, T 12 5, R 11 E
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and in the SE 1/4 NW 1/4 NW 1/4 sec. 6, T 12 5, R 12 E. Aspen, which

require abundant water, can be found on these slumps, and it is

likely that the slumping is the result of sapping by springs emerging

from the base of the Fly Lake basalt.

Steep slopes which are dry and relatively unvegetated are

covered in many places by debris derived from a resistant lava

exposed farther up the slope. The debris is usually in elongate

talus slopes (Figure 13). The debris consists of joint blocks from

1 to 8 feet in diameter. The talus slopes are devoid of vegetation

or have only a few plants, including aspen, protruding between the

blocks. Corners of blocks are frequently coated with white bird

droppings, and a few such corners oriented downward suggest fairly

recent movement of some of the blocks. These talus slopes are most

common beneath the Canadian Bench basalt in the Deschutes Canyon, and

provide an avenue around cliffs of this unit, although a few blocks

are unstable. Above the talus slopes, joint blocks are pulling away

from the cliff, forming large and deep crevasses. Talus slopes are

also common beneath the Crooked River basalt and Metolius basalt.

Alluvium (Qal and Qoal)

Alluvium is present along all of the tributaries to the

Metolius River, but it is rarely thick and extensive enough to be

mapped. Two such mappable places are where Fly Creek and Big Canyon

have low gradients as they flow over the Big Canyon basalt (Plate 1).

Most cobbles and boulders in the alluvium along the tributaries are

derived from Deschutes Formation lavas (diktytaxitic basalts and

aphyric to sparsely porphyritic platy basaltic andesites), but some

clasts (silicic lavas and highly porphyritIc lavas) are recycled from

Deschutes Formation conglomerates. The composition of modern alluvium

and Deschutes Formation conglomerates are therefore slightly different,

although they have similar textures (rounded framework-supported cob-

bles and boulders with a matrix of coarse sand to pebbles).

Several ages of alluvium are present along the tietolius River,

but only two could be successfully mapped (Plate 1). Small fans at
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the mouths of tributary canyons merge imperceptibly with valley floor

alluvium of an upper terrace. Roadcuts along Monty Road provide many

exposures of this older alluvium (Qoal). The younger alluvium (Qal)

forms a lower terrace only a few feet above river level. The Metolius

River alluvium is fairly heterogeneous, containing hornblende andesite

clasts, High Cascade mafic lava clasts, and Deschutes Formation

material.

In the NE 1/4 sec. 34, T 11 S, R 12 E is a large deposit of

fine to medium sand with rounded pebbles of hornblende pumice

(Plate 1). This material was washed off the plateau and deposited

as a fan on top of the Crooked River basalt.



SEDIMENTATION

Sedimentary Rocks

Occurrence

Various sedimentary deposits form an important part of the

Deschutes Formation. In the Deschutes Canyon (Figure 10), where

there is virtually complete exposure, approximately 65% of the

Deschutes Formation is composed of sedimentary rocks. The abundance

of sedimentary rocks decreases steadily to the west, due to the

increasing abundance of lavas and tuffs. In the north side of Street

Creek Canyon (Figure 30), for example, only 30% of the section is

composed of sedimentary units. Sedimentary rocks are important in

even the westernmost part of the thesis area, as suggested by a few

roadcut exposures and by abundant float of rounded cobbles. It is

exceedingly rare in the thesis area to find one lava or tuff directly

on top of another without an intervening sedimentary unit. This has

greatly aided the recognition and mapping of the individual lavas and

tuffs. Farther to the west, sedimentary rocks are volumetrically minor

(Conrey, 1985, p. 47), though sedimentary interbeds nearly always

separate volcanic units (Conrey, 1985, map).

The previously described lava flows and ash-flow tuffs are com-

plexly interbedded in the sedimentary rocks. The sedimentary rocks do

not form discrete interbeds in a sequence of lavas and tuffs. Rather,

each volcanic unit is underlain, overlain, and laterally correlative

with sedimentary rocks. The various sedimentary rocks are complexly

and discontinuously interbedded with one another, and usually cannot

be correlated between their sparse outcrops. For these reasons, the

sedimentary rocks are not differentiated on Plate 1 (except for lithic

breccias)

All of the sedimentary rocks in the Deschutes Formation are com-

posed of clasts of volcanic rocks, glass, and minerals, but the variety

of grain sizes, sorting, bedding, and sedimentary structures results

in a great number of sedimentary facies. Grain size, for example,

171
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ranges from clay (<80) to boulders over 2 m in diameter (>-llø).

Many beds of air-fall tuff are interbedded with the sedimentary rocks.

Although strictly pyroclastic in origin, air-fall tuffs will be dis-

cussed with the sedimentary rocks because of their intimate associa-

tion and the tendency of air-fall beds to be slightly reworked. Beds

of diatomite also are present in the Deschutes Formation.

Paleotopography and Sediment Dispersal Pattern

In general, the eastward gradients of Deschutes Formation

lavas and ash-flow tuffs increase to the west (Plate 2). Most of

these gradients are believed to be depositional. Consequently,

the change in gradient suggests increasing paleoslopes toward the

source volcanoes. In monotonous sequences of lavas, the distance

to the vent could be estimated by comparing the curve of observed

gradient versus distance to topographic profiles of volcanoes of

similar composition. The Deschutes Formation, however, is a heter-

ogeneous sequence of many types of volcanic units. These were

erupted from different types of volcanoes, which may have been

spaced over a considerable distance. Paleocanyons and interbedded

sed:imentary rocks indicate that periodic erosion and deposition

also influenced the gradient. These phenomena cause irregularities

in the general westward increase in gradients. The Monty Campground

basaltic andesite was erupted within a mile of its present outcrop,

and perhaps within the thesis area. The other units are estimated to

have been erupted between 5 and 15 miles west of the thesis area.

Conrey (1985, p. 50) estimated that the vent for a thick sequence of

thin olivine-bearing basaltic andesite flows and thick intervening

flow breccias to be only one or two miles west of the crest of Green

Ridge.

Numerous paleochannels and paleocanyons are present within

the Deschutes Formation. Most are visible because they are filled

with lava flows or tuffs; those filled with sedimentary rocks are

not easily detected unless exposure is excellent (Figure 37). These

features indicate considerable relief during Deschutes Formation time.
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The maximum amount of paleorelief in the easternmost part of the

thesis area is about 40 feet in the channel filled by the columnar

flow unit of the Canadian Bench basalt (Figure 13); however, most

channels in this area are less than 20 feet deep. The maximum

amount of paleorelief increases westward to over 200 feet in the

canyon filled by the Monty Campground basaltic andesite. Most

paleocanyons in the western part of the thesis area are less than

100 feet deep, and paleocanyons 80 feet deep are common. The amount

of paleorelief probably also varied irregularly through time; some

lava flows and ash-flow tuffs in the Deschutes Formation show

evidence of little relief.

These paleochannels and paleocanyons represent flow lines. The

vectors of flow movement along these channels are obviously to the

east, northeast, and north by the following evidence: 1) structures

(e.g., curved platy jointing) indicative of flow direction in some

lavas; 2) increasing thickness of tuffs, and of degree of welding

in the Fly Creek tuff, toward the source area; 3) thinning and

termination of lava flows and ash-flow tuffs away from the source

area; and 4) increasing paleorelief and paleoslopes toward the source

areas.

Many mappable units do not fill noticeable depressions. The

flow direction of these units can be determined, however, from

distribution and thickness. Ash-flow tuffs, however, may have been

considerably eroded shortly after emplacement (e.g. Tdt4 and Tdt26).

Lava flows were not extensively eroded before burial and the present

outcrop probably matches their original distribution closely. Of

course, distribution information must be based on exposure of the

unit in question or of some other unit rather than lack of exposure.

Structures in lava flows also can be used as directional indicators.

For example, the distribution of the Deschutes Arm basalt is too wide

to suggest a flow direction, but bent pipe vesicles at the base

of the flow and a few aligned subhorizontal tree molds suggest a

northeast flow direction. The Big Canyon basalt is also widely dis-

tributed, but at a few locations in the Deschutes Canyon, its base is

characterized by northeast-trending furrows, and this is interpreted
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to be the flow direction.

Sedimentary structures indicative of paleocurrent direction

also are present in the Deschutes Formation. Those formed under

higher energy flow conditions are more representative of the overall

channel trend during high stage, because they are not reworked by

lower stage flow. The best paleocurrent indicator is therefore

imbrication in cobble conglomerates, and most paleocurrent data on

Figure 44 are from imbrication. Low energy structures such as ripple

cross-stratification indicated highly variable paleocurrent directions

and were not recorded. Planar cross-stratification, even in coarse

deposits, can form at high angles to the overall channel trend (Smith,

1972), and were not recorded. Trough cross-stratification was formed

in the deeper parts of channels and has paleocurrent directions which

represent local channel trends. A few paleocurrent determinations

from trough cross-stratification are included on Figure 44. Paleocur-

rent directions range from N40°W to S60°E and average approximately

N25°E (Figure 44).

The channel orientation, flow direction, and paleocurrent data

show some interesting variations (Figure 44). For example, channel

data in the western part of the thesis area demonstrate east to

northeast transport of Deschutes Formation materials. Paleocurrent

data, mostly from the eastern two-thirds of the thesis area, suggest a

more northward direction. It is likely, therefore, that the dispersion

direction turned slightly northward in the eastern part of the thesis

area. The Canadian Bench basalt, Lower Canadian Bench basalt, and

Chinook tuff in the easternmost part of the thesis area suggest

transport directions almost due north, indicating further curvature

of the overall dispersal pattern.

The northward curve in the overall dispersal pattern appears

gradual. This suggests a major river or a series of parallel streams

gradually curving from east to north. However, this pattern could

also be produced by a series of streams, flowing east to northeast,

joining a northward flowing trunk river. Variation in the location

of the trunk stream would produce varied dispersal directions at a

single location. The dispersion data, when averaged over time,
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would resemble a curved drainage system. The distinction between

these two possibilities requires analysis of a single stratigraphic

level. The Fly Lake basalt flowed eastward to northeastward until

it overlapped the north-trending lobe of Canadian Bench basalt,

suggesting the latter hypothesis is more likely. This dispersal

system, with the proximal parts transverse to the arc and the

medial parts longitudinal to the arc (classification of Niall,

1982, p. 52-56) is similar to the present drainage pattern in this

area.

The Deschutes Formation, with abundant lithic breccia deposits

and with coarse grain sizes, is similar to alluvial fan sequences.

Such a term should not be used to describe the Deschutes Formation,

however, because the proximal dispersal pattern is not strongly

divergent. Rather, the proximal reaches of the dispersal system

were characterized by parallel drainage.

Sediment Composition and Provenance

Deschutes Formation sedimentary rocks are composed of volcanic

detritus and their alteration products. Some of this material was

derived from older volcanic formations found in the Blue Mountains and

Ochoco Nountains (Stensland, 1970, p. 23; Hayman, 1984, p. 33 and 36).

Such material is rare in the thesis area. A few small pebbles of red

felsite were found in conglomerates in the Deschutes Canyon exposures;

these may be fragments of John Day Formation ignimbrites. Small peb-

bles of red to white felsite (some flow banded) and white to gray agate

are found scattered over the surface of the Canadian Bench basalt in

sec. 27, T 11 5, R 12 E. These pebbles were derived from the John Day

Formation.

The bulk of Deschutes Formation sedimentary rocks has a different

provenance, that of contemporaneous volcanism in the ancient Cascades.

Both mafic and silicic rock fragments, in all degrees of vesiculation,

are present. Mafic rock fragments have pilotaxitic, intergranular,

hyalophitic, and hyalopilitic textures. Glass is black to very dark

brown in these fragments, and phenocrysts include plagioclase, olivine,
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clinopyroxene, and orthopyroxene. Some hyalopilitic and hyalophitic

mafic rock fragments are moderately vesicular, and could be described

as scoria. Mafic rock fragments are in general finer, richer in glass,

and more vesicular than typical mafic flows exposed in the thesis area.

This suggests that most of the mafic sedimentary material was derived

from erosion of the vesiculated tops of flows, of thin flows of shield

volcanoes, and of vent agglutinates and cinders. The textures suggest

that most of this material is basaltic andesite in composition. The

absence of ophitic and diktytaxitic textures implies that true basalt

is not a major sedimentary component.

Silicic rock fragments are rich in glass, which varies from

colorless to medium brown. Many silicic rock fragments are highly

porphyritic. Plagioclase, orthopyroxene, clinopyroxene, and horn-

blende are the most common phenocrysts. Groundmass textures include

vitrophyric, felted, and hyalopilitic; such rock fragments are

probably andesites to rhyodacites in composition. Some silicic rock

fragments consist entirely of colorless, perlitic glass with rare

microlites. These fragments may be true rhyolites. Most silicic rock

fragments contain only a few small spherical vesicles, but moderately

vesicular types are found locally.

Pumice is also very abundant in Deschutes Formation sedimentary

rocks. Most of the pumice is light colored, with clear glass in thin

section, and is probably rhyodacite. Those with light brown to dark

brown glass are probably dacites to andesites. Mafic pumice was found

in some Deschutes Formation tuffs, but could not be confidently identi-

fied in sedimentary rocks.

The Deschutes Formation sandstones contain traces of many unusual

lithologies which include: aggregates of coarse, green chlorite;

mixtures of quartz and clay; masses of epidote and quartz, with or

without biotite; and fragments of chalcedony (Figure 45). These

fragments are interpreted to be volcanic rocks intensely altered

before erosion. Such alteration probably occurred in the vent areas,

either near the surface in shallow hydrothermal systems or at depth

near subvolcanic intrusions. These materials could then have been

brought to the surface as xenoliths in volcanic eruptions, particu-



Figure 45. Photomicrograph of fine sandstone of Deschutes
Formation. Grains include: chalcedony (cd) with
radially arranged inclusions, opal-impregnated pumice
(pu), glassy silicic rock fragments (srf), opaque
altered mafic rock fragments (mrf), and subrounded
plagioclase (p1). Specimen 718, 1.3 mm across, plane
light.
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larly by violent pyroclastic eruptions. The altered rock fragments

were then eroded and transported with other sedimentary materials.

Some rock fragments in Deschutes Formation conglomerates

indicate erosion of previous Deschutes Formation rocks. These

include: cobbles of welded tuff with black fiammé in a medium red

matrix,; cobbles of partially welded, light gray tuff (common in

Juniper Canyon); large blocks of Deschutes Formation sedimentary

rocks; small opal-cemented siltstones and sandstones (Figure 45);

and rounded sand grains of light brown opal. The first of these

lithologies is identical to tuff five of Stensland (1970, p. 46-47).

This ash-flow tuff is located south of the thesis area. These cobbles

are found only in the Deschutes Canyon exposures, where they confirm

a northward transport direction in this part of the thesis area.

In sandstones and siltstones individual crystals become an impor-

tant component. Many of these retain glass coats on some surfaces,

so that the distinction between volcanic lithic fragment and crystal

is difficult. The most common crystal is plagioclase feldspar.

Russell (1905, p. 91) and llarlatte (1931, p. 67a) reported abundant

quartz in the Deschutes Formation. This material is actually plagio-

clase which is commonly glass clear and not well cleaved. Many feld-

spar crystals do not exhibit good twinning; those which give good

interference figures have large 2Vs, and are believed to be plagio-

clase. Sanidine and quartz were not identified, but may be present

in trace amounts, for Conrey (1985, p. 206-212) described quartz and

potassium feldspar in the groundmass of dacite lavas found in the west

scarp of Green Ridge. Other crystals in Deschutes Formation sediment-

ary rocks are orthopyroxene, clinopyroxene, olivine, opaques, and

hornblende. A trace of biotite was found in several thin sections.

Very fine sand to clay particles in the Deschutes Formation are

mainly glass shards and dust, probably of rhyodacitic composition.

Small crystal fragments, mainly plagioclase, also occur in this size

range.

Overall, the sedimentary rocks in the Deschutes Formation have

a greater ratio of silicic to mafic fragments than would be expected
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from the lavas now found in the Deschutes Formation. This is even

reflected in the types of crystals found; orthopyroxene and clino-

pyroxene are the most abundant ferromagnesian crystals, and the

plagioclase crystals are estimated to have an average composition of

An 45. Hewitt (1970, p. 33) reported isolated olivine-rich sands,

but none were found in the present study. The silicic composition of

Deschutes Formation sedimentary rocks suggests greater erosion of

silicic lavas. This would be expected if the silicic lavas formed

steep domes and stratovolcanoes whereas the mafic lavas formed low

shields. Siljcjc lavas are often more brecciated than mafic lavas,

and more easily erodible. Silicic material is also more abundant

in the sedimentary record because it is dispersed far away from

the source region by pyroclastic eruptions. It is therefore likely

that silicic material can be drastically under-represented in the

source region while it is over-represented in more distal sedimentary

sections. Estimates of relative volumes of silicic versus mafic

volcanism seldom consider this important, and widely applicable,

phenomena.

Another aspect of sediment composition is the distinctiveness

of different units. One sedimentary unit may contain a considerable

amount of a particular lithology, while this same lithology may be

rare or absent in other sedimentary units. Many lithic breccias, for

example, contain characteristic black glass or hornblende crystals.

This is probably the result of production of new sedimentary material

by each new eruption, which produces a "flood" of the new lithology

which is deposited as part of the sedimentary record. Soon after that

eruption, however, the contribution of this new lithology to the sedi-

mentary record is rapidly diminished. This could be from several

phenomena: 1) stabilization of the lava by vegetation; 2) quick

removal of the easily eroded autobreccias around a lava; 3) complete

erosion of the unit; 4) burial of the lava by a new lava; or most

likely, 5) eruption of new material which overshadows the old in the

sedimentary record.

Traditional sedimentary rock classifications are of little use

in describing Deschutes Formation sedimentary rocks. Most sandstone
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classifications use triangular diagrams with quartz at one apex.

Deschutes Formation sedimentary rocks contain no quartz, and are

thus limited to one apex or line in these triangular diagrams. Most

sandstone classifications require the distinction between feldspar

crystals and rock fragments, but this distinction is vague in the

Deschutes Formation because of glass coats on most crystals. If the

definition of clay is expanded to include matrices of glass shards

and dust, Deschutes Formation sandstones could be described with the

classification of Williams, Turner, and Gilbert (1953). Those with

>10% matrix would be volcanic wackes, whereas those with <10% matrix

would be volcanic to arkosic arenites, depending upon the proportion

of plagioclase to rock fragments. Similarly, according to the classi-

fication of Dott (1964), these rocks would be lithic wackes, lithic

arenites, or feldspathic arenites. According to the classification of

Folk (1974), Deschutes Formation sandstones would be volcanic-arenites,

plagioclase volcanic-arenites, and volcanic-lithic plagioclase arkoses.

Even though all Deschutes Formation sandstones are compositionally

immature, the textural maturity, as defined by Folk (1974), is variable.

Again the definition of clay must be expanded to include matrices of

glass shards and dust. Most Deschutes Formation sandstones have >5%

matrix, and are texturally immature. Many sandstones, however, have

<5% matrix and are moderately to poorly sorted; such rocks are textur-

ally submature. Only a few sandstones in the Deschutes Formation are

well sorted and these generally contain subangular grains and would be

classified as mature. A very few well sorted sandstones (e.g., sample

591) contain mostly rounded grains and could be classified as texturally

supermature.

Diagenesis

Routine examination of thin sections revealed that silica, clay

minerals, and iron oxides are the dominant diagenetic minerals in

Deschutes Formation sedimentary rocks.

The most common form of silica is opal, which is found in

virtually all rocks in the thesis area. Many clasts in conglomer-
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ates and coarse sandstones have thin, discontinuous rinds of creamy

white opal. Some sandstones and pebble conglomerates are completely

cemented by yellow to brown opal. In thin section, the opal is pale

yellow to brown, because of included iron oxides. Color varies with

location in some samples, suggesting that some of the iron oxides may

have been contributed by nearby rock fragments. Most opal cement is

massive and does not show cavity-filling textures such as color

banding or zones of inclusions. The opal has sharp, clean contacts

with all fragments, including pumice fragments, and was apparently

introduced and did not form by alteration of framework grains or

detrital clay. Locally, opal fills vesicles in rock and pumice frag-

ments (Figure 45). Opal cement is often broken along curved, gaping

desiccation cracks. One specimen (593) has two generations of opal

(Figure 46); a younger, lighter opal which fills cracks in an older,

darker opal. Both older and younger opal have since been desiccated

together. The older opal is darker near some of these later desicca-

tion cracks, perhaps due to oxidation of iron oxides in the opal by

percolating ground water.

Opal also is present in tuffaceous units, although it is dif-

ficult to detect when disseminated among isotropic glass shards

and dust. Specimen 594, for example, is a medium- to coarse-grained

tuffaceous sandstone with a tuffaceous matrix which has tiny brown

patches interpreted to be opal. This opal may have formed from devi-

trification of volcanic glass. Opal was also detected in small amounts

in some ash-flow tuffs; it is most obvious where it fills vesicles.

Cristobalite is very common in vesicles in lava flows, but was

not identified in tuffs or sedimentary rocks. Some lavas and tuffs

contain microcrystalline mosaics of a colorless low-birefringence

mineral (chalcedony?) filling vesicles (Figure 39).

While silica is abundant in the Deschutes Formation, silicified

wood is not common, even though molds of twigs and branches indicate

the presence of wood. Oxidizing conditions probably destroyed organic

matter before it could be silicified. Some permineralized wood is

found in mudstones, apparently because the low permeability prevented

oxidation after burial.



Figure 46. Photomicrograph of opal-cemented granule conglomerate.
Specimen 593, 1.3 mm across, plane light.
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Mafic lava fragments, ferromagnesian crystals, and dark pumice

and scoria fragments in sedimentary rocks are often altered to fine-

grained opaque material. The material probably contains unidentified

clay minerals and iron oxides.

Silicic rock fragments are in general much more stable than

mafic rock fragments. These are usually fresh and contain no visible

clay minerals. Some silicic rock fragments are slightly to strongly

devitrified, but this devitrification does not appear controlled by

the shape of the grain. Rather, the devitrification is controlled by

primary flow textures and probably occurred in the original silicic

lava flow or dome. Silicic pumice and glass are also remarkably

stable in the Deschutes Formation. They are undoubtedly hydrated,

but devitrification of glass is rare and never pervasive.

Calcite is common in fractures and on weathered surfaces of

Deschutes Formation rocks. Calcite cement is an extremely rare

phase in tuffaceous matrices in sedimentary rocks. Calcite also

is found with opal in vesicles in diktytaxitic basalts. Overall,

carbonate appears to be a product of near-surface weathering

in the Deschutes Formation.

A few cobbles of silicic lavas contain sprays of small acicular

white crystals in vesicles; these are probably zeolites. Zeolites

were not observed in thin sections of any sedimentary rocks but may

be present in trace quantities in tuffaceous rocks. Fine-grained

zeolites would be especially hard to detect in thin section when

adjacent to isotropic opal and glass.

Facies Associations and Depositional Environments

The sedimentary rocks in the thesis area have not been studied

in enough detail to allow description and interpretation of every

sedimentary facies. The relative importance and significant differ-

ences of many of these facies cannot yet be assessed.

Another problem in interpreting sedimentary facies is the coarse

grain size (commonly -60) of many of the sedimentary rocks. Accurate

grain size distributions are impossible to determine for such deposits.
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Relatively little is known about the hydraulics of flows capable of

transporting such coarse clasts. The distinction between laminar and

turbulent flow, and of upper and lower flow regime, become blurred

with these deposits because of the extreme bed roughness they produce.

Particle concentration is extremely important in the transport and

deposition of these coarse sedimentary materials (Smith, 1986) and

there is probably a complete gradation from debris flow processes to

normal stream flow processes, with intermediate conditions called

hyperconcentrated flood flow.

Another problem is the complex and discontinuous interbedding of

the various types of sedimentary rocks. One of the most powerful tools

of sedimentology is Walther's Law, which states that an uninterrupted

vertical sequence of sedimentary rocks can be related to laterally

adjacent environments of deposition. However, most contacts of sedi-

mentary units in the Deschutes Formation are sharp, and it is difficult

to tell if these are erosional surfaces. For example, a sequence of

parallel beds was traced for over 50 yards without any evidence of

intervening erosional contacts. Then one outcrop was found which

showed that the upper beds had filled a channel cut Into the lower

units. This channel had vertical walls, a flat bottom, and was 6 feet

deep. Similarly, most beds are probably bound by erosional surfaces,

of unknown magnitude, and therefore may bear no systematic relation to

immediately underlying units.

In spite of these difficulties, general observation has high-

lighted the importance of four types of processes: fluvial processes,

flood-plain processes, processes which operate on interfluves, and

the processes of laharic sedimentation. These are used to group the

sediments into four facies associations. Although rocks of one facies

association tend to occur together, rocks of several facies associations

may be complexly interbedded. These facies associations are somewhat

vague, but they provide a foundation for description, comparison, and

interpretation. This "broad brush" approach will hopefully be useful

until superseded by detailed studies.



Fluvial Association

Many authors, beginning with Russell (1905, p. 91), have

interpreted sedimentary rocks in the Deschutes Formation as fluvial.

Most of the sedimentary rocks in the thesis area are fluvial in

origin. Rocks of the Fluvial Association are not concentrated

at any particular location or stratigraphic level in the thesis

area.

Rocks of the Fluvial Association are distinguished from other

facies by the following characteristics: 1) comparatively good

sorting; 2) framework support; 3) little or no matrix in sand-

and pebble-sized units, and sandy matrix in cobble-sized units;

4) comparatively rounded grains; 5) excellent stratification, except

in cobble to boulder conglomerates, where there is frequently imbri-

cation; 6) abundant cross-stratification in pebble-sized and finer

units; 7) general separation of tuffaceous silt and clay from sand-

sized and coarser material; and 8) a tendency for dense lithic clasts

to be segregated from pumice. These criteria are consistent with the

general criteria for distinguishing normal stream flow deposits from

debris flow and hyperconcentrated flood flow deposits of Smith (1986).

The Fluvial Association contains rocks of many grain sizes and

structures indicative of different energies of deposition. These

rocks are complexly interbedded and exhibit numerous erosional

surfaces and channels. Fining-upward sequences were not recognized.

These facts, along with the coarse-grained nature of the fluvial

deposits, suggest a braided river (low sinuousity, bedload-dominated)

depositional environment. This is certainly not a new interpretation;

it was first proposed by Russell (1905, p. 91). A number of facies

models for braided rivers have been proposed (see summaries of Miall,

1977, 1978; Rust, 1978), the differences being dominant grain size,

sedimentary structures, and the importance of fining-upward sequences.

The Fluvial Association in the thesis area is most similar to the Scott

type of Miall (1977, 1978) and facies assemblage G11 of Rust (1978),

in that it is dominated by framework-supported massive to imbricated

conglomerates.
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Cobble to Boulder Conglomerate

The most characteristic sedimentary rock indicative of fluvial

processes in the thesis area is cobble to boulder conglomerate

(Figure 47). These conglomerates are composed of well rounded to

subrounded coarse pebbles to boulders of volcanic rocks. Anyone

who has attempted to cross a steep slope underlain or covered by

float of these cobbles can attest to their high degree of round-

ness. In some boulder conglomerates, finely crystalline volcanic

clasts are not only rounded, but highly polished.

In any interval of a few feet, the cobbles or boulders are

moderately sorted (variation in clast size is usually less than 40).

These conglomerates are framework supported. The most common matrix

is medium sand to granules, which could have been deposited from

suspension under grossly similar flow conditions while the cobbles and

boulders were deposited from bedload (Harms et al., 1975, p. 140). A

rarer matrix consists of tuffaceous silt to medium sand which probably

infiltrated into the interstices after the framework clasts were

deposited.

Induration of these conglomerates is variable; those with

coarser matrices are usually unconsolidated, while those with finer

matrices are usually slightly lithified, probably by opaline cement.

In either case, cobble to boulder conglomerates can be quite resistant

to erosion because of the coarse particle size. In fact, many topo-

graphic benches in the thesis area are believed to be supported partly

by cobble to boulder conglomerates. Examples include the gently

sloping benches at an elevation of about 2,200 feet at the mouths of

Spring and Street Creek Canyons, and the prominent bench at about

2,360 to 2,400 feet in the NE 1/4 sec. 32 and NW 1/4 sec. 33, T 11 5,

R 11 E. Roadcuts at the lip of the latter bench in the NE 1/4 sec. 32,

T 11 5, R 11 E, expose only boulder conglomerates.

Conglomerates are better exposed than most sedimentary rocks

except those of the Lahar Association. Exposures are usually

steep slopes unless overlain by a more resistant unit. Abundant

float of rounded to subrounded cobbles indicates the presence of
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Figure 47. Cobble and boulder conglomerate of Deschutes
Formation. Looking southwest in quarry in W 1/2
SW 1/4 SW 1/4 sec. 20, T 11 S, R 11 E. Lens of
low-angle to trough cross-stratified coarse sandstone
in middle.
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conglomerates where exposures are lacking.

These conglomerates form units as little as 20 cm thick to

massive bodies over 5 m thick. Usually, conglomerate units are

unbedded, although some vague grain-size variations provide

a hint of subhorizontal stratification. Boulder conglomerates are

usually structureless, but some cobble conglomerates are imbricated.

Most commonly, however, clasts are not significantly elongated and do

not show imbrication. Where imbrication is present it is of both

the "a-transverse, b-imbricate" and "a-parallel, a-imbricat&' types

of Harms et al. (1975, p. 137). The first type is formed by bedload

transport, while the second is formed by suspension transport (Harms

et al., 1975, p. 137). The type of Imbrication is not believed

significant in these deposits, however, because most clasts do not

have significantly different lengths of their a and b axes. Flows

responsible for transport and deposition of these clasts must have had

high energies, so these deposits were not subject to low-stage modifi-

cation, and give the most consistent paleocurrent directions within

and between outcrops. The three-dimensional character of the imbrica-

tion is usually visible because the imbricated clasts protrude from

the less resistant matrix. Where not readily visible, the three-dimen-

sional character of the imbrication is easily determined by removing

the weakly held clasts.

Cobble and boulder conglomerates are the most abundant sedi-

mentary rocks in the thesis area. They are spectacularly exposed

in the Deschutes Canyon, and become more abundant, although more

poorly exposed, to the west. Loose cobbles are common as float

beneath the Gunsight andesite, Tdpba6, and Tdt29, and are Inter-

preted as fluvial deposits in the canyons which these units

filled. Thick sequences of cobble and boulder conglomerate are

present beneath and above the Chinook tuff from Spring Creek west-

ward. These conglomerates are prominently exposed in roadcuts

along the Monty Road and in a quarry in the W 1/2 SW 1/4 SW 1/4

sec. 20, T 11 5, R 11 E (Figure 47).

In general, the average clast size of these conglomerates

increases to the west. For example, boulders are fairly rare in



conglomerates in the Deschutes Canyon, while the conglomerates

along Nonty Road contain abundant boulders.

Granule to Pebble Conglomerate

These conglomerates show a variety of stratification types

that are often difficult to recognize due to the coarse grain

size. Trough and planar cross-stratification (Figure 48) are most

comon, and horizontal stratification can be found. Well developed

sets of low-angle stratification, with the strata dipping in direc-

tions opposite to other nearby paleocurrent indicators are fairly

rare. These may represent upstream accretion on longitudinal bars.

Coarse Sandstone to Granule Conglomerate

At about this size range, pumice becomes a major constituent

of sedimentary rocks in the Deschutes Formation. Pumice fragments

are difficult to interpret because the density varies with the degree

of vesiculation and water saturation. Grain size and sorting do not

then necessarily reflect the hydrodynamics of deposition. Pumice

clasts are commonly mixed with dense lava fragments, making interpre-

tations very difficult. In addition, the pumice clasts were rounded

and abraded much faster than dense lithic fragments. Furthermore, all

gradations in density exist, from frothy white pumice to vesicular dark

pumice to scoriaceous lava to dense lava fragments.

In most cases, pumice fragments are mixed with finer fragments

of dense lava, and are sorted according to density. More rarely,

pumice and dense lava fragments of similar size are commingled, and

these deposits are sorted by grain size.

Coarse sandstones to granule conglomerates exhibit a wide

range of stratification types. The most common is trough cross-

bedding, usually in sets from 10 to 20 cm thick. One sample (557)

from this type of deposit was sieved (Figure 49 and Table 2), and

shows that these deposits, even though relatively well sorted when

compared to other Deschutes Formation sedimentary rocks, are poorly
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Figure 48. Planar cross-stratification in coarse sandstone to
pebble conglomerate. Looking west in SW 1/4 NW 1/4
SW 1/4 sec. 3, T 12 S, R 12 E, at elevation of
2,280 feet. Note opposing dips in adjacent sets.
Cobble conglomerate above and below.
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Structure,
Sample Composition

Statistics of Folk and Ward (1957) with verbal terms suggested by Folk (1980)

(Inclusive Graphic Sk1 (Inclusive KG (Graphic
Mz (Mean Diameter, 0) Standard Deviation, 0) Graphic Skewness) Kurtosis)

Table 2. Results of sieve analyses of Deschutes Formation sedimentary rocks.

38 unstratified,
lithic

+0.88 (coarse sand) 0.62 (moderately sorted) -0.04 (nearly
synune t rical

1.20 (lepto-
kurtic)

79 plane-
laminated
lithic

+1.38 (medium sand) 0.48 (well sorted) +0.13 (fine-skewed) 1.13 (lepto-
kurtic)

306 massive,
pumic eous

+2.12 (fIne sand) 1.76 (poorly sorted) -0.27 (coarse-skewed) 0.94 (meso-
kurt Ic)

446 lenticular and -0.42 (v. coarse 1.13 (poorly sorted) +0.04 (nearly 1.09 (meso-

trough cross-
stratified,
lithic and
pumice

sand) synune trIcal) kurtic)

530 plane-laminated,
lithic and
pumice

+1.18 (medium sand) 1.63 (poorly sorted) -0.33 (strongly
coarse-skewed)

0.94 (meso-

kurtic)

557 trough cross-
bedded, lithic

+0.62 (coarse sand) 1.26 (poorly sorted) +0.004 (nearly
symmetrical)

1.06 (meso-
kurtic)

590 low angle
cross-laminated,
lithic

+1.58 (medium sand) 1.34 (poorly sorted) -0.04 (nearly
symmetrical)

083 (platy-
kurt ic)

600 foreset-bedded,
lithic and
pumice

+0.12 (coarse sand) 1.81 (poorly sorted) +0.04 (nearly
symmetrical)

0.63 (v. platy-
kurtic)

622 lendcular and
trough cross-
stratified,
lithic

-0.62 (v. coarse
sand)

1.66 (poorly sorted) +0.20 (fine-skewed) 0.95 (meso-
kurtic)
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sorted. Rare planar cross-bedding, in sets up to 60 cm thick,

may represent deposition in transverse bars or sand waves (Figure 48).

Horizontal and low-angle stratification are present in some deposits.

Many coarse sandstone to granule pumiceous conglomerate deposits have

wavy to lentjcular beds from 0.5 to 10 cm thick (Figure 50). Planar

to trough cross-beds occur in thicker beds, but thinner beds exhibit

only size grading. These deposits are enigmatic, but may represent

transitional or upper flow regime deposition with minor turbulence

induced by bed roughness. Two sieve analyses of these deposits

(samples 446 and 622 in Figure 49 and Table 2) demonstrate poor sort-

ing for these deposits, with the pumice-rich deposit (446) having a

fine tail, due to abrasion of pumice during sieving.

A very unusual sedimentary unit is found in roadcuts at an

elevation of 2,160 feet in the NW 1/4 SW 1/4 SE 1/4 sec. 26,

T 11 5, R 11 E (Figure 51). This unit consists of a single giant

set, about 2 m thick, of foreset cross-beds. Beds of coarse sand

to fine pebbles of pumice alternate with beds of lithic fine to coarse

sand. Overall, the deposit is a poorly sorted coarse sand (sample 600

In Figure 49 and Table 2). Soft-sediment deformation features are

abundant in this deposit. The upper contact of the giant cross-bed

set is not visible, but at the base the cross-beds abruptly become

tangential and overlie irregular to contorted beds of the same lithology.

This large bedform appears to be lobate in plan view; one outcrop to

the west has cross-beds that dip northwest, while a second outcrop to

the east, displaced downward in a landslide, has cross-beds that dip

northeast. This deposit is envisioned as a Gilbert-type microdelta.

Because no definitive lacustrine beds are present, this microdelta

could have been built by a tributary into deep, slowly moving water

of a main river. The irregular to contorted beds beneath the foreset

beds may have formed by slumping of foresets into deeper water. An

analogous modern volcaniclastic microdelta was observed by the author

in June 1982; it was built by the Toutle River into the Cowlitz River,

apparently as a result of the 1982 eruptions of Mt. St. Helens,

Washington.



Figure 50. Coarse volcanic lithic sandstone (dark) to pumiceous
granule conglomerate (white). Looking west at site
of sample 446 (sieved).
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Figure 51. Giant foreset cross-beds showing soft-sediment
deformation. Lithology is volcanic lithic fine
to coarse sandstone (dark) and pulniceous coarse
sandstone to pebble conglomerate (white). Looking
southwest at site of sample 600 (sieved).
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Fine to Coarse Sandstone

Many of these units are parallel laminated, and were apparently

deposited under upper flow regime conditions. A sample of a volcanic

lithic parallel laminated medium sandstone is well sorted (sample 79

in Figure 49 and Table 2). Those with a significant pumice com-

ponent are poorly sorted (sample 530 in Figure 49 and Table 2),

but this does not reflect the true hydrodynamics of deposition.

All of these units probably are well sorted according to bulk density.

Some deposits of sandstone are unstratified. These are

moderately sorted (sample 38 in Figure 49 and Table 2) and may

represent upper flow regime deposition, with any stratification

disrupted by breaking standing waves. Low-angle laminated sand-

stone also was deposited under upper flow regime conditions. A

3 m thick unit of low-angle laminated sandstone was found in

roadcuts in the S 1/2 SW 1/4 SE 1/4 sec. 26, T 11 5, R 11 E. This

deposit consists of poorly sorted lithic medium sand (sample 590

in Figure 49 and Table 2). This unit is remarkable for its

purity, thickness, and excellent preservation of low-angle strati-

fication. A portion of this deposit, downdropped on a large land-

slide, has been quarried in the NW 1/4 sw 1/4 SE 1/4 sec. 26,

T 11 5, R 11 E. This sand was used to construct beaches along

Lake Billy Chinook in the Three Rivers Recreation Area.

Some fine to coarse sandstones have structures indicative of

lower flow regime deposition: trough cross-stratification, planar

cross-stratification, and ripple cross-stratification. In many

beds this stratification is accentuated by segregation of pumice

and lithic grains into different cross strata.

Many units of fine to coarse sandstone contain abundant round-

ed fine pebbles of pumice (Figure 52). Pumice and lithic grains

usually are segregated into different layers, as a result of

density sorting in some deposits and to size sorting in other

deposits.
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Figure 52. Parallel laminated pumiceous sandstone with small
scour fill. Pumice in parallel laminated beds sorted
by size, while pumice in bottom of scour sorted by
density. At site of sample 700 (Appendix 4).
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Lahar Association

Jay (1983, p. 55-57) first recognized in the Deschutes Forma-

tion a distinctive group of sedimentary rocks which he termed

ttlithic_rich deposits." These units are very extensive, 1 to 6 m

thick beds of very poorly sorted, angular, gravel-sized lithic

fragments (Figure 53). The fragments are usually in grain support,

although finer material fills the interstices. The beds are massive

to crudely horizontally stratified, with the stratification deline-

ated by horizontal alignment of elongate clasts and by irregular

grading. These deposits are gray, densely lithified, and weather to

extremely rough surfaces of projecting angular clasts. Overall, they

resemble concrete, for which they were informally named in the

field. A more proper term is "lithic breccia."

Identical deposits are abundant in the thesis area. Upon

detailed examination, it was found that these lithic breccias do

not form widespread, monotonous sheets like those of Jay (1983) and

Hayman (1984), but are interbedded and laterally gradational with

other sedimentary rocks. These intimately associated facies are

grouped into the Lahar Association. Rocks of this facies associa-

tion are distinguished from rocks of the Fluvial Association

primarily by their poorer sorting and angularity of clasts. These

deposits could not be disaggregated for sieving, but they are esti-

mated to be very poorly sorted to extremely poorly sorted. All rocks

of this fades association contain a significant fine-grained component,

usually coating grains or filling interstices between framework grains.

This clay and fine silt is not abundant, however, for usually some

porosity remains in the interstices and the framework grains are only

rarely matrix supported. The higher matrix content is sufficient to

distinguish these rocks from the Fluvial Association, and results in a

degree of lithification not usually found in other rocks.

Rocks of the Lahar Association tend to be more poorly stratified

than rocks of the Fluvial Association. The most common sedimentary

structure is grading, both normal and reverse. Crude horizontal

stratification is also common in this association. Sand-sized
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Figure 53. Typical appearance of lithic breccia in outcrop.
Angular volcanic lithic fragments project out from
surface. Rounded boulder below in matrix support.
At site of sample 497 (Appendix 4).
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breccias are commonly parallel bedded whereas some granule to pebble

breccias locally display trough cross-stratification. Ripple and

planar cross-stratification are absent. In pebble to cobble breccias

imbrication is extremely rare and only poorly developed. Many lithic

breccias contain large rounded clasts floating in the finer matrix

(Figure 53). Such clasts can be quite large; cobbles are abundant and

boulders 30 cm across are not unusual, while some clasts are over 3 m

in diameter.

The bedding style of the Lahar Association is also distinctive.

Whereas rocks of the Fluvial Association are complexly interbedded and

cannot be correlated between outcrops, rocks of the Lahar Association

occur at particular stratigraphic levels which can be correlated with

relative confidence between outcrops. Also, they crop out more

readily, because of the higher degree of lithification. Where poorly

exposed, they form areas carpeted by angular gravel with a few rounded

cobbles. For these reasons, these deposits are mapped on Plate 1.

They cannot usually be distinguished from one another, however, so

they are all mapped as a single unit. Many thin units that belong to

this association could not be shown on Plate 1.

Numerous processes are believed to operate in the Lahar

Association. Lithic breccias which exhibit only grading or have

floating clasts are believed to have been deposited by debris flows.

Debris flows (see Fisher, 1971) are able to transport coarse clasts

because of high yield strengths, bulk densities, and viscosities.

They are emplaced in mass, which means that bedforms cannot be

present to produce stratification or cross-stratification in the

resulting deposits. Shear forces in the flow commonly cause the

alignment of elongate clasts, however, and it is possible that

grading can be produced by internal forces (Fisher and Schmincke,

1984, p. 308). A very common type of lithic breccia in the thesis

area is doubly graded. These are reverse graded near the bottom

and normally graded toward the top, with the coarsest clasts con-

centrated in the middle or about one-third up from the bottom

(Figure 26). Fisher and Schmincke (1984, p. 307-308) note that this

type of grading is very common in volcanic debris flows.
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Many lithic breccias in the thesis area are considerably thinner

than those described by Jay (1983) and Hayman (1984). In particular,

sequences of 10 to 50 cm thick lithic breccias are very common

(Figure 54). These beds have fine, abruptly reverse graded bases,

above which they are structureless, reverse graded, or normally graded.

These sequences are probably caused by a debris flow with many pulses,

or perhaps several lobes that rejoined. This mechanism can also be

invoked to explain thicker lithic breccias with crude horizontal

stratification which in detail is formed of numerous graded intervals.

Many lithic breccias contain horizontal stratification too

finely detailed to be explained by pulses or lobes of a debris flow.

Many examples of this type are illustrated by Jay (1983). This mech-

anism is also inadequate to explain the low-angle stratification or

cross-stratification locally present in some lithic breccias. These

were formed by flows transitional between classic debris flows and

normal stream flows. Smith (1986) termed such flows t'hyperconcen-

trated flood flows." Hyperconcentratjon causes grain to grain inter-

actions to be important in sediment support. These flows probably had

considerable bulk densities and viscosities and may have had some yield

strength, but none of these parameters were high enough to prevent

turbulence and bedload deposition.

Some lithic breccias are not stratified, but contain large

rounded boulders in framework support at the base of the flow

(Figure 55). The interstices between these boulders are filled with

typical lithic breccia. This illustrates another type of transi-

tional behavior. The flow probably behaved as a classic debris flow,

but was still unable to support the large boulders. It could have

transported the boulders as bedload, however. It is also possible

that large clasts may drop from suspension when a debris flow mixes

with water, reducing its yield strength, bulk density, arid viscosity.

A mechanism such as this may explain why many lithic breccias are

dominated by gravel sized particles.

The lithic breccias of the Lahar Association commonly contain

molds of twigs and branches, often subhorizontally aligned (Figure 56).

These molds are fairly rare in sedimentary rocks of the Fluvial



Figure 54. Channel-filling sequence of thin lithic breccias.
Underlain by sandstone bed (0.5 foot thick) on
air-fall pumice beds, both of which mantle side
of channel cut into lithic breccia at right.
Sledge at top for scale. At elevation of
2,460 feet in the NW 1/4 NE 1/4 NE 1/4 sec. 31,
T 11 5, R 12 E.
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Figure 55. Lithic breccia with rounded boulders in framework
support. Underlain by parallel laminated well-sorted
sandstone over densely lithified, very poorly sorted
sandstone with tuffaceous matrix, both of which
mantle side of channel. At elevation of 2,220 feet
in the NW 1/4 SE 1/4 SW 1/4 sec. 34, T 11 S, R 12 E.
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Figure 56. Undulatory base of lithic breccia. Note molds (m)
of twigs and branches. Undulatory contact due to
pinch and swell of underlying sandstones. At base
are coarse sandstone to pebble conglomerate. At
elevation of 2,540 feet in the NE 1/4 NW 1/4 NW 1/4
sec. 6, T 12 S, R 12 E.
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Association. This is evidence of the catastrophic nature of this

type of sedimentation. The molds provide a valuable paleocurrent

indicator.

Most lithic breccias are composed of dense, or only partly vesi-

cular, volcanic lithic fragments, but some contain abundant scoria or

pumice. Accretionary lapilli were found in some. Some pumiceous

debris flows also were found. Pumice lapilli, either of air-fall

or reworked origin, also occur interbedded with this association

(Figure 54). These facts suggest that volcanic lithic breccias are

associated with, and perhaps caused by, pyroclastic eruptions.

Some thick lithic breccias fill channels (Figure 54), where

they are frequently underlain by poorly sorted, densely lithified

sandstone with a fine tuffaceous matrix. These beds are structure-

less, range from 2 to 15 cm thick, and sometimes contain twig and

limb molds. Remarkably, these beds can be traced up the channel

walls, with no change in thickness or evidence of slumping, to angles

of over 300. These deposits may represent veneers of debris flows

which previously passed through the channels. Such deposits at

Mt. St. Helens were extremely cohesive and adhered to tree trunks

and steeply sloping channel margins, as reported by Janda et al.

(1981, p. 473) and Cummans (1981, p. 483).

Hayman (1984, p. 48, 50) noted several features indicative of

high temperature in lithic breccias: radially jointed clasts,

small elutriation pipes, and strong and consistent paleomagnetic

polarities. These features also are found in the thesis area.

Radially jointed mafic pumice clasts up to 60 cm in diameter are

found in a lithic breccia at about 2,190 feet in elevation in the

SE 1/4 SW 1/4 N 1/4 sec. 3, T 12 S, R 12 E. Radially jointed black

vitrophyre clasts (specimen 540) are present in lithic breccias at

2,720 feet elevation in the SE 1/4 N 1/4 SE 1/4 sec. 32, T 11 5,

R 11 E. Small elutriation pipes are found at many locations; two of

the best are at an elevation of 2,350 feet in the N 1/4 NE 1/4 N 1/4

sec. 33, T 11 S, R 11 E (Figure 57) and at 2,480 feet in the NW 1/4

NE 1/4 NE 1/4 sec. 30, T 11 S, R 11 E. Strong and consistent paleo-

magnetic polarities were obtained from some lithic breccias. However,



Figure 57. Elutriation pipes in lithic breccia. At elevation
of 2,350 feet in the NW 1/4 WE 1/4 NW 1/4, sec. 33,
T 11 S, R 11 E.
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most have only a weak normal polarity. This is probably the result

of continual remagnetization during alteration (chemo-remanent magne-

tization). Overall, the features listed by Hayman (1984, p. 48, 50)

were too inconsistently observed to designate the lithic breccias in

the thesis area as having been deposited either hot or cold. This dis-

tinction is arbitrary, anyway, because the temperature of a single

debris flow may vary with the distance it flowed and with proximity to

large freshly erupted clasts. Most lithic breccias in the thesis area

probably were emplaced with at least warm temperatures. The residual

heat from clasts may then have baked the deposits dry, contributing to

the extreme lithification.

Many thick lithic breccias are underlain by 1 to 5 cm thick beds

of horizontally laminated sand (Figure 55). These beds also contain

considerable fine tuffaceous matrix which coats the sand grains and

partially fills the interstices. This clay makes the beds fairly

coherent and tough. These beds were probably formed by upper flow

regime deposition from a muddy slurry. These slurries could develop

by dewatering of a debris flow, from which they could separate and

move ahead. One lithic breccia (Figure 56) has an undulatory lower

contact, formed by pinch and swell of the underlying bed, which may

represent antidunes formed by upper flow regime deposition.

The flows which produce lithj.c breccias and associated deposits

are termed "lahars." Unfortunately, the term is poorly defined and

widely misunderstood. For example, Mullineaux and Crandell (1962)

stated that lahars are deposited in mass, and thus cannot have strati-

fication except for grading. However, Schxnincke (1967b) used the term

"lahar't for deposits with much more structure. Janda et al. (1981),

used the term "lahar" for sediment flows produced by the May 18, 1980

eruption of Mt. St. Helens, Washington. Yet Fritz and Harrison (1983)

and Harrison and Fritz (1982) described a sequence of three units

produced by these flows. The units exhibit framework support, horizon-

tal stratification, and complex grading, all of which could not be

produced in a flow which was deposited in mass.

The problem is that the term "lahar" is widely used for any

sediment flow of volcanic origin, regardless of grain-support
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mechanism. For example, Neall (1976, p. 2-3) defined "lahars" as

volcanic mudflows or debris flows, but it is evident that the terms

t'mudflow" and "debris flow" were applied solely on the basis of grain

size. In sedimentology, the terms !tmudflowtt and "debris flow" imply

certain grain-support mechanisms, which determine the structure of the

resulting deposits. Fisher and Schmincke (1984, p. 298) recognized

that many flows called ?vlahars! are not true debris flows, but

hyperconcentrated flows. Smith (1986) chose not to use the term

"lahar" because of this confusion, and to use only names with clear

meanings as to grain-support mechanisms.

But the problem with the term tlahar! is precisely the solution

to a difficult problem in Deschutes Formation stratigraphy. That is,

it is common to find evidence of different types of flows in a single

unit. The term "lahart' is vague and general, to be sure, but it is

exactly what is needed to describe flows that are not everywhere

identical.

In this report, lahars are envisioned as complex sediment

flows, changing in character over time and space, triggered by a

volcanic event. Nany workers (Fisher and Schmincke, 1984, p. 309-311)

have described processes by which volcanic events can trigger lahars,

and such specialized mechanisms as eruption in crater lakes or under

glaciers may have occurred. But all that is needed is a large-scale

pyroclastic event, which provides an enormous volume of easily erod-

ible material, wipes out vegetation, and disrupts drainage.

These lahars have higher sediment concentrations than typical

floods responsible for normal fluvial deposition. This results in

high bulk densities, viscosities, and yield strengths. These

properties probably vary between values typical for debris flows

and values typical for normal stream flows. The types of grain-

support mechanisms probably varied also, and a variety of deposits

resulted. Overall, there is probably a complete gradation between

lahars and floods, and the Lahar and Fluvial Associations are there-

fore gradational and interbedded.

The sediment flows can change character over space and time

in many ways. For example, a muddy flood may become constricted



210

by logjams, and upon bursting its dam, turn into a debris flow.

A debris flow may change into a hyperconcentrated flow by addition

of water from tributaries or from faster moving flood waters follow-

ing the debris flow. Continued deposition results in a gradation

from hyperconcentrated flows to normal floods. Dewatering or erosion

of an earlier debris flow could produce muddy floods. Deposition

by earlier flows could constrict or expand later flows, changing

their depths and velocities. Decreasing gradient could change a

turbulent flow into a laminar one. Multiple eruptions could result

in complexly overlapping events, and several flows in different

drainages may reach a given area at different times.

Deposits of the Lahar Association are found in all parts of the

thesis area and in all levels of the Deschutes Formation. Overall,

they are more common in the eastern two-thirds of the thesis area,

where they are also more laterally extensive. They are minor in

the westernmost part of the thesis area. This may indicate reworking

of lahars by fluvial processes in this region. But it is also pos-

sible that the lahars passed completely through this region without

depositing much material, or that the deposits are indistinguishable

from deposits of the Fluvial Association.

Petrography of Lithic Breccias

In thin section, the extremely poor sorting of lithic breccias

is evident (grains range from small pebbles to clay), even though

the cobbles and boulders in the units could not be included. The

small pebbles, granules, and very coarse sand are in framework support.

Finer grains occupy the interstices, and some irregular vesicles are

present in the interstices. Fisher and Schmincke (1984, p. 306) state

that such vesicles are common in the deposits of lahars.

The composition is highly variable, but most are composed domi-

nantly of dense volcanic lithic fragments. In most lithic breccias,

glassy and silicic rock fragments are most abundant (Figure 58). The

overall silicic character is also shown by the crystal population;

plagioclase and orthopyroxene are most common. Some lithic breccias



Figure 58. Photomicrograph of lithic breccia with silicic
provenance. Rock fragment at top contains xenolith
of intergranular mafic rock. Rock fragment at left
shows slight devitrification (dark rinds around
crystals). Specimen 458, 5 mm across, plane light.
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contain abundant mafic rock fragments, usually hyalopilitic or pilo-

taxitic types, along with ferromagnesian crystals such as olivine

and clinopyroxene. Still others contain mixtures of silicic and

mafic material (Figure 59). Overall, the provenance of lithic

breccias differs little from that of other sedimentary rocks. Like

other sedimentary rocks, some lithic breccias are characterized by

one to several distinctive or abundant types of lithic fragments.

For example, the lithic breccia just below Tdt8 on the north side of

Street Creek Canyon is characterized by large radially jointed cobbles

of finely vesicular, light gray, glassy rock with abundant small

needles of hornblende (sample 827). No monolithologic lithic

breccias were found in the thesis area, however. This may indicate

that the lahars are not the direct products of eruptions (Fisher and

Schmincke, 1984, p. 303).

Some lithic breccias contain abundant dark, highly vesicular

glass fragments. This material Is probably andesitic to dacitic

pumice. A few lithic breccias contain mafic scoria, although this

material is not as abundant in the thesis area as in the lithic

breccias described by Jay (1983).

Clasts in lithic breccias exhibit more alteration than is

typical of other sedimentary rocks in the Deschutes Formation. Mafic

rock fragments are commonly strongly oxidized and altered to clay

minerals. Ferromagnesian crystals in some mafic rock fragments are

completely altered to greenish brown clay minerals. Mafic glass is

especially unstable, and much scoria, mafic pumice, and glassy mafic

rock fragments have been altered to fine-grained opaque material

(probably iron oxides and clay minerals). Rims of this material

surround many separate ferromagnesian mineral fragments. Silicic rock

fragments are generally stable, but many are slightly stained by iron

oxides. A few silicic pumice lapilli exhibit slight devitrification.

The matrix material of lithic breccias is poorly understood

because it is difficult to resolve in thin section. Most of the

matrix material is pale to dark brown, translucent to extremely

cloudy, and finely granular. Most of this material appears black

under crossed polars. Jay (1983, p. 56, 66, and 75) and Hayman



Figure 59. Photomicrograph of lithic breccia with mixed
provenance. Colorless perlite (per), dark pumice
(dp), light pumice (ip), porphyritic mafic lava
fragment (pm), hyalophitic mafic lava fragment (hm),
intergranular mafic rock fragment (im), deep brown
glassy rock fragment (bg), olivine (ol) crystals
altered to iddingsite, augite (aug) crystals, and
plagioclase (p1) crystals. Specimen 398, 5 mm across,
plane light.
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(1984, p. 48) reported well-preserved glass shards in the matrix

material. A few small glass shards are indeed present, but upon

examination of lacustrine tuffs, air-fall tuffs, and ash-flow tuffs

the rarity and poor preservation of glass shards in lithic breccias

becomes apparent. Rather, the matrix appears to be densely packed

glass dust and comminuted shards. No birefringence is visible under

crossed polars, but the dark color suggests that submicroscopic clay

minerals may be present. Opal may cement the glass dust and commi-

nuted shards, but it is undetectable in such fine material. Calcite

occurs in the matrix of some lithic breccias, and also coats some rock

fragments. The calcite probably formed by near surface weathering.

The lithification of lithic breccias is problematic. Petrographic

evidence suggests that they are held together by dense matrices of

glass dust with perhaps occult opal cement. Disaggregation techniques

designed for clay-rich sedimentary rocks failed to disaggregate lithic

breccias, confirming that clay minerals, even though probably present,

are not important in lithifying these rocks. In outcrops, lithic

breccias are densely lithified and strongly hold angular lithic clasts

which project from the rock (Figure 53). However, when broken, the

interiors of most lithic breccias are much less lithified and are even

slightly friable. Jay (1983, p. 61) reported lithic breccias that

were so densely lithified that they broke across dense lava fragments,

but this phenomena was not observed in the thesis area. Most of the

extreme lithification therefore appears to be due to case hardening,

caused by precipitation of opal cement near weathered surfaces. Opal

cementation is also common in weathered surfaces of tuffs in the

thesis area. Apparently, abundant fine grained glass is required for

the development of case hardening. The lithification of lithic

breccias may then be caused by the fine size and abundance of the

matrix glass dust, and perhaps to its initial alteration as it was

deposited in warm water and baked dry.

Vegetated Interfiuve Association

Paleosols (fossil soils) form an important and previously
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unrecognized part of the Deschutes Formation. Soils will develop

only if sufficient time is available, so the sedimentation rate

must be low. Therefore, paleosols are most abundant on inter-

fluves out of reach of most fluvial and laharic processes.

Soil development converts other deposits into soils, and by

itself does not contribute material to a sedimentary sequence. But

paleosols do not need to be associated with periods of erosion.

Small influxes of sediment can be churned into the soil, causing

net deposition. Larger influxes of sediment may bury the older

soil. This may indicate a return to another facies association,

but more commonly, soil development resumes, forming a sequence of

soils interbedded with other units.

These interbedded units commonly are pyroclastic fall deposits.

These include air-fall pumice lapilli beds, slightly reworked pumice

lapilli deposits, accretionary lapilli beds, and air-fall ash beds.

These deposits fall from eruption plumes over all depositional

environments, but their preservation potential in a river or on the

floodplain is very low. The pyroclastic materials are quickly eroded,

abraded, mixed with other materials, and redeposited. Because of the

fine grain size and low density, much of this material was probably

flushed completely out of the thesis area, and perhaps even out of the

Madras Basin. But pyroclastic material which falls on interfluves has

a much greater preservation potential. If the deposit is not too thick,

plants and burrowing animals will be able to churn this material into

the soil, but if the deposit is thick enough, a sequence of interbed-

ded air-fall deposits and paleosols will result.

Such sequences are commonly found in the Deschutes Formation,

and form the Vegetated Interfluve Association. They are important

because they indicate low sedimentation rates, an area with abundant

plants and animals, and an area removed from major fluvial deposition.

Also, this facies association records an abundance of pyroclastic

events not represented elsewhere.

Several minor facies are also found in this association.

Thinly laminated fine to medium lithic and pumiceous sands are

locally found interbedded with paleosols or as relicts within
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paleosols, and probably indicate sheetwash during heavy rains.

Fine-grained fluvial deposits also are found associated with paleo-

sols or as relicts. These could be deposits of small streams, or

perhaps represent an exceptional flood event that reached an area

usually not touched by fluvial processes. Much fine sand and silt

could also have been contributed to paleosols by eolian processes.

Paleosols can form on any previous deposit if sufficient time

is available. They rarely occur in conglomerate and other coarse

deposits, presumably because the frequency of fluvial events is

too high, and there is simply not enough time to form soils thick

enough to be preserved or recognized. Soil forming processes are

evident on floodplains, so that the Vegetated Interfluve Association

and Floodplain Association are gradational. Paleosols are common on

ash-flow tuffs in the thesis area (e.g., Chinook tuff, Tdt6, Tdt10,

and the Hoodoos tuff). The ash-flow tuffs formed large sheets, which

displaced the drainage to other areas or caused the drainage to become

incised. The top of the ash-flow tuff was then turned into a paleosol.

This probably happened to lava flows also, although the exposure above

lava flows is so poor that it is rarely observed. Along the old road

grade into the Deschutes Canyon, in the SE 1/4 SE 1/4 sec. 9, T 12 5,

R 12 E, swales in the top of the Lower Canadian Bench basalt are fil-

led with a paleosol and air-fall tuffs. Large vesicular slabs of the

basalt are mixed irregularly with the paleosol, and the paleosol

extends deeply down cracks into the basalt. The similarity to

Holocene soils and tephra layers on the rimrock basalts is remarkable.

The Vegetated Interfluve Association is commonly, but not

universally, found beneath basalt flows in the eastern two-thirds

of the thesis area. The heat of the overlying basalts oxidized

the paleosols to pink and red colors (Figure 60). The interbedded

air-fall tuffs also locally develop a pink tint. Many paleosols

baked by overlying basalt flows have a vertical blocky fracture

(Figure 60). The association between paleosols and basalts is not

coincidental, and results from the fact that these basalt flows

spread out as large sheets, covering interfluves as well as river

channels.



Figure 60. Thick paleosol baked by overlying Canadian Bench
basalt. Note blocky fracture (vertical at top),
color gradations, and irregular concentrations of
pumice lapilli (at level one foot below sledge).
At elevation of 2,500 feet in SE 1/4 NE 1/4 SE 1/4
sec. 4, T 12 S, R 12 E.
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Paleosols and associated rocks appear to be more abundant toward

the top of the Deschutes Canyon section. The interval between the

Lower Canadian Bench basalt and the Canadian Bench basalt is composed

entirely of paleosols, and paleosols dominate the stratigraphy for at

least 20 feet below the Lower Canadian Bench basalt (Figure 12). They

also are very abundant beneath the Fly Lake basalt. The upward

increase in the number of paleosols indicates decreasing sedimentation

rates, perhaps from a decline of volcanism (decrease in sediment sup-

ply) or from the begiming of uplift and incision of rivers (decrease

in rate of subsidence).

The Vegetated Interfluve Association is much more abundant

in the eastern parts of the thesis area. This probably reflects

the lower sedimentation rate and reduced frequency of catastrophic

events, but other factors may contribute. These include the

generally finer grain size (conducive to soil formation), lower

slopes (conducive to soil preservation), and greater stability of

river channels (resulting in increased time for soil development).

Paleosols

Retallack (1983, p. 825) lists several characteristics by

which paleosols may be recognized: 1) fossil root traces, 2)

horizons which are conspicuously leached, reddened, nodular,

crystalline, and rich in clay or organic material, 3) massive,

bioturbated appearance and gradational character, and 4) a complex

system of cracks with associated filling of altered material

(cutans) around natural clods of material (peds). The system of

cutans and peds produces "sepic plasmic structure" in thin section

under crossed polars, in which areas of randomly oriented flecked

clay are separated by zones of highly birefringent, oriented clay.

All of these features are found in the thesis area.

The paleosols are thick and massive, without internal strati-

fication or grading (Figure 60). They are poorly sorted (e.g.,

sample 306 in Figure 49 and Table 2), with grains ranging in size

from silt to pebbles. They always exhibit colors indicating
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oxidation, such as light brown, orange brown, yellow, and yellow

brown (Figure 60). These colors commonly grade downward to duller

colors, and rarely, several color horizons are visible. The horizons

do not have, compositional differences observable in the field.

Root traces are not abundant in paleosols in the thesis area,

probably because of the oxidizing character of the soil. They can

be found locally, however, and consist of small hollow tubes of

chalky white opaline silica. In some very rare instances, larger

burrows are visible where infilled by different material or where

outlined by opaline silica (Figure 61). Bioturbation is common

at the base of paleosols, where the underlying unit can be seen to

be churned up along an irregular gradational contact. Rarely,

narrow zones of bioturbation penetrate deeply into underlying

units (Figure 62). Bioturbation is also indicated by relict

blocks of air-fall pumice lapilli or laminated fine sand isolated

within a homogeneous unit. At places, these blocks are tilted at

various angles. Bioturbation in paleosols is generally not

complete, so that irregular concentrations of pumice lapilli are

found discontinuously at certain levels (Figure 60).

Most paleosols, because they are developed on air-fall or ash-

flow tuffs, contain abundant pumice. The pumice is usually slightly

oxidized. The poor sorting, lack of stratification, abundance of

pumice lapilli, and underlying air-fall pumice lapilli beds make

these units superficially resemble ash-flow tuffs. However, matrices

in ash-flow tuffs are much more ash-rich than the matrices of

paleosols.

Most paleosols in the thesis area are not rich in clay and do

not exhibit typical peds and cutans. This may mean that the soils

are incipient, because of short intervals of time between major

pyroclastic falls. However, in the Deschutes Formation, these

poorly developed paleosols may reflect a dry climate.

In thin section, all paleosols have a loose clastic texture.

Grains range from 7 mm to 0.01 mm across, and consist of volcanic

lithic fragments, pumice, and crystals. All fragments show the ef-

fect of oxidation and clay development. Pumice fragments appear fresh



Figure 61. Burrows in coarse grained paleosol. Burrows lined
by opaline silica and filled with white pumice
lapilli and ash. Burrows at right pass in and out
of outcrop plane, and are roughly cylindrical.
Relict bedding to left of hammer. Roadcut at
elevation of 2,580 feet in NE 1/4 SW 1/4 SW 1/4
sec. 36, T 11 S, R 11 E.
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Figure 62. Bioturbation at base of paleosol. Underlying beds
are (top to bottom): parallel laminated sandstone
(gray), air-fall pumice lapilli bed (white), paleosol,
parallel laminated sandstone (gray), and paleosol.
All typical of Vegetated Interfluve Association.
Roadcut at elevation of 2,730 feet in SE 1/4
NE 1/4 SE 1/4 sec. 35, T 11 S, R 11 E.
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and glassy, and have vesicles that are empty and uncollapsed. The

rims of the pumice fragments are oxidized and coated with dark clay

material. Silicic rock fragments are fresh and glassy, but have

thin rims of dark orange brown clay. Glass and ferromagnesian

minerals in mafic rock fragments are commonly altered to an orange

brown, isotropic material. This material appears cloudy and is

probably cryptocrystalline clays, oxides, and silica. Many mafic

rock fragments have irregular rims of dark orange brown clay.

Crystal fragments are common in the finer fractions of these paleo-

sols, but are usually surrounded by dark brown clay coatings formed

by alteration of the crystal or of the adhering glass. Detrital

matrix material is present, but it is sparse. It consists of brown

clays with a few small glass shards. The rims of clay on particles

in these paleosols may be incipient cutans, produced mostly by

alteration of particles, and partly by deposition of clay from

downward percolating ground water.

Paleosols in areas protected from erosion by the surrounding

Fly Lake basalt are extremely well lithified. In thin section these

show considerable alteration of rock, pumice, and mineral fragments.

Mafic rock fragments are strongly altered and silicic rock fragments

are stained and devitrified. Hany rock fragments are unidentifiable.

A thin section of specimen 556 shows typical "sepic plasmic structure,"

with thin films of oriented, highly birefringent clays lining voids

and surrounding areas of unoriented, coarser clay (Figure 63).

Colorless or light yellow opal is also present.

Air-fall Tuffs

The most readily recognized deposits of air-fall origin are

poorly stratified or unstratified beds of angular, moderately

sorted pumice lapilli. Host pumice in these beds is white with

a few plagioclase phenocrysts and no visible mafic phenocrysts,

and is probably rhyodacitic in composition. A few beds of darker,

more mafic pumice are present. One air-fall tuff at 2,480 feet
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elevation in the SE 1/4 SW 1/4 SW 1/4 sec. 30, T 11 5, R 11 E is

graded from mostly white pumice at the base to mostly dark pumice

at the top (Figure 64). Airfall pumice lapilli beds also contain

small angular dark volcanic rock fragments, usually coarse sand

or finer.

Many pumice lapilli beds occur at the base of large ash-flow

tuffs, and are unrelated to paleosols. This reflects the initial

Plinian eruption produced by the top, gas-rich part of a magma

chamber. As deeper, less gas-rich parts of the magma chamber are

tapped, ash-flow tuffs are erupted which cover and preserve the

underlying air-fall lapilli tuff. The distribution of air-fall

lapilli tuffs under ash-flow tuffs is highly variable, because of

control by prevailing winds or immediate erosion.

Most air-fall lapilli tuffs are associated with paleosols, and

these sequences can be traced for considerable distances. For

example, a sequence of two white pumice layers and three pinkish

brown paleosols can be traced beneath the Big Canyon basalt at Fly

Creek and eastward for a distance of 2 miles (Figure 31). Pumice

lapilli beds might be useful for regional stratigraphic correlation,

but such work would be hampered by similarities in the field.

Accretionary lapilli, formed by accretion of ash around nucleii

as moisture condenses in turbulent ash clouds (Moore and Peck, 1962),

also occur in the Deschutes Formation. In some deposits, the lapilli

have been flattened until the accretionary texture is barely discern-

ible and the bed appears to be composed of irregular clots of mud.

These lapilli probably fell while wet and plastic. In others, the

accretionary lapilli are undeformed and rarely broken, and probably

fell when dry and hard. The amount and type of the admixed material

is widely variable. In some beds, the lapilli are in framework sup-

port with relatively little fine-grained material. Some beds contain

abundant admixed volcanic rock fragments of pebble to coarse sand size.

In most beds, however, the accretionary lapilli are dispersed in

abundant coarse to fine, very light gray to medium gray ash. This

material was probably flushed from an ash cloud by rain (Walker, 1971,

p. 701).



Figure 64. Air-fall pumice lapilli bed. Graded from mostly
white pumice at base to mostly dark pumice at top.
Abundant volcanic rock fragments as large as small
pebbles included with pumice. Below is reworked
air-fall pumice lapilli bed. Above is air-fall
ash bed with accretionary lapilli. At 2,480 feet
elevation in the SE 1/4 SW 1/4 SW 1/4 sec. 30,
T 11 5, R 11 E.
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Thick beds of massive or vaguely stratified mudstone may be

air-fall tuffs, also, but diagnostic evidence is lacking. The fine

grain size may also be due to rain flushing. Slightly reworked air-

fall deposits also are present, and grade into typical fluvial sedi-

mentary rocks. Commonly, the base of thick pumice lapilli beds is

finer grained and slightly reworked (Figure 64).

An unusual lithology found associated with air-fall tuffs is

vesicular mudstone. These 5 to 10 cm thick massive beds have undula-

tory bases and flat tops, and contain smooth-walled vesicles up to

1 cm across. Some vesicles are subspherical, but many are highly

irregular. They are generally concentrated in certain levels of the

bed. Very rarely, thin pools of fine clay, in some instances desic-

cated, occupy the bottoms of these vesicles. Pumice lapilli often

occur in these rnudstones, and accretionary lapilli occur in adjacent

strata. Vesicular mudstones were probably formed by rain flushing of

an ash cloud, which caused the deposition of fine ash in the form of

mud droplets. Walker (1971, p. 701) suggested that falling mud drop-

lets trap air as they strike the ground, forming vesicles. The slurry

then flowed over the surface of the ground as it accumulated. After

the slurry came to a rest, water carrying a little clay percolated

into some of the vesicles. The clay was deposited on the bottoms of

some of the vesicles and later desiccated.

Fused Tuffs

As mentioned previously, rocks of the Vegetated Interfluve

Association are commonly baked to red colors beneath lava flows

(Figure 60). In two instances, the heat and weight of the lava

flow have also softened and compacted the glassy components in

these rocks to produce fused tuffs.

A layer of fused tuff up to 15 cm thick is found beneath

the Lower Canadian Bench basalt from the NW 1/4 sec. 3, T 12 S,

R 12 E to the NE 1/4 sec. 34, T 11 5, R 12 E. The base of this

basalt is planar, sharp, and vesicular, with almost no flow breccia.

The fused tuff is not in contact with the lava, but is separated from
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the lava by 1 to 10 cm of pumiceous paleosol or medium-grained, dark

volcanic lithic sandstone. Within the fused tuff bed, the degree

of compaction decreases both upward and downward, and the maximum

degree of compaction varies irregularly along the length of the

flow. Most fused tuff samples are very pale orange to grayish

orange pink in color and cohesive but friable. Flattened pumice

lapilli up to 1 cm long are visible in hand specimens of this type.

At a few locations the tuff is fused to a dense glass, light gray

to medium dark gray in color, with no visible texture in hand

specimen. In thin section, denser fused tuffs tend to have more

pumice lapilli (which commonly are in contact), fewer rock frag-

ments, fewer crystals, and less matrix (glass shards and dust).

The degree of flattening in pumice lapilli is slightly greater in

densely fused samples. These data suggest that the amount of

pumice in the bed determined the degree of compaction. The fused

tuff was probably originally an air-fall pumice lapilli bed inter-

bedded with pumiceous paleosols. Where only slightly bioturbated,

very little matrix was introduced. The lack of admixed material

allowed the tuff to fuse tightly. At other localities where the

air-fall bed was more severely bioturbated, more matrix was intro-

duced, and the tuff was only partially fused.

The second locality is the only outcrop to expose the base

of the Gunsight andesite, at 3,220 feet elevation in the NW 1/4

NE 1/4 SE 1/4 sec. 36, T 11 5, R 10 E. Here 10 feet of very poorly

sorted coarse volcanic sandstone and pebble conglomerate are baked

to a brick red color. These rocks are horizontally stratified

and contain abundant subhorizontal limb molds; they are probably

similar to lithic breccias of the Lahar Association. Interbedded

with these strata, about 4 feet below the rubbly and brecciated

base of the Gunsight andesite, is a densely fused tuff about 10 cm

thick. In hand specimen, flattened black pumice lapilli up to 1

cm long are enclosed in a moderate reddish orange matrix. In thin

section, this tuff consists almost entirely of flattened pumice

lapilli which fit together like jigsaw puzzle pieces (Figure 65).

Average grain size of the pumice varies from 2 to 7 mm vertically



Figure 65. Photomicrograph of fused tuff. Note remaining
porosity in pumice. Clear crystals are plagioclase.
Specimen 430, 5 mm across, plane light.
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in the bed. Crystals and rock fragments also are present, but

matrix material is absent.

Pumice lapilli in fused tuffs are not as collapsed as pumice

in welded tuffs, and usually have ragged margins and distinctive

crenulated tops and bottoms. These fused tuffs can also be dis-

tinguished from welded tuffs by their lack of typical eutaxitic

shard textures. Fused tuffs also are characterized by abundant

oxidation. In specimens from the second locality, the color of

the glass varies among shades of yellow and brown from the rim to

the interior of lapilli, apparently as a result of oxidation.

Much fine-grained opaque material is present in all specimens,

and is probably a mixture of iron oxides. Rock fragments also

show staining from oxidation. Plagioclase (the most abundant

crystal in these units) is unaffected, but augite (the second most

abundant crystal) locally has haloes of iron oxides. Some of this

oxidation may have resulted during bioturbation and soil formation,

but most is probably caused by the heat from the overlying lava

flow.

The fusion of the glass in these units may have been aided by

high water vapor pressure. Vapor pressure may have been fairly high

as the wet, loose pumice lapilli beds were heated and compacted. In

fused ash beds described by Schmincke (1967), the gas escaped from

the interstices to collect into large spherical vesicles. In these

fused pumice lapilli beds, however, the gas could not easily escape

from the vesicles when the pumice lapilli were flattened, and most

of the pumice lapilli are not completely collapsed, especially in

their interiors (Figure 65). High water vapor pressure caused tiny

biotite crystals to develop in the rims of rock fragments in these

fused tuffs. Biotite was also reported in fused tuffs by Schmincke

(1967). Some pumice lapilli in fused tuffs are partly devitrified,

while devitrification was not observed in Deschutes Formation ash-

flow tuffs. The greater degree of devitrification may have been

caused by the reheating event.
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Floodplain Association

A few sedimentary sequences in the Deschutes Formation are

fine grained (fine sand to clay) and well stratified (thin bedded

to thinly laminated). These deposits contain abundant sedimentary

structures and fossils. Low energy fluvial processes are evident

in these deposits, along with deposition from suspension. They are

interpreted as having been deposited on a floodplain.

The most abundant lithology in the Floodplain Association is

fine tuffaceous sandstone to coarse siltstone. These deposits are

relatively well sorted and occur in relatively thin beds (3 to 40 cm

thick). Nost units display sedimentary structures, the most common

of which is ripple cross-lamination. This facies was formed by

lower flow regime deposition. Some units have parallel or low-angle

lamination which may be a result of upper flow regime deposition

from very shallow flows. These units represent overbank flood

deposition on the flat floodplain surface.

Another common unit in this association is fine tuffaceous

siltstone to mudstone, in thin beds from 1 to 10 cm thick. Nost

of these thin beds are massive, with perhaps a hint of normal

grading, but many are finely laminated. In a few instances they

display load structures. Along the old road grade into the Deschutes

Canyon, in the SE 1/4 SE 1/4 sec. 9, T 12 5, R 12 E, desiccation

cracks in thinly interbedded mudstones and siltstones are filled

with medium to fine tuffaceous sandstone from an overlying bed.

These mudstones were deposited from slowly moving or ponded flood

waters which subsequently drained away or evaporated.

Puniice lapilli are abundant in rocks of the Floodplain

Association. They invariably are highly rounded, and range up to

2 cm in diameter. Scattered lapilli occur in fine sandstones to

mudstones, and it is evident that the coarse size of these lapilli

does not reflect high energy deposition. These lapilli may have

floated on top of the flood and dropped into these deposits as

they became waterlogged. The bedding of pumiceous siltstones and

mudstones is commonly undulatory, a result of compaction around the
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pumice lapilli. Some beds contain abundant pumice lapilli, which

probably were transported as bedload.

Rare coarse- to medium-grained volcanic sandstones occur in this

association. Most of these are parallel laminated and moderately

sorted. They occur in relatively thin (5 to 10 cm thick) beds.

These units represent upper flow regime deposition in shallow

flows over the floodplain. These deposits also are present in

the Fluvial Association, and represent a transition between the

two associations.

A few thin beds of vitric ash interpreted as lacustrine are

present in this association. These have white to pink colors, and

some are vaguely laminated. Some ash beds (sample 9) are barren of

diatoms, while others (sample 47) contain a sparse diatom flora.

One true diatomite (specimen 737) was found in the thesis area, as

part of this association. The diatoms were identified by J. Platt

Bradbury (personal communication, 1983), from whom the following

information was obtained. Sample 47 (2,200 feet elevation, SW 1/4

SE 1/4 SW 1/4 sec. 34, T 11 5, R 12 E) contains rare, very poorly

preserved fragments of the diatom genera Pinnularia and Cymbella.

They are concentrated in lighter colored, finer grained layers in the

specimen. The poor preservation indicates that they were reworked

from contemporaneous or older deposits. Sample 737 (2,000 feet eleva-

tion, N 1/4 N 1/4 SE 1/4 sec. 34, T 11 5, R 12 E) contains abun-

dant diatoms: Pinnularia spp., Nelosira spp., Tetracyclus lacustris,

and Navicula semen. All are broken and corroded fragments, and are

mixed with abundant chrysophycean cysts and phytoliths. This assem-

blage indicates a shallow, marsh-like lake, probably with low pH and

with abundant decaying vegetation. These conclusions of Bradbury are

consistent with deposition in floodplain lakes and marshes.

Other fossils are found in this facies assemblage. Broad,

net-veined (dicotyledonous) leaves are found at several localities,

the best of which is at 2,150 feet elevation in the NW 1/4 SW

1/4 NW 1/4 sec. 3, T 12 5, R 12 E. At this locality, the uniden-

tified leaves occur in a 4 cm thick bed of dense, hard, massive

mudstone. The leaves occur throughout the bed in random orienta-
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tions, and many are curled. The leaves were apparently transported

in a small mudflow. These deposits are probably transitional to the

Lahar Association. Narrow, elongate, parallel-veined (monocotyle-

donous) leaves, not previously described from the Deschutes Formation,

are also abundant at many localities. The two best localities are at

2,040 feet elevation in the NW 1/4 NW 1/4 NW 1/4 sec. 33, T 11 5,

R 12 E and at 2,160 feet elevation in the SE 1/4 NE 1/4 SW 1/4 sec. 34,

T 11 5, R 12 E. These leaves are aligned along bedding planes in tan,

thinly laminated fine siltstones and mudstones with admixed rounded

pumice lapilli. These bedding planes have unusual orange yellow or

light greenish yellow colors. These leaves probably were not trans-

ported, but may represent scattered grasses or reeds growing on the

floodplain. Overbank floods flattened and aligned these grasses and

buried them under deposits of silt and clay.

Some permineralized wood is found in massive mudstones of

this association. The wood occurs as small twigs to branches up

to 2 cm in diameter, replaced by white, chalky opaline silica

which is commonly desiccated. The Lahar Association, in contrast,

contains much more abundant limb molds, but these are usually

empty. The better preservation of permineralized wood in sediments

of the Floodplain Association is probably because of low permea-

bilities and consequent lack of oxidation.

Bone fossils were found at two localities in rocks of the

Floodplain Association: at 2,020 feet elevation in the NE 1/4

NW 1/4 NW 1/4 sec. 33, T 11 5, R 12 E, and at 2,140 feet elevation

in the SE 1/4 NE 1/4 SW 1/4 sec. 34, T 11 5, R 12 E. These bones

are broken and abraded and could not be identified, but some are

apparently rib bones of fairly large mammals. The bone fragments

are found with abundant tiny bone bits in fine tuffaceous sandstone

and siltstone.

Evidence that parts of the floodplain were forested is provided

by a spectacular outcrop at 2,050 feet elevation in Juniper Canyon,

in the NE 1/4 NW 1/4 NW 1/4 sec. 33, T 11 5, R 12 E (Plate 1). Here

vertical tree molds (Figure 66), 10 to 30 cm in diameter, are preserved

in horizontally bedded and ripple cross-laminated very fine lithic to



Figure 66. Sedimentary rocks of the Floodplain Association.
Right of hammer is vertical tree mold in parallel
laminated tuffaceous siltstone. Bedding in overlying
coarse puniiceous to fine lithic sandstones depressed
around tree mold. At elevation of 2,050 feet in the
NE 1/4 NW 1/4 NW 1/4 sec. 33, T 11 S, R 12 E.
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coarse pumiceous sandstone Branches are present on several of the

molds. The bases of the molds are not exposed, but paleosols appear

in the sequence under this outcrop, and these trees were probably

rooted in this location. The bedding is depressed around each tree

mold, indicating that turbulent eddies formed in the overbank floods

around the tree trunks.

Small burrows, about 3 mm in diameter, are present in some

siltstones of the Floodplain Association. Most are vertical, about

6 cm deep, have a few horizontal side chambers, and are filled by

medium sand. Parallel laminated and ripple cross-laminated fine

sandstones and siltstones, with a few small root traces, grade into

completely bioturbated paleosols. These paleosols are different

than those of the Vegetated Interfluve Association, because they are

finer grained with more abundant clay, have fewer pumice lapilli,

and are thinner (30 cm to 1 m thick). A few pumiceous paleosols

and air-fall tuffs of the Vegetated Interfluve Association are inter-

bedded with units typical of the Floodplain Association, and the

two associations are probably laterally gradational.

Deposits of the Floodplain Association are not abundant in

the Deschutes Formation of the thesis area. They were not found

in the western two-thirds of the thesis area, and become important

only in the easternmost part. This reflects the lower gradients,

more integrated drainage system, finer grain size, and greater

channel stability in this part of the depositional system. Sequences

of Floodplain Association sediments are fairly thin (1 to 3 m)

and volumetrically insignificant compared to those of the Fluvial

Association. This is consistent with the interpretation of a braided

river depositional environment for the Fluvial Association.



STRAT I GRAPHY

Relative Age of the Units

The composite stratigraphic diagram (Plate 3) displays the

relative age of the 61 mapped units. Approximate geographic position

and extent of each unit are also shown. The age relationships of

overlapping units were obvious by the principles of superposition.

However, the relative stratigraphic position of geographically

isolated units must be interpreted by other means. Some of these

interpretations and the methods used are discussed below.

1n the northwest corner of the thesis area is a small part of

the Castle Rocks volcano. No lavas and tuffs in the adjacent

Deschutes Formation were derived from this volcano. Furthermore,

no clasts from this volcano (distinctive hornblende andesites and

two-pyroxene andesites) were found in Deschutes Formation conglom-

erates in the thesis area. In the thesis area, only Tdt17 can be

seen to directly overlie the Castle Rocks volcano. However, the

Drift Campground and Monty Campground basaltic andesites are also

obviously younger than the Castle Rocks volcano, because both contain

xenoliths of hornblende andesite and two-pyroxene andesite. To the

west of the thesis area, many Deschutes Formation lavas flowed around

this volcano (Conrey, 1985). A few of the younger Deschutes Formation

lavas flowed over the Castle Rocks volcano (D. Wendland, personal

communication, 1983). The Castle Rocks volcano is therefore inter-

preted to be older than all adjacent Deschutes Formation units, and

although it was probably eroded during deposition of the Deschutes

Formation, it did not contribute a significant amount of sediment.

A geographically isolated unit can be extrapolated to another

area, in which it may not be exposed or may not exist at all, in

order to determine the age relationship. Gradients must be accu-

rately measured, and the westward increase in gradient must be

considered. Also, care must be taken when dealing with units which

might fill paleocanyons. This method gives consistent and reliable

results, and is the only method available in many instances. For

235



236

example, the Fly Lake basalt, Tdb7, and the Gunsight andesite all

closely overlie the Six Creek tuff. A greater thickness of material

separates the Gunsight andesite and Tdb7 from the Six Creek tuff

than separates the Fly Lake basalt from the Six Creek tuff. However,

upon extrapolation of Tdb7 and the Gunsight andesite to the location

of the Fly Lake basalt, both clearly fit underneath the Fly Lake

basalt. To overlie the Fly Lake basalt would require an unreasonably

low gradient. Another example of this method is the Drift Campground

basaltic andesit:e, which clearly underlies the Monty Campground

basaltic andesit:e but has no clear superpositional relationships with

any other unit. The gradient of the Drift Campground basaltic ande-

site is unknown because of limited exposure. The gradient of the

Chinook tuff is easily calculated, however, and the Chinook tuff would

clearly overlie the Drift Campground basaltic andesite if extrapolated

into that area.

In some instances, gradients cannot be estimated or extrapola-

tion of a unit does not yield enough stratigraphic resolution. In

this case, the thickness of material intervening between the units

in question and a marker unit may be used. Usually, the bases of

the units are utilized in order to account for erosion or nonexposure

of the tops of units. For example, in Juniper Canyon, the base of

Tdt26 is 120 feet beneath the Canadian Bench basalt. In nearby

locations, the bases of Tdt31 and Tdb5 are 50 and 90 feet, respec-

tively, beneath the Canadian Bench basalt. Unit Tdt26 is therefore

probably the oldest, followed by Tdb5 and then Tdt31.

Sometimes the top of the marker unit may be used, but erosion

of the top of the unit must be considered. Also, different sedi-

mentation rates of the intervening material may be important. For

example, about 20 to 30 feet of paleosols and associated units of

the Vegetated Interfluve Association separate the top of the Chinook

tuff and the base of Tdt7 in the NE 1/4 NE 1/4 NW 1/4 sec. 32, T 11 5,

R 11 E. Farther to the west, in the SE 1/4 SE 1/4 sec. 24, T 11 5,

R 10 E, the top of the Chinook tuff and the base of Tdt5 are separated

in one area by 1 foot of paleosol and in another area by 20 feet

of sandstone in a channel cut into the Chinook tuff. It is likely,
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therefore, that Tdt5 is older than Tdt7, because the erosion of a

channel and filling by sandstone probably required considerably less

time than deposition of 20 feet of paleosol.

The thickening of the Deschutes Formation to the west and south

must also be considered. This is easily done if the units in ques-

tion can be "sandwichedt' between two marker units. For example, in

the NE 1/4 sec. 35 and NW 1/4 sec. 36, T 11 5, R 11 E, the base of

the Six Creek tuff is 80 feet below the Fly Lake basalt and 250 feet

above the base of the Fly Creek tuff. In the NE 1/4 sec. 31, T 11 5,

R 12 E, the base of Tdt28 is 80 feet beneath the Fly Lake basalt, but

only 140 feet above the base of the Fly Creek tuff. Unit Tdt28 is

therefore older than the Six Creek tuff.

In some instances the stratigraphic comparison is more com-

plicated. For example, in the Deschutes Canyon, the base of Tdt26

is 120 feet beneath the Canadian Bench basalt. In the SW 1/4 sec. 1,

T 12 5, R 11 E, the base of Tdt30 is 80 feet beneath the Fly Lake

basalt. The Fly Lake basalt is slightly younger than the Canadian

Bench basalt, as shown by the overlapping relationship in the NW 1/4

sec. 5, T 12 5, R 12 E. Unit Tdt30 is therefore definitely younger

than Tdt26. As another example, both Tdt26 and Tdt28 were proved

earlier to be older than Tdt30, but it is not obvious which of these

two is older. The base of Tdt26 is 80 feet above the base of the Fly

Creek tuff and 120 feet below the Canadian Bench basalt in the Deschutes

Canyon. In the NE 1/4 sec. 31, T 11 5, R 12 E, the base of Tdt28 is

140 feet above the base of the Fly Creek tuff and 80 feet below the

Fly Lake basalt. Unit Tdt26 is therefore probably older than Tdt28.

Some units occur close together but without a clear superposi-

tional relationship. In these instances the elevations of the units

can be used, but the possibility of the lower unit occupying a paleo-

canyon must be considered. For example, in lower Fly Creek Canyon

Tdt4 and Tdt6 both clearly overlie the Chinook tuff and underlie

Tdt10. Unit Tdt6 has an elevation over 40 feet higher than Tdt4,

and Tdt4 has a planar lower contact. Unit Tdt6 is therefore probably

younger than Tdt4. As another example, both Tdpa and Tdpba5 overlie

the Fly Creek tuff. Unit Tdpa is about 40 feet higher than Tdpba5.
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Although both units could occupy channels, it is much more likely

that Tdpa is the younger rather than the older.

The intracanyon lavas are of course younger than the other

units, but determining their relative age is not so direct. The

Street Creek Lagoon basalt must be younger than the Metolius

basalt, since it is preserved as a discrete bench below benches

of the Metolius basalt. If the Metolius basalt were younger, it

would have buried the bench of the Street Creek Lagoon basalt.

Erosion could then expose the Street Creek Lagoon basalt again, of

course, but it would not likely exhume the topographic bench it

forms.

The Crooked River basalt and Netolius basalt do not occur in

the same area, so this reasoning cannot be used to determine their

relative ages. The base of the Netolius basalt is perched about

200 feet above the present river level all along its length. The

base of the Crooked River basalt is perched about 200 feet above

the present river level at its northernmost remnant, but is at

the level of the Crooked River south of Lake Billy Chinook. This

suggests that more downcutting has occurred since Netolius basalt

time. The Netolius basalt is also more extensively eroded than the

Crooked River basalt. These two facts together suggest that the

Netolius basalt is the older of the two.

The relative ages of the Street Creek Lagoon basalt and the

Crooked River basalt are also not obvious. Both are younger than

the Metolius basalt, but the Street Creek Lagoon basalt is thought

to be the older of the two because of its greater degree of

dissection.

The hornblende pumice is not found beneath the intracanyon

basalts in the few outcrops available, but this does not conclu-

sively demonstrate that it is younger, for it may have been eroded

from those locations. Similarly, the fact that hornblende pumice

is found on top of the intracanyon benches does not conclusively

demonstrate that the hornblende pumice is younger, for it may have

been washed from slopes above onto the bench. However, outcrops

of hornblende pumice are found at many locations which would have
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been covered by the intracanyon flows. It would be remarkable

to erode the resistant lava and yet preserve pumice just beneath.

So the hornblende pumice is younger than the intracanyon lavas.

The age relatIonship of the hornblende pumice to the Quaternary

terraces along the Metolius River is unknown.

The foregoing discussion documented the many methods involved

in the construction of Plate 3. The stratigraphy presented in

Plate 3 is entirely consistent with all field data, and when dif-

ferent methods were applied to the same units, the results were

consistent. The stratigraphy in Plate 3 is therefore believed to

be largely correct. The resolution is not yet great enough to deter-

mine some age relationships, however, and these units are plotted

at identical vertical positions on Plate 3.

The stratigraphic relationships shown on Plate 3 agree with the

stratigraphic relationships on Green Ridge determined by Conrey

(1985, p. 54-58), with one major exception. Conrey (1985, p 56, 57)

places the Gunsight andesite above the Fly Lake basalt, while the

opposite relationship is shown on Plate 3. The correlation of the

Fly Lake basalt west to Green Ridge is undoubtedly correct (see

chemical and modal analyses for samples RC-560 and RC208-2 in Conrey,

1985, p. 90), but correlating the Fly Lake basalt to the area of the

Gunsight andesite is difficult (see geologic map of Conrey, 1985,

Plate 1). The Fly Lake basalt overlies the mixed lavas which overlie

the Six Creek tuff, while farther north, the Gunsight andesite

closely overlies the Six Creek tuff. This would suggest that the Fly
Lake basalt is actually younger than the Gunsight andesite. However,

Conrey has mapped the Six Creek tuff(?) considerable higher than

reported here in the area of the Gunsight. If the Six Creek tuff is

actually the lower outcrops reported here, then the following logic

could be applied. At the Gunsight, the Gunsight andesite is 200 feet

above the base of the Six Creek tuff, which is 200 feet above the

base of the Fly Creek tuff. Along the Fly Creek grade, the Fly Lake

basalt is 200 feet above the base of the Six Creek tuff, which is

160 feet above the base of the Fly Creek tuff. Using the thicknesses

as a guide, the Fly Lake basalt would be the younger. This is in
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agreement with a correlation based on gradients explained earlier.

In conclusion, the Fly Lake basalt appears to be the younger, and the

outcrops labelled as Six Creek tuff(?) by Conrey (1985, Plate 1) may

not be the Six Creek tuff.

Boundaries of the Deschutes Formation

Lower Boundary

The Deschutes Formation lies unconformably on the Columbia

River Basalt Group on the north flank of the Madras Basin (Hodge,

1938; Waters, 1968a; Beaulieu, 1972, p. 18; Farooqui et al., 1981,

p. 136). However, the Columbia River Basalt Group is not present

everywhere in the Madras Basin, so that the Deschutes Formation

unconformably overlies the John Day Formation in many areas and

the Clarno Formation in a few locations (Waters, 1968a; Robinson and

Stensland, 1979).

Jay (1983) and Hayman (1984) described a tuffaceous interbed

in the Columbia River Basalt Group on the north flank of the Nadras

Basin. Hayman (1984) also noted that the sedimentary rocks immedi-

ately above the Columbia River Basalt Group were more tuffaceous

and finer grained than is typical of the Deschutes Formation, and

that they dipped southward parallel to the Columbia River Basalt

Group. The contact between these beds and the overlying Deschutes

Formation is erosional and sharp in many localities (Hayman, 1984,

p. 26). Smith and Hayman (1983) noted that these strata have a

fauna significantly older than that in overlying Deschutes Formation

rocks, and felt that these differences warranted removing these strata

from the Deschutes Formation and combining them with the interbed as a

new informal unit, the Lake Simtustus formation. The Deschutes Forma-

tion is then unconformable on interbedded Columbia River Basalt Group

and Lake Simtustus formation.

The Columbia River Basalt Group and Lake Simtustus formation

dip southward beneath the waters of Lake Simtustus 3.5 miles

north of the east edge of the thesis area, and presumably
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underlie the easternmost part of the thesis area. The John Day

Formation probably underlies parts of the thesis area where the

Columbia River Basalt Group and Lake Simtustus formation are

absent.

In the northwest corner of the thesis area, the Castle Rocks

volcano appears to be older than all adjacent Deschutes Formation

units in the thesis area. This includes the Chinook tuff which

is one of the oldest Deschutes Formation units north of the

thesis area where the Deschutes Formation can be seen to overlie

Columbia River Basalt Group and Lake Simtustus formation. Even

though this basal contact cannot be traced to the vicinity of

the Castle Rocks volcano, the volcano is excluded from the Deschutes

Formation. The altered basaltic andesite is also thought to be older

than the Deschutes Formation, due to its unusual lithology, high

degree of alteration, variable outcrop elevations, and distinct

chemistry. Together, the Castle Rocks volcano and altered basaltic

andesite suggest considerable relief at the base of the Deschutes

Formation in this area.

Western Boundary

lodge (1938) noted that the lavas in the western one-third

of the thesis area and the rimrock basalts in the eastern

two-thirds of the thesis area were conformable with the Deschutes

Formation, but grouped them as a separate unit, the "Cascan

Formation.t' Hewitt (1970) also distinguished the western lavas

as a separate unit which interfingered with the Deschutes Formation.

Beaulieu (1972, p. 18) stated that the Deschutes Formation graded

laterally into the "Cascades Formation."

Hales (1975) recognized that the lavas of Green Ridge were

older than the High Cascades lavas, so that terms like ttCascades

Formation" were no longer applicable to lavas interfingered with

the Deschutes Formation.

The Green Ridge lavas and the Deschutes Formation far to the

east are completely gradational. Furthermore, all of the Deschutes
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Formation units described in this thesis, even the basalts in the

eastern two-thirds of the thesis area, had their source in the Green

Ridge area. In view of the complex interfingering and gradational

relationships, the Deschutes Formation is extended to the west to

include all interbedded lavas.

Upper Boundary

Waters (1968a) felt that a disconformity separated the rimrock

basalts from the Deschutes Formation. Hewitt (1970) felt that the

rimrock basalts were conformable on the Deschutes Formation, but also

excluded them from the Deschutes Formation. Beaulieu (1972, p. 18)

stated that the Deschutes Formation was unconformable beneath younger

flows of basalt, although it is not known if he meant the rimrock

basalts. Robison and Laenen (1976) distinguished the rimrock lavas

from the Deschutes Formation in the Warm Springs Indian Reservation.

This report shows that the rimrock basalts are petrologically

identical to some of the basalts interbedded in the Deschutes

Formation. Waters (1968a) was strictly correct in identifying a

disconformity under the rimrock basalts by the channels they fill,

but these channels are no more spectacular than others within the

Deschutes Formation. Disconformities are abundant within the

Deschutes Formation, as they are in many nonmarine sequences.

Furthermore, many lavas at Green Ridge are stratigraphically above

the rimrock basalts (Conrey, 1985). The rimrock basalts are therefore

included in the Deschutes Formation.

The intracanyon lavas and hornblende pumice are much younger

than other units in the thesis area. Their intracanyon character

indicates that they erupted when erosion was dominant, in contrast

to the Deschutes Formation, when deposition was dominant. Hales

(1975) proved that a major episode of extension followed deposition

of the Deschutes Formation. A major change in tectonic regime may

have caused these changes, and serves as an upper boundary to the

Deschutes Formation.



Complications

Determination of the boundaries of the Deschutes Formation

is complicated by two factors: syndepositional tectonism and

episodic volcanism.

Mapping by Jay (1983) and Hayman (1984) showed that dips of

Deschutes Formation units along the north margin of the Madras

Basin vary systematically with age. The oldest units dip

southward a few degrees shallower than the Columbia River Basalt

Group and Lake Simtustus formation. Younger units dip southward

at even shallower angles, and the youngest units dip northward.

This proves conclusively that at least some of the deformation

which formed the tiadras Basin accompanied deposition of the

Deschutes Formation. This syndepositional folding resulted in

the marked northward thinning of the Deschutes Formation in this

area. Syndepositional tectonism can also result in intraformational

unconformities at the basin margin which die out toward the basin

center (Miall, 1982, p. 49, 50). It is therefore likely that the

base of the Deschutes Formation is older in the center of the tiadras

Basin than along the northern or eastern margins.

An entirely different problem complicates the stratigraphy

in volcanic source regions. Volcanism is always episodic in that it

builds a volcano and then abandons it to build another nearby. The

extinct volcanoes may be deeply eroded before burial by materials from

adjacent volcanoes. The result is that the stratigraphic record is

difficult to decipher due to abundant unconformities of great

relief. One stratigraphic section may show the record of only a

single large composite volcano, while another may show the

overlapping deposits of several shield volcanoes. The amount of

time represented by the second section may be vastly longer than

the first, and the two may represent entirely different times in

an essentially continuous period of volcanism. A continuous

period of volcanism may appear discontinuous if only a few

stratigraphic sections are examined. To completely unravel the

stratigraphic history of the source volcanoes, a fairly complete
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three dimensional view of the stratigraphy is needed. This is

very rarely available except in Quaternary volcanic terranes.

The Castle Rocks volcano is an example of this type of

problem. It appears older than the adjacent Deschutes Formation,

as mentioned previously, and may be older than all of the exposed

Deschutes Formation. This is suggested by a new Ar-Ar date of

7.6 ± 0.3 Ma for the Pelton Basalt Member (Smith and Snee, 1983),

which is very near the base of the Deschutes Formation as seen

along the north flank of the Madras Basin. A hornblende andesite

sample from the Castle Rocks volcano has K-Ar dates of 8.31 ± 0.6 Ma

on hornblende and 7.5 ± 0.1 Na on whole rock (Hales, 1975, p. 65;

Armstrong et al., p. 10; recalculated by Fiebelkorn et al. 1982).

The hornblende date is probably better due to higher K content. But

Green Ridge exposes only a tiny portion of the source region for the

Deschutes Formation, and there may have been many volcanoes active

during the time between the Castle Rocks volcano and the surrounding

lavas. Therefore, the beginning of deposition of the Deschutes

Formation in the basin center may not have been caused by the onset of

volcanism, but to the initiation of subsidence of the Madras Basin.

The base of the Deschutes Formation is defined only in the Madras

Basin, however. In the source region, this boundary may not be

recognizable.

The end of Deschutes Formation deposition was marked by normal

faulting caused by regional extension. The source volcanoes subsided

into a graben, and the adjoining regions were relatively uplifted,

causing the erosion of large canyons. However, the Cascade Range in

Deschutes Formation time probably had considerable relief, and the

location of faults and the amount of subsidence and synchronous vol-

canism were variable. The amount of subsidence may have been greater

at sites where previous volcanism was concentrated, due both to greater

loading of the crust by volcanoes and to thermal weakening of the

crust. In some locations, such as Green Ridge, large fault scarps

formed and deep canyons were cut through the uplifted block. Deposi-

tion then ceased quickly on top of these blocks, marking the end of

the Deschutes Formation. Volcanism continued but was confined to the
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downthrown graben and the deep canyons. Other areas, however, sub-

sided less, so that continued volcanism was able to fill the graben

as it formed. Younger volcanics were deposited conformably on top

of the Deschutes Formation. An example of this is north of Green

Ridge in the Warm Springs Indian Reservation (Smith, 1987a).

The upper boundary of the Deschutes Formation is obscure at

isolated shield volcanoes within the Madras Basin as well. For

example, Round Butte is a small basaltic shield volcano located

2 miles east of Round Butte Dam (Figure 2). It overlies the Agency

Plains basalt, the prominent rimrock of this area (Jay, 1983). Based

on elevation, the Agency Plains basalt is about the same age as the

Canadian Bench and Fly Lake basalts. This and the constructional

form suggest a young age for Round Butte. However, Round Butte

is clearly older than the Deschutes Canyon, for the base of the

Round Butte basalt has little relief. The slight westward bend

of the Deschutes Canyon in this area was apparently controlled

by Round Butte. The Round Butte basalt is separated from the

Agency Plains basalt by a few tens of feet of fine-grained

sedimentary rocks, which have been stripped from the top of the

Agency Plains basalt elsewhere. These sediments probably also

covered the Fly Lake and Canadian Bench basalts. Therefore, it

appears that Round Butte was formed before significant erosion

began in the Madras Basin, and it should be included within the

Deschutes Formation. Smith (1987a) included this unit as the Round

Butte member in the Deschutes Formation, and reported a date of 3.97

± 0.05 Ma.

Squaw Back Ridge, located 6 miles southwest of Fly Creek

Ranch (Figure 2), is a larger shield volcano of basaltic andesite

that overlies the Fly Lake basalt (Conrey, 1985). This and the

constructional form suggest a youthful age. However, it clearly

predates Fly Creek Canyon because it controlled the location of

the canyon and does not have significant basal relief (Conrey,

1985, p. 68-69). The outcrop data is not conclusive enough to

include or exclude Squaw Back Ridge from the Deschutes Formation.

Conrey (1985, p. 68) chose to exclude it and cited a K-Ar age of
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et al., 1982).

Absolute Age of the Deschutes Formation

Paleomagnetic Stratigraphy

The paleomagnetic determinations for 61 of the mapped units

are included on Plate 3. Two units (Tdt25 and Tdt31) do not

have strong remanent magnetizations, and one unit (Tdpba7) does

not have a consistent magnetization direction. The other

58 units have consistent paleomagnetic polarities.

These paleomagnetic polarities were combined with the relative

ages of the units to give a paleomagnetic stratigraphy for the thesis

area (Plate 3). This stratigraphy is broken by four documented

unconformitjes: 1) below the Deschutes Formation; 2) within the

Deschutes Formation, at the base of the Fly Creek tuff (documented in

later section on structure); 3) at the top of the Deschutes Formation,

and 4) between the Netolius and Street Creek Lagoon basalts. Within

the Deschutes Formation, twelve paleomagnetic polarity zones are

necessary to reconcile the polarities with the relative ages of the

units (Plate 3). Some polarity zones are poorly documented; one

reversed zone is required only by Tdt5 and Tdt4, while one normal zone

is evidenced only by Tdt19 and Tdt20. It is also possible that a short

polarity chron might not have been recorded in the rock record in the

thesis area.

Adding the stratigraphy of Conrey (1985, p. 54-58), two more

polarity zones must be present above the zone containing the Fly Lake

and Canadian Bench basalts. This is true regardless of the differing

opinion of the correlation of the Gunsight andesite, because these

zones are clearly present above the western outcrop of the Fly Lake

basalt (see Conrey, 1985, Plate 1).
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Radiometric Dates

Two units which extend into the thesis area have been dated

by the K-Ar method. The Deschutes Arm basalt was dated at 5.9 ±

1.0 Ma (number 26 of Armstrong et al., 1975; recalculated by

Fiebelkorn et al., 1982) and at 13.2 ± 1.5 Ma (Farooqui et al.,

1981; number 8 of Bunker et al., 1982). The Canadian Bench

basalt was dated at 5.0 ± 0.5 Ma (number 19 of Armstrong et al.,

1975; recalculated by Fiebelkorn et al. 1982) and at 10.7 ±

1.2 Na (Farooqui et al. 1982; number 7 of Bunker et al. 1982).

The difference between these two sets of dates is extreme,

and the dates of Farooqui et al. (1981) and Bunker et al. (1982)

were disregarded. One reason was that the dates of Farooqui

et al. (1981) are internally inconsistent. The Agency Plains

basalt was dated at 22.0 ± 8.0 Ma, whereas the older Deschutes

Arm basalt was dated at 13.2 ± 1.5 Na. The Crooked River basalt

was dated at 7.1 ± 1.8 Ma, whereas the older Round Butte basalt

was dated at 5.9 ± 0.6 Ma. A second reason was that the dates of

Farooqui et al. (1981) were unreasonably old. The Agency Plains

basalt was dated at 22.0 ± 8.0 Ma, which at the youngest is nearly

as old as the Columbia River Basalt Group in this area. The Crooked

River basalt was dated at 7.1 ± 1.8 Ma, and yet it is intracanyon

to the present drainage system. The date of 5.9 ± 0.6 Ha for the

Round Butte basalt also seems to be unreasonably old for a volcano

that maintains its constructional form and is capped by a cinder

cone (Jay, 1983). Finally, the dates of Farooqui et al. (1981) do

not fit into the tectonic synthesis of Priest et al. (1982).

Johnson and McGee (1983) developed a statistical method to test

the interpretation of a measured magnetic stratigraphy or to make

an estimate of the length of time for a given magnetic stratigraphy.

These methods can be applied to the Deschutes Formation by modifying

the parameter N, defined as the number of paleomagnetic sites within

a given time interval, to be the number of map units with consistent

paleomagnetic polarities within a given time interval. The parameter

, the mean time length of polarity intervals, is changed from the
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value of 120,000 years suggested by Johnson and McGee (1983) for the

Late Neogene, to the value of 200,000 years, which is more appropriate

for the period from 0 to 14 Na. It is assumed that the units of the

Deschutes Formation constitute a random sample array, as defined by

Johnson and NcGee (1983).

Between the two dated units, 8 reversals were detected using

43 units. If the time interval between the two units is 0.9 Ny

(the difference between the reported dates, ignoring the standard

deviation), only 3.8 ± 1.9 reversals should have been detected.

However, if the time interval between the units is 2.4 Ny (con-

sidering the standard deviation), then 8.3 ± 2.6 reversals should

have been documented. The close agreement with the actual number

of reversals detected suggests that the paleomagnetic stratigraphy

shown in Plate 3 is statistically valid and that it is likely that

all the reversals present were detected. It also suggests that the

two dates are too close together, and that the actual age difference

between them is close to the maximum using their standard deviation.

The methods of Johnson and NcGee (1983) can also be used to

estimate the time represented by a paleomagnetic sequence.

Between the Deschutes Arm and Canadian Bench basalts, 8 reversals

were detected using 43 units. Statistically, this sequence should

represent 2.15 ± 0.68 Ny. The time between the dates is 0.9 ±

1.5 Ny. The two numbers are within their ranges of error, but the

difference between them still suggests that the K-Ar age dates

are too close.

For the entire Deschutes Formation in the thesis area,

ii reversals were detected using 53 units. Statistically, this

sequence should represent 3.07 ± 0.82 Ny. Smith and Priest

(1983) and Smith and Snee (1983) suggested a similar length of

time, about 3.1 Ny, for the deposition of the Deschutes Formation.

The standard deviations for the two K-Ar dates are too large

to allow the positive correlation of any observed polarity zone

in the Deschutes Formation to any particular chron in the standard

reversal time scale (Harland et al., 1982, p. 73, 78). However,

if the number of units within each zone crudely corresponds to the
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length of time of each zone, then two systems of correlation are

suggested.

The reversed zone of eleven units near the top of the Deschutes

Formation may correlate to the lengthy chron 2Ar (Figure 67). If,

so, then the reversed zone of seven units overlying the normal zone

of seven units may correlate to chron 3r and the later part of chron

3A, respectively. The reversed zone of six units may then represent

chron 3.2r, with the subchron 3.2r-1 not represented in the thesis

area. These correlations would indicate that the Deschutes Formation

in the thesis area was deposited between 6.5 and 3.2 Ma. At least

one pair of reversed and normal zones overlie the normal zone of the

Canadian Bench and Fly Lake basalts to the west of the thesis area

(Conrey, 1985) so that the Deschutes Formation could be as young as

3 Ma by this system of correlations. Also, the Pelton Basalt Member,

which underlies the Chinook tuff (Smith, 1987a) was dated by the

Ar-Ar method at 7.6 ± 0.3 Ma. This suggests that considerable com-

plexity in the palomagnetic stratigraphy beneath the Chinook tuff is

yet to be documented. This is possible, considering that exposures

beneath the Chinook tuff are limited in the thesis area (Plate 1).

The entire Deschutes Formation would have been deposited between about

7.6 and 3 Ma.

However, these are several problems with this correlation.

By this system, the Canadian Bench basalt should be between 3.15

and 3.40 My old, but has a K-Ar date of 5.0 ± 0.5 Ma. Armstrong

et al. (1975; recalculated by Fiebelkorn et al. 1982) did not

report any K-Ar dates younger than 5.0 ± 0.5 Ma for the Deschutes

Formation, and reported an oldest date of 4.7 ± 0.4 Ma for units

filling the High Cascade graben and younger than the Deschutes

Formation. FinaLly, this correlation system would result in the

Deschutes Formation straddling the time boundary of 4 Ma between

the Ear1y and Late High Cascade episodes of Priest et al. (1982).

This correlation is therefore disregarded.

The reversed zone of e1even units could correlate with chron

3r (Figure 67). The reversed zone of seven units overlying the
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normal zone of seven units would then correlate with chrons 3Br

and 4 respectively. This does not require any missing reversals

in the magnetic stratigraphy of the thesis area. The reversed

zone of two units may represent subchron 41, and the reversed

zone of unit Tdba1 may represent subchron 4-2. The Pelton Basalt

Member, being entirely normal polarity (Jay, 1983; Hayman, 1984),

may therefore correlate to the oldest part of chron 4.

The latter correlation system is much more reasonable than the

former. With one more pair of reversed and normal zones above the

normal zone of the Canadian Bench and Fly Lake basalts, the Deschutes

Formation would only be as young as 4.41 Ma, which is reasonable

according to the dates of Armstrong et al. (1975; recalculated by

Fiebelkorn et al. 1982) and the tectonic synthesis of Priest et al.

(1982). The Canadian Bench basalt would be between 4.59 and 4.79 My

old, which is within the reported date of 5.0 ± 0.5 Na. The Deschutes

Arm basalt would be between 6.77 and 6.86 Ny old, also within the

reported date of 5.9 ± 1.0 Ma. The age difference between the two

dated units would be between 2.27 and 1.98 My, which agrees with the

time of 2.15 ± 0.68 Ny derived above by the methods of Johnson and

McGee (1983). The time represented by the Deschutes Formation would

be around 3.03 My (chron 4 to subchron 3-2r-1), which is close to the

time of 3.07 ± 0.82 My calculated earlier by the methods of Johnson

and McGee (1983), and the estimate of 3.1 My of Smith and Priest

(1983) and Smith and Snee (1983). The Pelton Basalt Member would

be between 7.39 and 7.44 My old, which agrees with the Ar-Ar date of

7.6 ± 0.3 Ma of Smith and Snee (1983).

Biostratigraphy

The Deschutes Formation contains a wide variety of fossil

material. Sediments of the Floodplain Association contain

monocotyledonous and dicotyledonous leaves, permineralized wood,

and bone fragments. Also, limb and twig molds are abundant in

lithic breccias of the Lahar Association and tree trunk molds were

found in sediments of the Floodplain Association. All of these



fossils are poorly preserved so that identification was not

possible.

One diatom-bearing lacustrine tuff and one diatomite were

found within the thesis area, as part of the Floodplain

Association. The genera were identified by J. Platt Bradbury

(personal communication, 1983), but are not age diagnostic.

Fades of the Deschutes Formation

Proximal/Distal Facies Change

Lava Flows

The types of lavas in the Deschutes Formation change consist-

ently from west to east across the thesis area (Figure 68). In

the west, lava flows in the Deschutes Formation include basalts,

basaltic andesites, porphyritic basaltic andesites, andesites,

and porphyritic andesites. West of the thesis area, in the west

scarp of Green Ridge, the Deschutes Formation also includes many

dacite lavas and one rhyodacite lava (Conrey, 1985, p. 206-212).

Moving eastward through the thesis area, the more silicic lavas

progressively terminate, until at the eastern boundary of the thesis

area, the lavas in the Deschutes Formation are represented almost

entirely by basalts. Unit Tdpba2 is an exception, having flowed

as far as the Deschutes Canyon.

This change in lava type could be caused by different positions

of the source vents. In this scenario, silicic vents would have

been located farther west than mafic vents. This is indeed plausible,

as mafic vents are present within the back-arc region of the Madras

Basin (e.g., Round Butte and Squaw Back Ridge). However, it would

be unlikely for the vents to be arranged in a precise silicic to

mafic sequence. Furthermore, andesites extend farther east that

porphyritic andesites, and basaltic andesites extend farther east

than porphyritic basaltic andesites (Figure 68), which would require

a highly unlikely zonation of vents.
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A more likely explanation for the change in lava types is

viscosity. Silicic lavas, being most viscous, would not flow far

from the source vent. Less silicic lavas, being less viscous,

would flow farther eastward. Highly porphyritic lavas, being more

viscous, would not flow as far eastward as their nonporphyritic

counterparts. Basalts, which were gas-rich as evidenced by dikty-

taxitic textures, were extremely fluid and flowed the farthest. They

may have been fluid enough to pond in the eastern part of the thesis

area and partially drain away from the source vent, so that they

represent a disproportionately large volume of the Deschutes

Formation in the east and a disproportionately small volume to the

west.

This hypothesis fits well with the observation that gradients

and paleo-relief decrease eastward. The silicic lavas could only

flow as far as the steeper slopes allowed, while the mafic lavas

could continue to flow on much gentler slopes.

Tuffs

The character of Deschutes Formation tuffs also changes

consistently across the thesis area (Figure 68). In general, the

tuffs become more silicic eastward. For example, most tuffs with

black pumice are restricted to the area west of Fly Creek (Tdt6,

Tdt13, Tdt17, and Tdt22). Others (Tdt15 and the Six Creek tuff)

extend only as far as Big Canyon. The Fly Creek tuff, which con-

tains a basaltic andesite component, extends to the Deschutes

Canyon, but the mafic component is common only west of Fly Creek.

East of there, the Fly Creek tuff is dominantly rhyodacitic. At

the Deschutes Canyon, most of the tuffs are dominated by white to

light gray pumice. The exception is Tdt26, which contains black

pumice of dacitic composition.

The texture of several tuffs also changes across the thesis

area. In general, the size of pumice clasts tends to increase

westward in the Chinook and Fly Creek tuffs. The welding of the

Fly Creek tuff increases westward. The only other welded tuff,
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Tdt29, is located near the western edge of the thesis area. The

abundance of black glassy fragments, thought to be unvesiculated

dome fragments of a block and ash flow, increase westward in

Tdt17. Conversely, the abundance of rounded lithic clasts,

representing stream cobbles accidentally picked up by the

Chinook tuff, increases eastward. The Cove Palisades tuff, in

the Deschutes Canyon, is characterized by abundant rounded cobbles.

All of these facies changes indicate a source region to the

west. The increase in pumice size and degree of welding westward

is a natural consequence of ash flow transport and deposition. The

mafic magmas contained fewer volatiles and were less viscous, which

resulted in less explosive eruptions and consequent shorter flow

length. More mafic ash flows may also have been less inflated, and

therefore unable to flow on gentler slopes. Mafic magma may have

also erupted later in an ash flow eruption, due to density stratifi-

cation in a magma chamber, and hence been deposited closer to the

vent than the earlier erupted silicic magma. Cognate xenoliths would

be deposited closer to the vent, while stream cobbles would be incor-

porated in an ash flow farther down slope, perhaps when an ash flow

entered and violently mixed with a river, and began to change into a

pumiceous lahar.

Sedimentary Rocks

As mentioned previously, the average clast size in conglomerates

of the Fluvial Association increases to the west (Figure 68). No

consistent facies change was evident in the lithic breccias of the

Lahar Association, but their abundance increases eastward. As stated

earlier, this may mean that the lahars flowed through the western

part of the thesis area without significant deposition, or that such

deposits were subsequently eroded or texturally identical to conglom-

erates of the Fluvial Association. Paleosols and air-fall tuffs

of the Vegetated Interfluve Association are much more abundant, and

better developed, in the eastern two-thirds of the thesis area.

Deposits of the Floodplain Association are common only in the
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eastern third of the thesis area.

These fades changes are due to a change in depositional environ-

ment across the thesis area. In the west, boulder and cobble conglom-

erates were deposited by swift braided rivers. These rivers were

probably extremely unstable, and migrated rapidly from side to side,

preventing substantial floodplain deposition. The rivers were probably

confined to relatively narrow valleys, further reducing the opportunity

for overbank sedimentation. The interfluves, formed by elongate lava

flows, were probably fairly well drained, preventing the preservation

of many air-fall tuffs. The short intervals of time between major

fluvial and volcanic events prevented the buildup of paleosols. This

was probably aided by the coarseness of the materials.

To the east the gradients of the rivers decreased, depositing

finer conglomerates. The rivers emerged from their confining valleys

formed by the elongate lava flows to a broad plain. Relief was less

and the materials were finer, so air-fall tuffs and paleosols of

the Vegetated Interfluve Association were preserved. Farther east

the braided rivers became more stable, increasing the opportunity

for overbank sedimentation. Basalts and lahars emerging from the

valleys spread out over the broad plain.

Facies Model

The previous observations suggest the division of the Deschutes

Formation into a series of proximal/distal facies (Figure 68). It

should be mentioned that these facies are based on only a part of

the Deschutes Formation, that from Green Ridge to the Deschutes River

at a latitude of about 44° 35' north. Slightly different facies

relations may be found in other parts of the Deschutes Formation.

The near-source facies of Fisher and Schmincke (1984, p. 358)

is defined by volcanic vents or evidence thereof, such as stocks,

dikes, sills, intrusive breccias, extrusive breccias, and hydrothermal

alteration. This facies is not present in the thesis area, and is

barely represented by mafic dikes in the west scarp of Green Ridge

(Conrey, 1985, p. 180-181).
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The intermediate-source fades of Fisher and Schmincke (1984,

p. 359) is composed of lava flows, pyroclastic flows, pyroclastic

fall deposits, and their reworked products. This broad grouping

would include all of the thesis area, and virtually all of the Madras

Basin. Therefore a further subdivision is proposed (Figure 68).

The proximal intermediate-source facies includes elongate rhyodacite

to basalt lava flows, silicic to mafic tuffs (some densely welded),

and sedimentary rocks of the Fluvial Association. Rocks of the Lahar

Association are present but minor, rocks of the Vegetated Interfluve

Association rare, and rocks of the Floodplain Association practically

nonexistent. The distal intermediate-source facies include sheet-

like basalt lavas with a very few elongate basaltic andesites and

porphyritic basaltic andesites. Ash flow tuffs are primarily silicic

and unwelded. The sedimentary rocks are mostly fluvial, but rocks

of the Lahar Association are abundant and rocks of the Vegetated

Interfluve and Floodplain Associations are common.

The distant-source facies of Fisher and Schmincke (1984,

p. 359) consists of air-fall tuffs and interbedded sedimentary

rocks, but no lava or pyroclastic flows. This facies is not

present in the Madras Basin, but may have been deposited in

isolated basins farther east.

A different facies system was described by Vessell and Davies

(1981); a volcanic core fades of mostly lavas, a proximal volcani-

elastic facies of debris flow and tuff breccias, a medial volcani-

clastic facies of debris flow breccias and fluvial conglomerates,

and a distal volcaniclastjc facies of fluvial sandstones and con-

glomerates. In this facies system, air-fall tuffs are more abundant

near the vent than farther away. This facies system does not compare

very well with the facies relationships in the Deschutes Formation.

This is because the facies model of Vessel and Davies (1981) is

based upon a single volcano of restricted composition and eruption

styles, while the Deschutes Formation was formed by an entire arc,

with many magma compositions, numerous vents, and a broad variety

of eruption styles.



Vertical Facies Change

The character of the Deschutes Formation also changes vertically.

As stated previously, sedimentary rocks of the Vegetated Interfluve

Association become more abundant upward. The most voluminous, and

coarsest, conglomerates of the Fluvial Association occur above and

below the Chinook tuff, near the base of the Deschutes Formation.

Earlier tuffs appear to be more widespread, while later tuffs are

apparently of smaller volume and are not recognizable over as large

an area. In the middle Deschutes Formation, the Fly Creek tuff is

welded as far eastward as Big Canyon, while in the upper Deschutes

Formation the only welded tuff, Tdt26, is present only in the

westernmost part of the thesis area. Finally, Tdpbaj, which extends

much farther eastward than any other lava except the basalts, is

in the lower part of the Deschutes Formation.

Overall, these observations suggest that the facies in the

lower Deschutes Formation extend farther eastward than the facies

in the upper Deschutes Formation. This phenomena is here named

"regressive volcanism," which is defined as when more proximal

volcanic facies are overlain by more distal volcanic facies

(Figure 69). Conversely, "prograding volcanism" is defined as

when more distal volcanic facies are overlain by more proximal

volcanic facies. These terms can be applied to both sides of a

volcanic arc, and do not imply shoreline changes although such

changes could be involved.

Regressive volcanism could be caused by many factors (Figure 70).

It could be caused by actual movement of the volcanic arc, as a result

of changing subduction geometries. In the case of the Deschutes

Formation, a back-arc sequence, this would involve movement of the arc

toward the trench. However, the work of Priest et al. (1982) does not

suggest movement of the Deschutes Formation arc toward the trench.

The arc appears to have been relatively stationary, or if it moved at

all, to have moved slightly toward the craton. Arc movement does not

adequately explain the regressive volcanism of the Deschutes Formation.
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Figure 69. Regressive and prograding volcanism.
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Figure 70. Possible causes of regressive volcanism.
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Regressive volcanism could also be caused by waning volcanism.

A decrease in rate of volcanism would result in slower production

of sediment, longer intervals between eruptions, and decreased

gradients due to erosion between eruptions. This mechanism may

have contributed to the regressive volcanism of the Deschutes

Formation, but cannot be proven without detailed chronostratigraphic

data.

A change to more mafic magma compositions could also cause

regressive volcanism by reducing gradients and decreasing the amount

of easily erodable pyroclastic and autoclastic material. This does

not appear to be the case for the Deschutes Formation, which contains

an equally diverse suite of magma types throughout.

Regressive volcanism could also have been caused by a

tectonic change in depositional gradient. Subsidence of the

Madras Basin could have slowed or ceased, or subsidence of the

source region could have begun. Priest et al. (1982) noted

important changes in tectonism in the Cascades, the last of which

was the uplift of the Western Cascades and foundering of the High

Cascades at about 4 Ma. As stated previously, syndepositional

tectonism is well documented at the north edge of the Madras Basin.

It therefore seems most likely that syndepositional tectonism con-

tributed to regressive volcanism in the Deschutes Formation. This

could have occurred through slight subsidence of the arc.

The dominance of basalts and paleosols in the upper part of the

Deschutes Formation in the eastern two-thirds of the thesis area

suggests that volcanic regression may have been rapid at that

time. This could indicate development of the High Cascades volcano-

tectonic depression. However, other vertical facies changes occur

throughout the entire Deschutes Formation. The full development of

the High Cascades volcano-tectonic depression is best linked to the

most dramatic regression of facies, that between the Deschutes

Formation and younger units.



STRUCTURE

The Deschutes Formation in the thesis area is relatively

undeformed, and the gradients of most of the units described

previously are largely depositional. However, some subtle

structural features are extremely important and several minor

structures also merit detailed discussion.

Syndepositional Tectonism

As stated previously, the Deschutes Formation was deposited

in the Madras Basin (Figure 2), bordered to the north by the

Mutton Mountains. It was also demonstrated earlier that at least

some of the subsidence of the Nadras Basin (and uplift of the

Mutton Mountains) occurred synchronously with deposition of the

Deschutes Formation. At the north end of the Nadras Basin, this

syndepositional tectonism produced the northward thinning of the

Deschutes Formation, reversed the dips of lower Deschutes Formation

units, and may have produced intraformational unconformities.

In the thesis area, the base of the Deschutes Formation is

mostly below reservoir level, so northward thinning cannot be

proven. However, the thickness of Deschutes Formation rocks

exposed along the Deschutes Canyon decreases from about 635 feet

at the southeast corner of the thesis area to about 535 feet at

the northeast corner. So if the basal contact of the Deschutes

Formation continues to dip southward under the thesis area from

its southernmost exposure, or even if it remains at the same

elevation, it is likely that the Deschutes Formation thins

northward in the thesis area.

This is not conclusive proof of syndepositional tectonism,

for it is obvious that the thickness of the Deschutes Formation

also increases toward the source volcanoes. For example, the

exposed thickness of Deschutes Formation rocks increases from

about 535 feet in the northeast corner of the thesis area to about

1,375 feet in the western part. Because of the east to northeast
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dispersal direction, any northward thinning may be caused by

distance from the source area, and additional evidence is required

to substantiate syndepositional tectonism in the thesis area.

This evidence exists in an intraformational unconformity

exposed in the Deschutes Canyon. The Chinook tuff, Deschutes

Arm basalt, Juniper Canyon basalt, Big Canyon basalt, Cove

Palisades tuff, and Tdb4 all have negligible gradients in this

canyon. The overlying Fly Creek tuff, Tdt26, Lower Canadian Bench

basalt, and Canadian Bench basalt all have substantial northward

gradients. This change in gradient is too consistent to be caused

by paleotopography, and although each of these units may have a

component of gradient perpendicular to the Deschutes Canyon, the

overall change in gradient suggests an unconformity just below the

Fly Creek tuff. This subtle unconformity was produced by subsidence

of the Madras Basin during deposition of the Deschutes Formation.

The lower strata were tilted southward very slightly, which negated

the northward dips these units probably had from deposition, whereas

the overlying strata retained northward dips. This intraformational

unconformity is fairly minor; the difference in dips is less than

1/2°, and about 100 feet of strata are cut out. However, such a minor

structure, though hardly detectable, can be of significance in broad,

shallow basins such as the Madras Basin.

This intraformational unconformity could not have been

recognized if widespread volcanic units were not present in the

Deschutes Canyon section. The discontinuous bedding, numerous

channels, and ubiquitous erosional surfaces in Deschutes Formation

sediments would have hidden the unconformity. Each volcanic unit

serves as a marker bed recording the paleotopography of one

instant, and together they make subtle structures like this one

visible.

Suggestive evidence of syndepositional tectonism is also

found farther west. First, the base of the Big Canyon basalt

appears to be significantly higher in the NW 1/4 NW 1/4 NW 1/4

sec. 36, T 11 5, R 11 E than it is to the east and west. This may

be the axis of a broad, gentle anticline which trends roughly
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north. Second, the gradient of Tdpba1 is anomalously low as it

crosses the Metolius River. Units above these two are not

noticeably deformed, so the tectonism probably was syndepositIonal.

These features may have been produced by differential subsidence.

The proximal parts of the arc might have subsided more than

distal parts, due to greater loading of the crust by a thicker

accumulation of volcanic materials, and could have lowered the

gradients. With further differential subsidence the gradients

would be reversed, forming a broad, subtle anticline parallel to

the arc.

Syndepositional tectonism is difficult to detect in the western

part of the thesis area because of the increasing paleorelief. The

numerous paleocanyons and paleochannels are minor disconformities

which overshadow unconformities which might be present, and the

steeper gradients obscure minor tilting. Of the processes responsible

for depositional hiatuses, syndepositional tectonisrn is most important

along basin margins while episodic volcanism and erosion become more

important toward the source volcanoes.

Metolius Lineament

The Metolius River in the western one-third of the thesis

area (and farther to the west) pursues a remarkably straight

course, following a prominent northwest trend (Figure 71).

Parallel and almost coincident northwest trends are followed by

several segments of the Crooked River as far southeast as

Prineville Reservoir (Figure 71). A nearly parallel trend is

evident in the alignment (Figure 71) of the Tetherow Buttes cinder

cones (Robinson and Stensland, 1979) and numerous vents to the

northwest (D. Stensland, personal communication, 1981; G. Smith,

personal communication, 1983). Overall, these trends form a narrow

swath of prominent northwest lineaments across the Nadras Basin

(Figure 71). The Metolius lineament and the lineaments near Smith

Rocks and Prineville Reservoir are developed in rocks older than the

Deschutes Formation.
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in the Madras Basin. Top - false color composite
Landsat image. Bottom - labelled sketch.
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Waters (1968a) mapped a normal fault with the northeast side

downthrown along the Netolius lineament. This was based mostly

on the misidentification of the Drift Campground basaltic andesite

as Columbia River Basalt. The normal fault was also shown by

Wells and Peck (1961). Venkatakrishnan et al. (1980) identified

the Netolius lineament on Landsat, U-2, and SLAR imagery. With

Landsat imagery they placed the downthrown block on the southwest

side, while with U-2 imagery they placed the downthrown block on

the northeast side. The Netolius lineament trends N45°W, consider-

ably different from the dominant primary dextral shear direction

of N60°W proposed by Venkatakrishnan et al. (1980).

The Netolius lineament cuts across four Deschutes Formation

lavas (Monty Campground basaltic andesite, Tdba5, Tdpba1, and Tdpba3),

as well as the Fly Creek tuff, none of which show significant vertical

offset. The narrow lava flows also show no significant lateral

offset. Of course, vertical or lateral offsets of small magnitude

(less than 20 feet and 500 feet, respectively) could not be detected.

However, no faults or fractures were found in Deschutes Formation

rocks at the southeast termination of the lineament.

On the other hand, the topography of the thesis area is strongly

controlled by the stratigraphy. Drainage divides are usually sup-

ported by resistant lavas, producing reversed topography. The fact

that the Metolius River cuts across four resistant lavas nearly at

right angles therefore assumes some importance. This may indi-

cate control by a subtle fault or fracture system. Two small faults

(see next section) cut the Deschutes Formation parallel to the

Metolius lineament.

The Metolius lineament extends to the northwest out of the

thesis area, up the Metolius River and then up the lower Whitewater

River. Yogodzinski (1986, p. 99-100) correlated two pre-Deschutes

Formation units and six Deschutes Formation lavas and tuffs across

the lower Whitewater River, without detecting any significant dis-

placement. However, Yogodzinski (1986, p. 26) did report a system

of mafic dikes, of Deschutes Formation age, trending N35°W in the

lower Whitewater River canyon.
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In summary, the Metolius lineament is not a major fault in

upper Deschutes Formation rocks, and cannot have contributed much

to differential uplift of the Green Ridge block, which occurred

after deposition of the youngest Deschutes Formation rocks in the

thesis area. It is probably a subtle fracture and fault system

which moved very slightly during the faulting of Green Ridge, but

any displacement must have been minor and must have decreased south-

eastward. However, displacement on this fault during early Deschutes

Formation time cannot be ruled out. It may have been active after

deposition of the Drift Campground basaltic andesite, which could

account for the restriction of this unit to the southwest side of

the Metolius River. In this case, the northeast side would be the

downthrown block. It is likely that the entire northwest set of

lineaments across the Madras basin reflect movements mostly before

Deschutes Formation time. Minor later movement established these

lineaments in Deschutes Formation rocks.

Minor Faults

Although no major faults exist in the thesis area, several

faults with small displacements were found (Plate 1). In roadcuts

along the Fly Creek Grade in the SW 1/4 NE 1/4 NE 1/4 sec. 4, T 12 5,

R 11 E, two small normal faults each displace an air-fall pumice

lapilli bed 8 inches. One strikes N20°E and dips 64°W, while the

other strikes N-S and dips 62°W. Two reverse faults cut an air-fall

pumice lapilli bed in a roadcut in the NW 1/4 NW 1/4 NW 1/4 sec. 36,

T 11 5, R 11 E. One strikes N60°E and dips 50°NW, with the south side

displaced 2 inches downward. The other strikes N70°E and dips 80°NW,

with the south side displaced 4 inches downward. In the NE 1/4 SW 1/4

NE 1/4 sec. 19, T 11 5, R 11 E, a normal fault zone displaces sedimen-

tary rocks about 3 feet. The faults in this zone strike N35°W, dip

62°SW, and have a maximum displacement each of about 1 foot. Finally,

in the NE 1/4 N\J 1/4 SE 1/4 sec. 19, T 11 5, R 11 E, a normal fault

displaces sediments at the top of Tdt8 about 8 inches. This fault

strikes N50°W and dips 66°SW.
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All faults were found either in roadcuts or in excellent

outcrops, and were observed only in well-bedded units. This

suggests that many more are probably present but were overlooked

in relatively poor outcrops and massive or poorly bedded units.

In the thesis area, northeast-trending faults are reverse,

with the south side down whereas faults which trend north to

northwest tend to be normal, with the west side down. Similarly,

two northwest-trending faults in the Whitewater River area are normal

faults, with the west side down (Yogodzinski, 1986, p. 100-102). At

Green Ridge, normal faults which trend slightly west of north turn

abruptly north and rapidly gain displacement, with the west side down

(Conrey, 1985, p. 81-85). This fault system is consistent with the

north to northwest compression direction proposed by Venkatakrishnan

et al. (1980). The Hutton Nountains and Blue Nountains anticlines,

which bound the Nadras Basin (Figure 2), probably were formed by

north to northwest compression. The focal mechanism of the Deschutes

Valley earthquake of 1976 suggests modern north-south compression

(Couch et al., 1976, p. 161). It appears, therefore, that this

region has undergone north to northwest compression for at least

the last 10 million years.



PETROLOGY

The results of 131 original chemical analyses of units in the

thesis area are tabulated in Appendix 3, along with their CIPW norms.

Three analyses by other workers, of correlative units outside the

thesis area, also are included. These data, along with petrographic

descriptions presented earlier, form the basis of petrologic

interpretation.

Chemical Variation

Variation Within Single Units

Most lava flows have little chemical variation compared to the

analytical error. For example, six analyses of the Street Creek

basaltic andesite group tightly on the Ti02, FeO*, MgO, CaO, Na20,

and K20 Harker variation diagrams (Figure 72). The slight spread

on these graphs reflects analytical errors. The greatest spread

of these analyses is horizontal on these graphs, reflecting the

greater uncertainty of 5i02 values. Multiple analyses of lava

flows do not group tightly on the Al203 Harker variation diagram

(Figure 72c), reflecting the large error of Al203 determinations.

A few basalts exhibit considerable chemical variation for

elements other than Al203. These include the ?letolius basalt,

Crooked River basalt, and the Juniper Canyon basalt. This may

indicate that several similar flows actually are present, but

that the contacts are hidden among the multiple flow units. All

of these units are voluminous, and may indicate slight differen-

tiation over the life of basaltic eruptive centers (probably shield

volcanoes). West of the thesis area, Conrey (1985) documented

considerable chemical variation in several mafic lavas. This

variation could not be explained as resulting from several lava

flows, and apparently documents true heterogeneous mafic magmas, for

which Conrey (1985) makes a strong case for magma mixing.

Chemical analyses of pumice lapilli from tuffs exhibit consider-

269



(triangles) Deachutea Formation Unita (circles) Dechute Formation Unite

Basalts TuttB

V Deachutea Arm (Tdb1) 0 Chinook (Tdt2)

Juniper Canyon (Tdb2) e Tdt4

V Ui8 Canyon (Tdb3) Tdt6

Tdb4 8 Tdt10

V Tdb5 Tdt

Tdb6 m Tdt13

V Tdb7 Hoodoo (Tdt15)

Canadian Bench (Tdb8) Fly Creek (Tdt16)

Fly Lake (Tdb9) e Tdt17

(squares) Basaltic Andeite and Andesites Tdt

II Drift Campground (Tdba1) Tdt6
I Street Creek (Tdba3) Tdt

5 Honty Campground (Tdba4) Tdt29

Tdba5 S Tdt3

Fly Creek Ranch (Tdba6)

Gunight (Tda)

(squares with Porphyritic Basaltic Andesites Pre-Deschutes Formation Units
diagonals) and Andeaitea

- IJ Altered basaltic andesite (Taba)
Tdpba1

Poat-Deachutes Formation Unita4 Tdpba2
Hetoliva basalt (QTbm)r Tdpba3
Crooked River baaaft (QTbc)

Tdpba4
Hornblende pulDice

Tdpba5

Tdpba6

H Tdpba7

Tdpa

Figure 72. Harker variation diagrams of analyses in Appendix 3. a - key to symbols. b - Ti02.
c - Al203. d - FeO*. e - NgO. f - CaO. g - Na20. h - 1(20. Error bars shown on
each graph. Field boundaries discussed in text.



hO
2

.9 .8 .7 6 .5 .4 .3

iv
'w

0

Fi
gu

re
 7

2b
.

e.

0

2
I

I
I

I
I

I
I

I
I

I
I

I
53

54
55

56
57

56
59

60
61

 6
26

36
46

56
66

76
86

97
07

1
Si

02

ee

0 ee
72

 T
S

N

2.
2

r
r

T
r

I
i

2.
0 19

'I

18 '.7 1.
6

.
.

II
'.5

9 I
'.4 13

 -
A

A
X

A
.

12
II

I.'
e

®

I.0
-v

e
ID

I

T
i0

2



16
.0

A
l2

03
15

.5
 -

V
15

.0
-

'4
.5

I 4
.0

 -

V
V

t

U

Fi
gu

re
 7

2c
.

e

A
l2

03

,0
®

6
.:

06
D

0
0

j
00

-
6

6
6

0

0 0
0

12
.0

I
I

I
I

I
I

I
I

I
I

I

49
50

51
52

53
54

56
56

57
58

59
60

61
62

63
64

68
66

6T
68

69
70

71
72

73
74

S
b2

19
5

I
I

I
I

I
I

I

19
0 

-
H

18
.5

()
0

'S
i

18
.0

-
S

I
0

I 7
.5

.J
.

.
W

V
7

17
.0

 -
.

v
.

16
.5

V
6



12.0
1 i i I 11 1

A
11.5- -

FeO*
A

105- -

I0.0

FeO

Figure 72d.

9.0

7.5-

7.0

6.5-

6.0-

5.0

35-

2.5

2.0

9-v

V

-

-

vy

LI

I

ç1L1

I

.

I

49 50 51 sa s3 54 55 56 s 59

-

-

-

4)

99

J -

9t

®OO

0

o9
0

ee ee
I I

60 62 63 64 65 66 67 68 69 70 71 72 73

SiO2



MgO

I

0

9

I I

49 50 51 52 53 54 55 56 57 58 59 60 6t
Si02

1

I I636

Figure 72e.

I I I

65 66 67

eo e
e

e
CD

009 )0 09CD

0
CcD. 99 0

CD

68 69 70 71 72 73 74

00 11 1 1 1 I I -I

V
9.5 -

90 V

8.5 ...vsv A

8.0 V V

r
7.5

rrr
7.0

V

6.5 Q

6.0

5.5 II II

5.0 'ii
14

4.5 14

4.0 U.
35 - I'.p 5
3.0 -

2.5

2.0 -

1.0 -

.5

0 I I I I I I I I I I

I 1 r

MgO





N
a2

O

02

Fi
gu

re
 7

2g
.

N
a

40 35 Z
5 20

-v -

4
A

LK
A

LI
C

4
R

O
C

K
S

su
u.

w
c

I
I'I

I
I

a I

a

I
I

I

t: 0

I

ew .
e

0 I
I

e e I

0
0 0

e

I
I

D
0 00

I
I

ee I
I

0 e

I

I- I
I

I
49

50
51

52
53

54
56

56
57

58
59

60
61

52
63

64
65

66
67

66
69

70
11

72
7'

74

60



5.5

5.0

4.5

4.0

3.5

1<20

3.0

2.5

2.0

l.5

l.0

SU6LKALIC ROCKS

£1 LOWK2O

ALKAUC ROCP

SUBALKAUC ROCKS

E"

o !y
49 50 51 52 53

IHGH - I(0

Q

I I
MED-K20 c

. .

Figure 7Th.

K20

Q 0ee e

0

0

Q

54 55 56 51 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72
5102

e

73 74



278

able chemical variation. The degree of variation can be extreme; the

Fly Creek tuff has a variation of over 16% Si02, 1% Ti02, and 3% K20.

Most tuffs (e.g., Tdt6 and Tdt28) have variations of at least 4% Si02.

Units Tdt22 and Tdt26 have little chemical variation, but smaller

lighter-colored pumice lapilli in these units were not analyzed; it

is likely that even these units have considerable chemical variation.

The importance of chemical variation in tuffs is evident in the field

as well. First, most tuffs contain at least two types of pumice. The

different types are distinguished by color, degree of vesiculation,

phenocryst content, and size. Second, mixed pumice could be found

in most tuffs mapped in the thesis area. Mixed pumice is extremely

rare in some units, and abundant in others. Third, several tuffs

change appearance horizontally or vertically. These changes included

a change in color of the matrix, change in abundance of one or more

types of pumice, or the appearance of a different pumice type.

For many units the chemical variation forms relatively straight

lines on Harker variation diagrams (Figure 72). This type of

chemical variation could result from the mixing of two magmas, and

the linear chemical trends would then be mixing lines. For example,

samples of the hornblende pumice with intermediate Si02 content also

have intermediate contents of other elements, compared to other

analyses of hornblende pumice. Intermediate samples are mixed

pumice lapilli, whereas the end members are homogeneous.

Such simple chemical variation is shown by most Deschutes

Formation tuffs. Some irregularities in chemical variation patterns

that are otherwise linear are probably caused by analytical errors.

The color and mixed textures do not always correspond with position

on the mixing line, but this may be the result of homogenization or

crystallization after mixing. Pumice lapilli that appear to be end

members of a mixing line may have a little chemical variation; this

may be the consequence of slight inhomogeneites in the magmas before

mixing.

For a complete discussion of heterogeneity in Deschutes

Formation tuffs, and a strong argument for magma mixing, see

Conrey (1985).
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Several Deschutes Formation tuffs have more irregular patterns

of chemical variation. For example, the Ti02 variations of the Fly

Creek tuff and Tdt13 are not linear, but are irregular curves with

maxima between 56 to 59% 5i02 (Figure 72b). This curve conforms to

the general curve for all Deschutes Formation data (to be discussed

in a later section). Similarly, the variations in MgO and FeO* are

not linear, but conform to bends in the general curve for all

Deschutes Formation analyses. Such variation cannot be caused by

simple mixing of two end member magmas, but suggests that the

compositional variation in these units is caused by the same

mechanism that produces variation between units. These units show

curved compositional trends only in the basalt to basaltic andesite

range, where the overall trends also show curvature. At higher silica

values, the overall trends on Ti02, NgO, and FeO* Harker variation

diagrams show little curvature. Therefore, units with linear chemical

variation trends may not be displaying simple mixing lines, but may

be mimicking the chemical variation trend of all Deschutes Formation

analyses.

Differences Between Units

Most of the lavas in the thesis area are chemically distinct.

For example, the Canadian Bench basalt and Fly Lake basalt have

indistinguishable Ti02 and Si02 contents (Figure 72b), but the

Canadian Bench basalt has consistently higher FeO* and MgO values

and lower K20 and Na20 values.

The tuffs are less distinct chemically, mainly because of

the variety of pumice types found in a single tuff. However,

most tuffs are dominated by one type of pumice, which can be

distinctive. For example, both the Chinook tuff and Tdt10 are

characterized by white pumice, but the white pumice from Tdt10

has lower Ti02, FeO*, CaO, and Na20 and higher NgO and K20. Some

tuffs may not be chemically distinct. For example, the light gray

pumice from the Fly Creek tuff is almost indistinguishable from

white to light gray pumice of the Chinook tuff. This suggests



that correlation of Deschutes Formation tuffs by chemical analysis

alone might be difficult.

Deschutes Formation

Deschutes Formation Suite

Although Deschutes Formation units were erupted from many

different volcanoes over a span of over 3 My, they form a distinct

trend on most Harker variation diagrams (Figure 72) except for

Al203, where the scatter is mostly the result of analytical error.

With increasing Sb2 contents, FeO*, MgO, and CaO decrease.

The scatter on the Al203 Harker variation diagram is large, but

Al203 appears to decrease slightly with increasing 5102. The

content of K20 increases with increasing Si02. The variations of

Ti02 and Na20 are more complicated and will be discussed later.

The FeO* and MgO trends of the Deschutes Formation suite are

not linear, but appear to consist of two intersecting linear

trends. The rate of decrease of FeO* abruptly increases at about

57% Si02, whereas the rate of decrease of MgO abruptly decreases

at about 56% Si02. These changes could be explained by the end

of olivine crystallization and the beginning of titanomagnetite

crystallization, respectively, during fractional crystallization

of a basaltic parental magma. The appearance of titanomagnetite

as a phenocryst phase occurs near 57% Si02, and two lavas with

more than 56% Si02 (Monty Campground basaltic andesite and the

porphyritic andesite) do not contain olivine phenocrysts.

However, many Deschutes Formation lavas contain very few

phenocrysts, and many are nearly aphyric. The phenocrysts in

these lavas also are fairly small, usually less than 1 mm. This

is in stark contrast with most orogenic andesites, which usually

have 20 to 50% phenocrysts, commonly quite large (Gill, 1981,

p. 75). This suggests that Deschutes Formation magmas did not

undergo fractional crystallization at shallow levels. Of course,

shallow fractional cystallization could have contributed to the

280
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formation of the porphyritic lavas in the Deschutes Formation.

The Ti02 content of many Deschutes Formation rocks (Appendix 3)

is extremely high. For example, Gill (1981, p. 4) presents a histo-

gram of the Ti02 content of 2,500 orogenic andesites (53 to 63% Si02).
The distribution is strongly peaked between 0.5 to 1.0% Ti02, and

very few of these rocks have more than 1.5% Ti02. Deschutes Formation

basaltic andesites (Appendix 3) contain between 1.0 and 2.2% Ti02,
and average about 1.5% Ti02. The Ti02 Harker variation diagram shows

that the Deschutes formation suite forms a broad curve with a maxi-

mum at about 57% SiO, the same value at which the FeO* trend changes

slope. This may also be caused by the appearance of titanomagnetite

as a crystallizing phase during fractional crystallization of a

basaltic parental magma.

However, the variation of Ti02 content is very large in the

Deschutes Formation suite. The range of Ti02 contents in basaltic

andesites, for example, is over half that exhibited by the entire

Deschutes Formation suite. If all the basaltic andesites were

produced by fractional crystallization of parental basalt magma,

then multiple fractionation trends or multiple parental basalts

must be invoked. In this respect, it is interesting to note that

FeO* and Ti02 do not vary sympathetically. For example, Tdba5 is

spectacularly rich in Ti02 with fairly high FeO*, whereas the Fly

Creek Ranch basaltic andesite has much less Ti02 and nearly the

same FeO*, and both units have similar silica contents. To derive

both lavas from the same basaltic parental magma would involve

significantly different behavior of FeO* and Ti02. Crystallization

of forsteritic olivine should enrich the magma in both, and could

result in slightly greater enrichment of Ti02 than FeO*. By this

mechanism, the Fly Creek Ranch basaltic andesite would have to be

produced by removal of much less olivine from a basaltic parental

magma than was required to produce Tdba5. However, the Fly Creek

Ranch basaltic andesite has a higher Si02 value and FeO*/MgO ratio

than Tdba5. These two magmas cannot be related by fractional

crystallization of the same parent magma.

Nany porphyritic basaltic andesites tend to have higher Al203



282

and CaO values, and lower Ti02, FeO*, and Na20 values than most

aphyric basaltic andesites (Figure 72). Furthermore, there is

even a suggestion of two parallel trends on the Al203, FeO*, and

CaO Harker variation diagrams. Such multiple compositional trends

may be extremely common but can be recognized only with extensive

chemical data. They may have gaps and one trend may extend over a

wider range in composition than the other. For example, Wozniak

(1982) documented two parallel compositional trends in the volcanic

rocks of the South Sister region of the High Cascades. One includes

only basalts and basaltic andesites, whereas the other includes

basaltic andesites to rhyodacites, and gaps were found in both.

Similarly, the Deschutes Formation suite has a large gap on the CaO

Harker variation diagram.

Overall, the Deschutes Formation displays a rarity of high

5i02 andesites. For example, no analyses of Hales (1975), Jay

(1983), Taylor (personal communication, 1981), and Hayman (1984)

report between 62 and 63% 5i02, and only three contain between 60

and 62% 5i02. The data in this thesis fill this gap somewhat,

but there still is a paucity of analyses with 60 to 63% 5i02.

Some of the analyses which plot in this range are of mixed pumice,

so that homogeneous magmas with 60 to 63% 5i02 are extremely rare.

This may reflect a lack of magma production, or possibly the

inability of magmas of that composition to reach the surface.

Conrey (1985) found several lavas with more than 60% Sb2 west of

the thesis area, including one thick dacite flow (Conrey, 1982).

This provides a possible explanation of the rarity of analyses

with 60 to 63% Si02; these magmas formed lavas which were restricted

to near the vent as a result of their viscosity, whereas more sili-

ceous magmas were so viscous that they were explosively erupted and

were then able to travel into the thesis area as pyroclastic flows.

The analyses of Deschutes Formation pumice with more than

60% Si02 form relatively narrow trends of decreasing Ti02, Al203,

FeO*, and CaO with increasing Si02. Considerable scatter is found,

however, on the tigO, Na20, and K20 Harker variation diagrams

(Figure 72) at Si02 values greater than 66%. Here some pumice
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lapilli are anomalously depleted in Na20 and enriched in K20.

These include pumice from Tdt10, the Fly Creek tuff, the Chinook

tuff, Tdt13, the Hoodoos tuff, Tdt4, and Tdt28. In detail, the

variations in these tuffs are quite irregular. For example,' six

pumice lapilli from the Fly Creek tuff have more than 66% Si02.

Four show significant depletion in Na20 and enrichment in K20,

whereas the other two, identical in other respects, have typical

Na20 and K20 values. Furthermore, depletion in Na20 and enrichment

in K20 do not always occur equally. For example, three analyses of

Tdt10 have very low Na20 values whereas the fourth is much less

depleted in Na20. However, the fourth pumice has the highest K20

content recorded in the thesis area, whereas the other three are

less enriched in K20. The three pumice lapilli from Tdt10 which

were most depleted in Na20 also show a pronounced enrichment in tigO.

A few other pumice analyses which show extreme Na20 depletion

also may be slightly enriched in FIgO.

The relation between K20 and Na20 also can be displayed on a

K20-Na20-CaO triangular diagram (Figure 73). The Deschutes Formation

suite forms a broad curve on this diagram, sweeping away from the

CaO apex with increasing Si02 content. The K20/Na20 ratio increases

gradually with differentiation up to a K20:Na20:CaO value of about

10:40:50, where it begins to increase more rapidly. The maximum

K20/Na20 value is only about 1.5. Though not unusually high for

unaltered rhyolites (Stewart, 1979, p. 344, Fig. 11-2), it is

fairly high for rhyodacites. Although the general trend of

K20:Na20:CaO variation is not unusual, the K20/Na20 ratios do reach

rather high values.

Stewart (1979) summarized data that strongly suggest that

most high K20 values (up to 8%) in glassy volcanic rocks are caused

by exchange reactions as 11+ replaces other cations in the glass upon

hydration. Glasses retain some cations more than others, and this

property can be ranked in a selectivity sequence. For example, K+

cations are high in the selectivity sequence, so that the total

content of K20 appears to increase upon hydration as other cations

are replaced more rapidly than K+. Lofgren (1970) noted that either
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Figure 73. K20-Na20-CaO triangular diagram. Plotted in weight percent. Ilany individual
analyses omitted and averages in Appendix 3 plotted instead.
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K20 or Na20 can be enriched in glass upon devitrification, depending

upon whether K+ or Na+ cations are present in the enclosing solution.

Therefore, the selectivity sequence is probably controlled in part

by chemistry of the hydrating solution. It is likely that the

composition of the glass also influences the selectivity sequence.

A similar explanation could account for the observed irregulari-

ties in Deschutes Formation pumice analyses. Hydration of pumice in

contact with groundwater results in removal of cations from the

pumice. The selectivity sequence would be: 2H+ > 2K+ >> 2Na+.

This would produce an apparent depletion in Na20 and enrichment in

K20. Since Ti02, Al203, FeO*, and CaO do not show any irregularities

in these pumice lapilli, they must all be replaced about equally,

and must lie between K+ (apparent enrichment) and Na+ (apparent

depletion) in the selectivity sequence. The enrichment in MgO is

difficult to explain by cation exchange upon hydration, because

Stewart (1979) reported that Mg++ is usually low in the selectivity

sequence.

All pumice samples were thought to be fresh in the field and

were cleaned of altered and contaminated rinds before analysis.

The extensive alteration of pumice from Tdt10 may reflect the

strong vapor phase oxidation in this unit. However, the other

units which contain altered pumice are not characterized by exten-

sive vapor phase oxidation. In the Fly Creek tuff, the alteration

of pumice was completely unexpected. Three samples of dense,

collapsed pumice more than 1 foot in diameter were analyzed. One

of these (145) consists of unaltered glass and crystals in thin

section, and is not depleted in Na20 or enriched in K20. The two

other samples (338 and 340) were not observed in thin section, but

appear fresh and glassy in hand sample similar to sample 145. Yet

these samples show considerable depletion in Na20 and enrichment

in K20. In general, smaller uncollapsed pumice lapilli tend to

show alteration more often than collapsed pumice, probably due to

their greater surface area and porosity. Alteration was detected

only in pumice lapilli with more than 66% 5i02. However, there is a

suggestion that alteration may affect more mafic pumice lapilli, some
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of which appear to have slightly lower Na20 values arid perhaps very

slightly higher K20 values than expected.

Alteration of pumice lapilli may make correlation of tuffs by

Na20, K20, and MgO values extremely difficult. In particular, it

may complicate correlation between the proximal and distal parts of

tuffs, because of the increasing likelihood of hydration alteration

in uncollapsed smaller pumice.

Classification of the Deschutes Formation Suite

Analyses of Deschutes Formation rocks in the thesis area form a

fairly narrow trend on a total alkalies (Na20 + K20) versus 5i02
diagram (Figure 74). All analyses plot below the dividing line of

Macdonald and Katsura (1964, p. 87). This line was initially pro-

posed to separate Hawaiian alkalic and tholeiitic mafic rocks, but

its use has been expanded to higher silica values, and the tholeiitic

field renamed the subalkaline field. Similarly, the Deschutes For-

mation analyses plot below the dividing lines between the alkaline

and subalkaline fields proposed by Irvine and Baragar (1971). The

Deschutes Formation analyses maintain a constant distance from

this dividing line, attesting to the value of this dividing line.

Middlemost (1975, p. 339-340) proposed that Na20 and K20 Harker

variation diagrams could also be used to distinguish alkaline and

subalkaline basalts, with rocks which plotted in the alkaline field

on one diagram and in the subalkaline field on another classified

as transitional. Again, all Deschutes Formation rocks in the thesis

area are clearly subalkaline (Figures 72g and 72h). This agrees with

the fact that no Deschutes Formation rocks in the thesis area contain

normative nepheline or leucite (Appendix 3).

Some Deschutes Formation basalts from outside the thesis area

are alkaline according to the graphs discussed above. These include

many of the basalts in the Pelton Basalt Member (analyses of Jay,

1983; Hayman, 1984), most analyses of the Agency Plains basalt

(analyses of Jay, 1983; Hayman, 1984), the Seekseequa basalt

(analyses of Jay, 1983; Hayman, 1984), and two porphyritic olivine
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Figure 74. Graph of total alkalies (Na20+K20) versus Sf02. Symbols same as in Figure 72.
Field boundaries discussed in text.
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basalts and three olivine basaltic andesites of Hales (1975).

Analyses 113 and 155 by Jay (1983) of low-Ti02 diktytaxitic basalts

also fall into alkaline fields, but both analyses may be in error.

The first has an abnormally low Si02 content (46.5%) and the second

has an abnormally high Na20 content (4.80%).

The Agency Plains basalt was definitely erupted at least 20 miles

behind the axis of the volcanic arc (Smith, personal communication,

1983). The alkaline units of Hales (1975) were definitely erupted

from the arc, however, so not all alkaline rocks can be ascribed

to back-arc volcanism. However, it is evident that the vast bulk

of Deschutes Formation volcanism was clearly subalkaline, and the

few units that are alkaline are not strongly so.

Two types of subalkaline magma series have long been recognized:

tholeiitic and calcalkaline. Many criteria can be used to distinguish

the two (Gill, 1981, p. 8): groundinass mineralogy, iron enrichment

trends within a suite, and content of iron regardless of trends within

a suite. As summarized by Gill (1981, p. 9-10), the hypersthenic rock

series (volcanic rocks with groundmass hypersthene ± clinopyroxene) of

Kuno (1968) is synonymous with the calcalkaline series, whereas the

pigeonitic rocks series (volcanic rocks with only clinopyroxene in the

groundmass) of Kuno (1968) is synonymous with the tholeiitic series.

Some Deschutes Formation lavas contain both orthopyroxene and clino-

pyroxene in the groundmass, many contain only clinopyroxene in the

groundmass, and many other Deschutes Formation lavas could not be

classified this way because of glassy or fine-grained groundmasses.

This criterion is therefore unsuitable and ambiguous for Deschutes

Formation rocks.

The most commonly used criterion for differentiating calc-

alkaline and tholeiitic series is the degree of iron enrichiuent

within a suite, most commonly shown on an AFN diagram (Figure 75).

The Deschutes Formation indeed shows considerable iron enrichment,

but falls clearly in the calcalkaline field defined by Irvine and

Baragar (1971).

Miyashiro (1974) proposed other criteria for distinguishing

the calcalkaline and tholeiitic series. One is a graph of FeO*/



K20

Fe0

MgO

Figure 75. AFN triangular diagram. Symbols same as in Figure 73. Field boundaries discussed
in text.
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MgO ratio versus Si02 with a dividing line that was mathematically

defined by Gill (1981, p. 10). This diagram is based on iron con-

tent regardless of the extent of iron enrichment in the suite.

The Deschutes Formation plots on the dividing line between the

tholeiitjc and calcalkaline fields (Figure 76). There is a sug-

gestion of two trends in the basaltic andesites: one clearly

calcalkaline and one in the tholeiitjc field. The calcalkaline

trend appears to include the basalts, one porphyritic basaltic

andesite, and several pumice analyses. The great variation at the

silicic end of this diagram is the result of large fluctuations in

FeO*/MgO ratio as MgO approaches the limit of detection, and to

the scatter in HgO content of altered rhyodacitic pumice.

Miyashiro (1974) also proposed a graph of FeO*/MgO ratio versus

FeO* to distinguish calcalkaline from tholeiitic series. This diagram

is based both on iron enrichment and on absolute iron content in

suites. The Deschutes Formation has considerable scatter on this

diagram (Figure 77), but again there is a suggestion of two trends.

One is essentially horizontal (little change in FeO* content with

increasing FeO*/HgO ratios) and is tholeiitic, whereas the other

straddles the dividing line of Hiyashiro (1974).

Overall, this discussion suggests that the Deschutes Formation

is calcalkaline with certain tholeiitic affinities. However, the

Deschutes Formation suite is abnormally rich in Ti02 for a calcalka-

line suite, with values more comparable to tholeiitic suites. If

the tholeiitic suite was defined by enrichment of FeO* Ti02, the

Deschutes Formation would undoubtedly be classified as tholeiitic.

In detail, the Deschutes Formation suite is probably composed of

several suites with differing degrees of tholeiitic character,

depending upon the criteria used.

The low alkali content and tholelitic affinity of the Deschutes

Formation suite are similar to the island arc tholeiitic series

(Gill, 1981, p. 10-11). However, most of the Deschutes Formation

andesites are medium-K20 andesites by the boundaries of Gill (1982,

p. 6), whereas most island arc tholeiitic series have low-K20 ande-

sites (Gill, 1981, p. 11). With FeO*/MgO values between 2.2 and
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3.0 and K20 values between 0.9 and 1.2 (all at 57.5% Si02), the

Deschutes Formation suite does not plot in the island arc tholeiitic

series field of Gill (1981, p. 109, Fig. 5.5).

The Peacock index (the silica content at which total alkalies

and CaO are equal) of the Deschutes Formation suite ranges between

58 and 61% Si02 (Figure 72f), making these rocks calc-alkalic, as

the term was originally defined. The Peacock index cannot be used

to differentiate between the tholeiitic and calcalkaline series,

and the term calk-alkalic is not equivalent to the calcalkaline

series.

Low-Ti02 Basalt Flagma Type

Petrographically the basalts in the thesis area are all very

similar. They contain sparse phenocrysts of olivine and plagio-

clase, and many units are nearly aphyric. The groundinass is nearly

holocrystalline, fairly coarse grained, and contains abundant dikty-

taxitic porosity. The diktytaxitic texture suggests late exsolution

of gas, and perhaps an unusually high volatile content. The ground-

mass mineralogy is dominated by plagioclase, augite, and olivine,

with minor opaques in glass. By the modal classification of Macdonald

and Katsura (1967), basalts of the low-Ti02 group would be termed

olivine basalts. All basalts in the thesis area contain normative

hypersthene, and most contain normative olivine (Appendix 3). Those

without normative olivine contain only a little (<2%) normative

quartz. None contain normative nepheline. According to the norma-

tive classification of Yoder and Tilley (1962), these basalts range

from slightly quartz oversaturated tholeiite to olivine tholeiite.

Chemically, however, some basalts in the Deschutes Formation

stand out as quite unique. These have low Ti02 contents (<1.2%),

extremely low K20 contents (<0.4%), low total alkali contents (<3.0%),

high CaO contents ('41.0%), and very low FeO*/FlgO ratios (0.9 to 1.2)

(Appendix 3 and Table 3). This group of basalts is characterized by

the presence of spinel inclusions in the olivine phenocrysts. This

group of basalts is well represented in the thesis area, and includes



All analyses recalculated water-free, all iron as FeO*.

Table 3. Comparison of low-Ti02 basalt type to published basalt types.

SiO 50.9 49.8 49.50 50.19 51.8 49.97 48.8 48.06

TiO
2

0.90 1.48 1.53 0.75 0.80 1.51 0.90 1.01

Al 023 16.9 17.3 17.86 17 .58 16.0 17.26 17.2 17.05

FeO 8.98 9.7 9.75 9.75 9.55 8.72 9.2 9.96

MgO 9.1 8.3 6.96 7.39 6.76 7.28 9.3 9.14

Ca0 11.50 8.8 9.98 10. 50 11.79 1187 11.0 11.29

Na 0
2

2.4 3.3 2.90 2.75 2.42 2.77 2.5 2.55

K0 0.15 0.71 0.73 0.40 0.44 0.16 0.29 0.23

Total 100.83 99.39 99.21 99.31 99.56 99 54 99. 19 99.30

1

2

3

4

5

6

7

8

- Average of 16 analyses of 7 lava flows in the

- Average of 13 selected, representative units

- Waters (1962, p. 165).

- Kuno (1960, p. 141).

- Jakes and White (1972, p. 32).

- Engel et al. (1965, p. 721).

- Average of 6 analyses (McKee et al., 1983, p.

- Average of 50 analyses (Hart et al., 1984, p.

thesis

(Hughes,

298).

188).

area.

1983, p. 35).

High-Al203

High-Al 0 Olivine

Low-TiO High Cascade High-Al20 Basalt o Representative Mid-Ocean Basalts of Tholeiite of

Basalt Normal Basalt Japan ad Island_Arg Ridge6 Devils7 NW Great

Type Basalt' Oregon Korea Tholeiite Basalt Garden Basin
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all basalt units except the Deschutes Arm basalt and Tdb7. Several

intraformational basalts of Jay (1983) also are included in this

group.

The source for some of these lavas is unknown. All are

hypothesized as erupted from the Cascade volcanic arc, based on

analogy with two members of this group, the Canadian Bench basalt

and Fly Lake basalt, which can be traced westward to Green Ridge

(Conrey, 1985).

Spinel inclusions have been reported in olivine phenocrysts

in High Cascade basalts by Peck et al. (1964, p. 37), Smith and

Carmichael (1968, p. 211), and Davie (1980, p. 48). Spinel inclu-

sions have not been previously reported in older rocks of the

Cascades. These spinel inclusions are altered to opaques near the

margins of the enclosing olivine phenocrysts. The euhedral aggre-

gates of opaque granules are interpreted to be breakdown products

formed by alteration of spinel crystals. The aluminum in the spinel

probably dissolved in the magma to later form plagioclase.

Kushiro and Yoder (1966, p. 340) stated that spinel perido-

tites are stable at lower pressures and higher temperatures than

garnet peridotites, with the upper limit of spinel stability being

about 7 to 8 kilobars. Therefore, the spinels in these low-Ti02

basalts formed at greater than 20 km depth, perhaps where these

magmas underplated the crust. Some spinels were enclosed in olivine,

and were preserved as the magmas rose rapidly to the surface, whereas

those exposed to the liquid broke down. With FeO*/MgO ratios of 0.9

to 1.2, these basalts are the most primitive in the thesis area.

These basalts are quite different from other Deschutes Formation

basalts, which typically have high Ti02 contents (>1.3%), more than

0.5% K20, more than 3.0% total alkalies, less than 10% CaO, and FeO*/

MgO ratios greater than 1.2 and usually greater than 1.5. This group

is not well represented in the thesis area, including only the

Deschutes Arm basalt and Tdb7. However, many representatives of

this high-Ti02 group are present outside the thesis area, and include

the Pelton Basalt Member, the Seekseequa basalt, and the Agency

Plains basalt (all of Jay, 1983, and Hayman, 1984), and several
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units analyzed by Hales (1975). Examination of thin sections of

the Deschutes Arm basalt and Tdb7, and of thin sections of the units

of Jay (1983), revealed no spinel inclusions in olivine phenocrysts

in these units.

High-Ti02 basalts typical of the High Cascades mafic platform

(Hughes, 1984) are similar to the high-Tb2 group of Deschutes

Formation basalts and contrast sharply with the low-Ti02 basalt

group (Table 3). Many of the High Cascades basalts have been

described as high-alumina basalts (Waters, 1962), but the high-

alumina basalts as originally defined by Kuno (1960) have fairly

low Ti02 content (Table 3). Even so, the low-Ti02 group of Deschutes

Formation basalts should also not be described as high-alumina

basalts. This is because the high-alumina basalts were originally

defined as transitional between typical tholeiites and alkali olivine

basalts and characterized by high Al203 values. Kuno (1960, p. 130,

Fig. 5; 1968, p. 627, Fig. 2) provided two diagrams to distinguish

high-alumina basalts: one of Al203 versus total alkalies for narrow

ranges of Si02, and one of total alkalies versus Si02. On the former

diagram, most low-Ti02 Deschutes Formation basalts fall in the tho-

leiitic field, although a few plot in the high-alumina basalt field.

This is because of the low total alkali content, and even if the

Al203 values are regarded as minima, the group as a whole would be

transitional between the tholeiitic and high-alumina basalt fields.

On the latter diagram, most low-Ti02 Deschutes Formation basalts fall

clearly in the tholeiitic field. Many of the units which plot in the

high-alumina field on one diagram plot in the tholeiitic field on the

other.

Green (1980) stated that the mafic members of orogenic vol-

canic suites are characterized by less than 1.2% Ti02. In this

respect, the low-Ti02 group of Deschutes Formation basalts could

be regarded as typical orogenic basalt, whereas the high-Ti02

basalts of the High Cascades and Deschutes Formation are decidedly

anomalous. Indeed, many arcs in the southwest Pacific are char-

acterized by basalts with low Ti02 contents (Carmichael et al.,

1974, p. 533-551). Typical island-arc tholeiites, as defined by
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Jakes and White (1972), are characterized by low Ti02 and alkali

and high CaO contents, and in this respect are similar to the low-

Ti02 group of Deschutes Formation basalts (Table 3). However,

island-arc tholeiites are characterized by higher FeO*/MgO ratios.

A more primitive type of basalt is the mid-ocean ridge basalt

(Engel et al., 1965), which also has low alkali and high CaO con-

tent (Table 3). In this respect, it is interesting to note the simi-

larity of the low-Ti02 basalts to mid-ocean ridge basalts as shown on

the MgO-FeO*_Al203 discriminant diagram (Figure 78) of Pearce, Gorman,

and Birkett (1977). Only a few Deschutes Formation basalts are plotted

because this diagram was designed strictly for subalkaline basalts

with 51 to 56% SiO2. The other low-Ti02 basalts would also fall in

the ocean ridge and floor field if plotted, whereas basaltic ande-

sites plot clearly in the orogenic field. However, the Ti02 content

of mid-ocean ridge basalts is much higher than that of the low-Ti02

group of Deschutes Formation basalts (Table 3).

Overall, the low-Ti02 group of Deschutes Formation basalts

is most similar to island-arc tholeiites, except with much lower

FeO*/MgO ratios. This basalt type is not restricted to the Deschutes

Formation. McKee et al. (1983) described basalts from the Devils

Garden part of the Modoc Plateau in northeastern California and

south-central Oregon which are very similar to the low-Ti02 group

of Deschutes Formation basalts (Table 3). The low-K20, high-Al203

olivine tholeiites of Hart et al. (1984), which are regionally

extensive in the northwestern Great Basin, are also very similar

(Table 3).

The K20 values of some basalts of the low-Ti02 group are

extremely low (Appendix 3). Values below 01% are not uncommon,

and one analysis records only 0.04% K20. Extremely low values

could be caused in part by relatively large error and poor calibra-

tion for low K20 contents. But the K20 values are remarkably con-

sistent for most units of the low-Ti02 basalt group, so the values

are probably not in error by more than 0.1% K20. Smith and Snee (in

press) suggest that the Pelton Basalts may be "vapor-differentiated,t'

but this cannot adequately explain the low K20 values. Goff (1977)
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showed that K20 is concentrated in gas-rich differentiated liquids

as diktytaxitic basalts crystallize. He proved that upon vesicula-

tion, the resulting density instability could drive these liquids

upward in the flow, producing vesicle cylinders and vesicle sheets.

It is unlikely, however, that movement of differentiates could

significantly deplete the bulk of a flow in K20, because the vesicle

cylinders reported by Goff (1977, p. 46-47) are only enriched in K20

by a factor of two over the bulk of the flow. In any case, this

mechanism cannot account for the low K20 content of the basalts of

the low-Ti02 group, because vesicle cylinders and vesicle sheets

are common only to the Fly Lake basalt, which shows the highest K20

content. Vesicle cylinders are rare or only locally important in

other low-Tj02 basalts.

Pre-Des chutes Formation Units

The composition of the pre-Deschutes Formation altered basaltic

andesite is slightly different from the composition of Deschutes

Formation basaltic andesites. The altered basaltic andesite has

lower FeO and higher MgO, Na20, and K20 than a Deschutes Formation

basaltic andesite (Tdpba3) with similar Si02, Ti02, Al203, and CaO

content (Figure 72).

As would be expected, this lava is more calcalkaline on the

AFN, FeO*/tlgO ratio versus Si02, and FeO/NgO ratio versus FeO*

diagrams (Figures 75, 76 and 77) than most Deschutes Formation

units. Similarly, the hornblende and two-pyroxene andesites from

the Castle Rocks volcano are more calcalkaline than Deschutes

Formation lavas at Green Ridge (Hales, 1975, p. 53). This enipha-

sizes the uniqueness of Deschutes Formation volcanism relative to

earlier units.

Post-Deschutes Formation Units

The Crooked River and Metolius basalts are chemically similar

to high-Ti02 Deschutes Formation basalts in the thesis area. Some
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samples of the Crooked River basalt are transitional between alkalic

and subalkalic .basalts, according to the dividing lines of Niddlemost

(1975) (Figure 72g and 72h).

These units also have tholeiitic affinities, similar to Deschutes

Formation basalts, on the AFN diagram (Figure 75). They straddle

the border between calcalkaline and tholeiitic fields on the FeO*/NgO

ratio versus Si02 diagram (Figure 76), but show a definite tholeiitic

trend on the FeO/MgO ratio versus FeO* diagram (Figure 77).

As mentioned previously, the hornblende pumice layer from

Mt. Jefferson is chemically distinct from the Deschutes Formation.

This unit is more depleted in alkalies (Figure 74) than the Deschutes

Formation, and with a Peacock index between 62 and 63% Si02 (Figure 72f),

would be classified as calcic. The hornblende pumice is clearly

calcalkaline on the AFM, FeO*/MgO ratio versus Si02, and FeO*/MgO

ratio versus FeO* diagrams (Figure 75, 76 and 77). The hornblende

pumice has a typical High Cascade trend on the AFM diagram as shown

by summaries of High Cascade data by McBirney (1968, p. 105, Fig. 2)

and Irvine and Baragar (1971, p. 528, Fig. 2E).



ECONOMIC GEOLOGY

Rock Materials

Most improved graded roads in the thesis area are constructed

of materials removed when excavating adjacent road cuts. Similar-

ly, flat homesites along the shores of Lake Billy Chinook are con-

structed with material excavated immediately behind the sites and

built outward into the reservoir. A quarry in the W 1/2 SW 1/4

SW 1/4 sec. 20, T 11 5, R 11 E provided material for the Monty

Road and for lakefront homesites below the quarry. This quarry

provides excellent exposures of Deschutes Formation boulder con-

glomerate with a few coarse sand lenses.

The Three Rivers Recreation Area, consisting of over 300

homesites and 20 miles of graded roads, has caused the greatest

demand for rock materials in the thesis area. Three borrow pits

situated on the plateau (NW 1/4 SW 1/4 SW 1/4 sec. 3, T 12 5,

R 11 E; SE 1/4 NW 1/4 NE 1/4 sec. 2, T 12 5, R 11 E; and SE 1/4

NE 1/4 SE 1/4 sec. 35, T 11 5, R 11 E) provide fill dirt and some

gravel. These quarries are located in areas of Deschutes Forma-

tion sediments, composed of fine sandstones and siltstones with a

little pebble conglomerate, surrounded by Fly Lake basalt. Some

of these sediments have been strongly altered to clays and cement-

ed by silica, probably because the surrounding basalt has protect-

ed them from erosion while keeping them exposed to pedogenic

processes. Elsewhere, Deschutes Formation sediments erode as fast

as they weather, and such extreme alteration is not attained.

An unusual body of medium-grained, relatively well-sorted sand-

stone exposed along the road in the SW 1/4 SW 1/4 SE 1/4 sec. 26,

T 11 5, R 11 E was discussed previously. It has been extensively

quarried from the top of the landslide block in the NW 1/4 SW 1/4

SE 1/4 sec. 26, T 11 5, R 11 E and used to build a beach in the

NE 1/4 SE 1/4 sec. 26, T 11 5, R 11 E.

Fill dirt for the Three Rivers Recreation Area is also provided

by quarries in Big Canyon (SE 1/4 SW 1/4 SW 1/4 and SW 1/4 SE 1/4

301
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SW 1/4 sec. 36, T 11 5, R 11 E; NE 1/4 NE 1/4 NE 1/4 sec. 1, T 12 5,

R 11 E; and NW 1/4 SW 1/4 SE 1/4 sec. 31, T 11 5, R 12 E). These

exploit thick deposits of fine sand and silt, possibly eolian in

origin, deposited along the canyon sides, although the first mentioned

also penetrates Deschutes Formation pebble conglomerates and coarse

sandstones.

Cobbles in the alluvium in Big Canyon in the SE 1/4 SW 1/4

SE 1/4 sec. 36, T 11 5, R 11 E are crushed to provide aggregate

for the Three Rivers Recreation Area.

The Quaternary hornblende pumice is commonly used to make

porous, mud-free patios, walks, and driveways in the thesis area.

It has been extensively excavated in the N 1/2 NW 1/4 NE 1/4

sec. 19, T 11 5, R 11 E. The fill dirt quarries in Big Canyon

mentioned previously also provide hornblende pumice. A large

quarry in SE 1/4 SW 1/4 NW 1/4 sec. 36, T 11 5, R 11 E is producing

rounded, reworked pumice. The Quaternary hornblende pumice is very

extensive but not thick or continuous enough to support a lightweight

aggregate industry like the Bend pwnice (Peterson et al., 1976).

Ground Water

From data collected before the construction of Round Butte Dam,

the flow of the Metolius River increased between the Whitewater River,

west of the thesis area, and the Deschutes River (Robison and Laenen,

1976, p. 2). Box Canyon is the only tributary joining this stretch

of the Metolius River from the north, while the northeast gradient of

the Deschutes Formation has resulted in many tributaries on the south

side. In the thesis area these include Juniper Canyon, Big Canyon,

Fly Creek, Spring Creek, Street Creek, and three unnamed drainages

northwest of Street Creek. All of these have springs in the lower

reaches which feed small permanent streams, while above the springs

all the streams except Street Creek are ephemeral. Many other springs

enter directly into Lake Billy Chinook, and some springs may have been

covered by the reservoir. Groundwater is therefore the major source

of the increased flow of the Metolius River, and except for Lake Billy
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Chinook, the only reliable source of water in the thesis area.

This abundance of springs is again a result of the northeast to

east gradient of the Deschutes Formation. Rainwater and snowmelt

infiltrate into the rocks of Green Ridge, which receives over 30 inches

of precipitation a year. The water then moves down the gradient along

aquifers and emerges as springs where these aquifers are exposed In

canyons to the east.

Stearns (1931, p. 133) observed many springs issuing from

basalt flows in the Deschutes Formation, especially the Pelton

Basalt Member, and concluded that the basalt flows were highly

permeable. He felt the lower flows would be water saturated

while the upper ones would not because they would be above the

water table. Robison and Laenen (1976, p. 6), however, stated

that the basalts in the Deschutes Formation are impermeable and

form perched water tables.

Evidence for both theories can be found in the study area.

First, many springs, especially some large ones, emerge from the

base of the Big Canyon basalt. Higher basalts are not characterized

by many springs. All of these basalts are diktytaxitic and can

have porosities up to 30%. In addition they have vesicular bases

and tops and are extensively jointed. No springs were found emerg-

ing from above a basalt flow. On the other hand, no springs were

found in the Juniper Canyon basalt, which is lower than the Big

Canyon basalt. Water well logs through these same units indicate

the basalts were dry, and water was found only in sediments

(Appendix I). However, because the wells do not penetrate beneath

the aquifer, it cannot be determined if the water is perched on a

basalt flow.

An explanation of this interesting contradiction is that the

basalts are relatively impermeable except in joint systems. Even

though the basalts are porous, most of the vesicles are not connected,

resulting in low permeability. Also, these basalts have very little

flow breccia which would be permeable. Small amounts of water would

flow rapidly through narrow joint networks to produce the springs.

Large volumes of water would also reside in extensive aquifers of



304

well-sorted sediments, and could be perched on poorly sorted tuffa-

ceous sediment or tuffs. It would be very unlikely for a water well to

intersect the particular joints which feed the springs, while water

could be easily found in the extensive aquifers. These aquifers could

discharge water to the surface via the joint systems in basalt flows.

Some of these aquifers are artesian, as evidenced by water often rising

above the level at which it was first reported (Appendix 1).

Many other types of springs are present in the thesis area.

Discrete springs emerge from platy andesites and from above the

welded zone of the Fly Creek tuff, while seeps are common in

sedimentary units. The large-volume springs of Perry South

Campground emerge from Quaternary stream alluvium, as does the

spring in Street Creek. Both are at the elevation of extensive

conglomerates below the Chinook tuff, and probably originate there

and percolate upward through the alluvium.

In the NW 1/4 SW 1/4 NW 1/4 sec. 2, T 12 S, R 11 E, the SW 1/4

NE 1/4 NW 1/4 sec. 2, T 12 5, R 11 E, and in the NW 1/4 NW 1/4

SW 1/4 sec. 31, T 11 5, R 12 E, small flat areas have been bull-

dozed into the slopes of Big Canyon. Pipes driven into sedimentary

rocks seep water into stock tanks in the excavation. The one in

the NW 1/4 NW 1/4 SW 1/4 sec. 31, T 11 5, R 12 E is misidentified

as a gravel pit on the topographic map of the area (see Plate 1).

Geothermal Energy

The central Oregon High Cascade Range is characterized by

high heat flow values (>100 mW/m2) and is therefore an attractive

geothermal target. The transition between the high heat flow of

the High Cascades and the average heat flow of the western Cascades

(-P40 mW/rn2) begins about 6 miles to the west of the physiographic

boundary and is only about 12 miles wide (Black et al., 1982,

p. 158). Several hot springs emerge from faults in altered western

Cascade volcanics along this transition zone.

The heat flow of areas east of the High Cascades is poorly



305

known. The high heat flow anomaly extends at least as far east as

the base of Green Ridge, where the heat flow is 101 mW/rn2 (Black

et al., 1982, p. 199). The Green Ridge fault scarp is usually

considered to be the eastern boundary of the High Cascades. If

the High Cascade heat flow anomaly is symmetrical, then the thesis

area lies across the eastern transition zone. The High Cascade

heat flow anomaly is probably not symmetrical, since back arc

regions are characterized by much higher heat flow than fore arc

regions. The eastern transition zone is probably much broader

than the western one, and the entire thesis area may have heat

flow values greater than 80 mW/rn2 (Riccio, 1978).

Ashwill (1982) reported that the temperatures of springs

emerging from the Deschutes Formation northeast of the thesis area

increase going northward. Some of the warm springs (69°F) appeared

in the late 1950s, after construction of Pelton Dam. This appear-

ance is probably not linked with the filling of Lake Simtustus

behind Pelton Dam, however, because the springs are much higher

than the lake. A second group of warm springs (70°F) appeared since

1964, when Lake Billy Chinook was filled. The appearance of these

springs may have been caused by groundwater recharge by this reser-

voir, and both groups of springs may be the result of groundwater

recharge when extensive irrigation was begun on the plateaus east

of the Deschutes River. Even though the appearance of these springs

can be easily explained, the abnormal temperatures cannot. The

sudden appearance linked to local groundwater recharge suggests

that these warm springs are not caused by deep hydrothermal

circulation. The abnormal temperatures may be the result of an

unusually high geothermal gradient, but shallow convection of ground-

water usually can rapidly overwhelm the heat flow to depress the

geothermal gradient. The abnormal temperatures are probably not

inherited from the irrigation and reservoir water that supply the

springs, because surface water is rarely as warm as 70°F, and this

water would be rapidly cooled as it percolated through cool rocks.

The reliability of Ashwill's (1982) data is also unknown. For

example, Robison and Laenen (1976, p. 75) report a temperature of 56°F
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for Pipp Spring, which Ashwill (1982) reported as 61°F. No regional

gradient in temperatures of spring or well water in the Warm Springs

Indian Reservation is evident from the extensive data of Robison and

Laenen (1976). In fact, it appears that a more important variable

than geographic location is the depth of the aquifer.

Temperatures of springs in the thesis area were not measured,

but none were observed to be abnormally warm. All are cold, except

a few seeps that have a very low flow rate. Appendix 1 gives the

reported temperatures of water found in water wells. None are

warmer than 56°F. The northernmost water wells tend to be warmer,

although the variation is small and can be explained by different

well depths and stratigraphic positions of the aquifers.

A private landowner in the thesis area (Jack Eyerly, personal

communication, 1981) reported that 68°F water flowed from three

closely spaced warm springs on the south bank of the Metolius River.

These springs were drowned by the waters of Lake Billy Chinook, and

were located in the 5 1/2 sec. 18, T 11 S, R 11 E. The discharge

of these springs was reported to be fairly small. It is interesting

to note that these springs were located on the Metolius lineament and

may have emerged from pre-Deschutes Formation rocks beneath the river

alluvium. The location and small discharge suggest that these springs

might have been formed by deep hydrothermal circulation.
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APPENDIX ONE

WATER WELL LOGS

Water well reports identify the location of water wells only
to the quarter-quarter-section, and do not give the elevation of
the ground surface at the well. Therefore, elevations and detailed
locations of water wells were estimated. The locations of these
water wells are also shown on the geologic map (Plate 1).

Most of the well logs are excellent, although a few are vague
and ambiguous. None are useful for identifying tuffs. Therefore,
interpretation of the well logs is usually limited to identifying
lavas. Some of these lavas are correlated with mapped units on the
basis of similar thickness and stratigraphic position.

Thickness Elevation
Location (Feet) (Feet) Unit, Remarks

NE 1/4 SE 1/4 SW 1/4 35 1960-1925 ?

sec. 18, 40 1925-1885 Lava (probably a
T 11 5, basaltic andesite)
R 11 E 130 1885-1755 ?

25 1755-1730 Fractured lava,
bearing 54°F water
(water rose to ele-
vation of 1943 feet)

NW 1/4 SW 1/4 SW 1/4 55 1950-1895 ?

sec. 20, 6 1895-1889 Lava
T 11 5 34 1889-1855 ?

R 11 E 6 1855-1849 Sediments, bearing
56°F water (water
rose to elevation
of 1934 feet)

SE 1/4 NW 1/4 NE 1/4 6 2410-2404 ?

sec. 4, 85 2404-2319 Lava (Big Canyon
T 12 5, basalt)
R 11 E 228 2319-2091 ?

5 2091-2086 Sediments, bearing
55°F water (water
rose to elevation
of 2122 feet)

SW 1/4 NW 1/4 NE 1/4 2 2840-2838 ?

sec. 11, 31 2838-2807 Lava (Fly Lake
T 12 5, basalt)
R 11 E 207 2807-2600 ?

100 2600-2500 Lava (could be Big
Canyon basalt, but
too high)
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346 2500-2154 ?

59 2154-2095 Lava (Juniper Canyon
basalt)

65 2095-2030 ?

50 2030-1980 Sediments, bearing
50°F water (water
rose to elevation
of 2090 feet)

NE 1/4 SW 1/4 SE 1/4 79 2550-2471 ?

sec. 2,
T 12 5
R 11 E

7 2471-2464 Lava (perhaps Big
Canyon basalt, but
abnormally thin)

131 2464-2333 ?

30 2333-2303 Lava
132 2303-2171 ?

25 2171-2146 Lava (perhaps
Juniper Canyon
basalt)

70 2146-2076 ?

126 2076-1950 Sediments, bearing
52°F water (water
rose to elevation
of 2105 feet)

SE 1/4 NW 1/4 NE 1/4 3 2650-2647 ?

sec. 6,
T 12 5,
R 12 E

27

270

2647-2620

2620-2350

Lava (Fly Lake
basalt)

?

120 2350-2230 Lava (Big Canyon
basalt)

41 2230-2189 ?

109 2189-2080 Lava (Juniper Canyon
basalt)

120 2080-1960 ?

50 1960-1910 Sediments, bearing
53°F water (water
rose to elevation
of 2025 feet)

SW 1/4 SE 1/4 NW 1/4 4 2630-2626 ?

sec. 5,
T 12 5,
R 12 E

90 2626-2536 Lava (Fly Lake
basalt on Canadian
Bench basalt)

12 2536-2524 ?
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Thickness Elevation
Location (Feet) (Feet) Unit, Remarks

Note: This well was reported by Stearns (1931, p. 189) as
lying in a dry creek bed in the SE 1/4 sec. 1, T 12 5,
R 11 E. He reported that it was 22 feet deep and
penetrated the rimrock basalt to the underlying
sediments. The location, elevation, and log given
above were estimated.
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20 2524-2504 Lava
206 2504-2298 ?

44 2298-2254 Lava (Big Canyon
basalt?)

274 2254-1980 ?

(52°F water from
unknown unit rose
to elevation of
2064 feet)

SW 1/4 NE 1/4 SE 1/4
sec. 1,
T 12 S
R 11 E

20

2

2750-2730

2730-2728

Lava (Fly Lake
basalt)

Sediments (bearing
water only from
November to July)



APPENDIX TWO

ANALYTICAL PROCEDURES AND ACCURACIES

Samples of lavas were broken by rock hammer to remove weathering

rinds and to avoid secondary silica and carbonate in fractures and

vesicles. However, sparse secondary silica dispersed in tiny dikty-

taxitic vesicles could not be avoided in some samples. Adhering

matrix and hydrated and contaminated rinds were removed from pumice

samples by rock hammer and pocket knife. The cleaned samples were

reduced to sand size using a rock hammer, jaw crusher, and rotary

pulverizer. Samples of dense lava were pulverized in many increments

to limit tramp-iron contamination. Each sample was then ground to

a fine powder in a tungsten-carbide ball mill.

The powdered samples were heated at 600°C for 30 minutes to

eliminate all volatiles and to uniformly oxidize all samples. A

2.000 gm split of each ignited rock powder was then thoroughly

mixed with 10.000 gm of anhydrous lithium tetraborate flux. The

mixtures were fused at 1100°C for one hour in graphite crucibles,

and then cast into glass buttons in graphite molds pre-heated to

400°C. Flat surfaces were ground on the buttons using 320 grit

and the surfaces cleaned and blown dry.

Buttons were analyzed for six major oxides by X-ray Fluorescence

(XRF), using a least squares regression of values recorded for syn-

thetic rock standards. A rock plug of Columbia River Basalt was

used as drift standard.

Buttons were then milled to a fine powder in the tungsten-carbide

ball mill, and 0.150 gm of the powder added to 200 ml of 0.SN HNO3.

Powders were allowed to dissolve for 24 hours in capped sample solution

bottles.

The sample solutions were analyzed for two major oxides by Atomic

Absorption Spectrophotometry (AAS), using linear extrapolation between

values recorded for standard solutions measured with the samples.

320



321

The following chart summarizes the reported units, their applic-

able ranges, and their accuracies as determined by E. M. Taylor

(personal communication, 1983). The values are not recalculated to

sum to 100%, because minor elements were not measured and because

Si02 and Al203 values are responsible for a disproportionate share

Duplicate splits of two samples were analyzed to independently

determine the precision of these analytical procedures. The results

of these analyses are presented below. Note that the range of these

duplicate analyses is always less than the range of error shown above,

which suggests that the actual precision was better than expected.

69 9-1 699-2
Average
(±Range) 701-1 701-2

Average
(±Range)

S i02 55.4 56.3 55.9 (±0.5) 51.1 50.7 50.9 (±0.2)

Ti02 1.76 1.79 1.78 (±0.02) 1.77 1.73 1.75 (±0.02)

Al203 17.0 16.5 16.8 (±0.3) 14.6 14.5 14.6 (±0.1)

FeO* 9.42 9.58 9.50 (±0.08) 10.86 10.66 10.76 (±0.10)

MgO 4.8 4.6 4.7 (±0.1) 9.0 8.8 8.9 (±0.1)

CaO 8.39 8.32 8.36 (±0.04) 9.55 9.37 9.466 (±0.09)

Na20 3.5 3.6 3.6 (±0.1) 3.1 3.1 3.1 (±0)

K20 0.95 0.96 0.96 (±0.01) 0.29 0.31 0.30 (±0.01)

Total 101.22 101.65 100.27 99.17

of any error.

Analytical
Method Element

Reported Units
(water-free)

Applicable
Range

Range of Error
(confidence

limit at 95%)

XRF Si 5102 wt% 40-80 ±1.0

XRF Al Al203 wt% 10-20 ±0.5

KR.F Fe total Fe

as FeO* wt%

0.1-15 ±0.2

XRF Ca CaO wt% 0.1-15 ±0.1

XRF K K20 wt% 0.1-5.0 ±0.05

XRF Ti Ti02 wt% 0.1-4.0 ±0.05

AAS Mg MgO wt% 0.1-15 ±0.2

AAS Na Na20 wt% 0.1-7.5 ±0.2



The overall accuracy of the analytical procedures was tested

with chemical analyses of two standards, tabulated below. The

first is an "in-house't standard analyzed many times by several

workers using the facilities at the Geology Department of Oregon

State University. The second was independently analyzed by the

United States Geological Survey. The maximum differences of the

analyses from the standard analyses are also given (a negative

sign means that the analyses are lower than they should be). The

analysis of the Tumalo Pumice Standard had a fairly low total, so

the consistent negative differences were expected. All except

Al203 and K20 have acceptable differences. The magnitude of the

difference for K20 is surprising, considering how precise it

usually is (see table above). This K20 difference might be

reflecting real sample heterogeneities or loss of K20 during

heating. The analyses of the Columbia River Basalt Standard

totalled nearer to 100%, so that both positive and negative

differences are expected. The differences for Si02 and Al203 are

unacceptably large. The difference for FeO' is just slightly

larger than the expected accuracy. Host disturbing, however, is

the fact the the differences for Al203 for both analyses are

negative (i.e., Al203 values are consistently low with these

analytical procedures).
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Tumalo Pumice Standard Columbia River Basalt Standard
This Report
(Average)

O.S.U.
(Average) Difference

This Report
(Average) U.S.G.S. Difference

5i02 73.5 73.9 -0.4 56.8 55.1 +1.7

Ti02 0.15 0.16 -0.01 2.32 2.30 +0.02

Al203 13.4 15.0 -1.6 11.7 13.9 -2.2

FeO 2.10 2.17 -0.07 12.44 12.20 +0.22

1gO 0.3 0.4 -0.1 3.7 3.56 +0.1

CaO 0.86 0.90 -0.04 7.07 7.10 -0.03

Na20 4.7 4.8 -0.1 3.2 3.35 -0.2

K20 3.28 3.41 -0.13 1.67 1.70 -0.03

Total 98.29 100.74 98.90 99.21
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In summary, these calculations suggest that while the precision

of chemical analyses was excellent for all elements, the accuracy

was quite variable. This means that the analyses are consistent

within this report, but may not be exactly comparable to other

workers' analyses for some elements. Values for Al203 are the most

inaccurate and should be regarded as minima, and may be in error by

up to 1.5 wt%. Values for 5th2 are believed accurate to ±1 wt% for

most rocks, but the analysis of the Columbia River Basalt Standard

suggest that larger inaccuracies may occur. The most accurate and

precise value is Ti02, and the accuracy of the other elements is

good.



APPENDIX TH1EE

CHEMICAL ANALYSES WITH NORMS

Analyses of lava samples are listed first. Samples are grouped

by unit, and the units listed in the same order as discussed in

text. Pumice analyses follow, and are also grouped by unit, and the

units listed in the same order as discussed in text. Analytical

procedures and accuracies are discussed in Appendix 2. CIPW norms

were computed with a calculator using a program written by Dr. E. M.

Taylor, following the rules of calculation in Cox et al. (1979,

p. 407-414). Abbreviations for normative minerals are as follows:

q - quartz

or - orthoclase

ab - albite

an - anothite

c - corundum

di - diopside

hd - hedenbergite

en - enstatite

fs - ferrosilite

fo - forsterite

fa - fayalite

mt - magnetite

il - ilmenite

None of these analyses contain normative leucite, nepheline, acmite,

or wollastonite.
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Unit Taba Tdb
1

Tdb
2

Tdb
3

Tdb
4

Number 363 367 601 628 avg. M-51 35 605 55 124 347 697 avg. 733 750 avg.

SiO
2

54.4 54.1 55.6 54.2 54.6 49.5 49.4 49.6 50.8 50.6 52.7 51.4 51.4 51.8 51.6 51.7

hO
2

1.13 1.16 1.22 1.13 1.16 1.75 0.84 1.01 0.99 1.06 1.05 1.08 1.05 0.81 0.80 0.81

Al 023 17.4 16.5 17.0 17.6 17.1 15.3 16.1 16.6 16.9 17.1 15.6 16.8 16.6 16.3 15.6 16.0

FeO 7.67 7.66 7.98 7.57 7.72 10.30 9.11 9.47 9.31 9.46 9.08 9.44 9.32 8.96 8.98 8.97

NIgO 5.1 5.4 5.4 5.1 5.3 8.4 10.0 9.0 9.9 9.7 9.0 8.7 9.3 9.5 9.4 9.5

CaO 8.44 8.64 8.37 8.3) 8.44 10.10 11.84 11.99 10.80 11.00 11.67 11.58 11.26 11.98 11.94 11.96

Na 0
2

3.8 3.8 3.9 3.8 3.8 3.5 2.3 2.4 2.3 2.3 2.5 2.4 2.4 2.1 2.1 2.1

1(20 1.05 1.13 1.00 1.13 1.08 0.40 0.05 0.04 0.16 0.20 0.10 0.13 0.15 0.08 0.07 0.08

Total 98.99 98.39 100.47 98.83 99.20 99.25 99.64 100.11 101.16 101.42 101.70 101.53 101.48 101.53 100.49 101.12

q 2.75 2.08 3.39 2.37 0 0 0 0 0 1.35 0.12 0.84 1.26
or 6.22 6.69 5.92 6.b9 2.37 0.30 0.24 0.95 1.18 0.59 0.77 0.47 0.41

32.15 32.15 32.99 32.115 29.61 19.46 20.30 19.46 19.46 21.15 20.30 17.77 17.77
an 27.30 24.61 25.91 27.61 2484 33.44 34.39 35.30 35.73 31.03 :14.67 34.80 32.92
C 0 0 0 0 0 0 0 0 0 0 0 0 0

di 8.19 10.44 8.85 7.67 15.12 15.66 15.14 11.31 11.59 16.41 13.70 15.13 16.11
hd 3.66 4.37 3.85 3.7 5.27 4.69 5.11 3.41 3.59 5.23 4.70 4.71 5.09
en 9.00 8.71 9.45 9.25 1.32 9.96 9.81 16.65 15.03 14.98 15.49 16.83 16.13
fs 4.62 4.19 4.72 4.67 0.53 3.43 3.80 5.77 5.34 5.48 6.10 6.01 5.85
fo 0 0 0 0 8.94 5.52 4.04 2.07 2.76 0 0 0 0
fa 0 0 0 0 3.94 2.09 1.72 0.79 1.08 0 0 0 0
mt 4.93 4.93 5.13 4.E7 6.62 5.86 6.09 5.99 6.08 5.84 6.07 5.76 5.77
ii 2.14 2.20 2.31 2.14 3.32 1.59 1.92 1.88 2.01 1.99 2.05 1.54 1.52
Total 100.96 100.37 102.52 100.79 101.88 102.00 102.56 103.58 103.85 104.05 103.97 103.86 102.83



Unit Tdb Tdb
6

Tdb
7

Tdb
8

1db
9

Tdba
1

Tdba
3

2
Number 689 105 759 avg. H385 97 705 765 avg. 236 299 avg. 789 796 avg. 257

SiO 51.2 50.9 50.3 50.6 51.0 50.3 51.1 51.0 50.8 51.4 50.1 50.8 56.7 56.4 56.6 55.7
2

110 0.82 0.90 0.87 0.89 1.37 0.85 0.79 0.90 0.85 0.81 0.83 0.82 1.86 1.92 1.89 1.38

Al20 16.7 17.9 16.4 17.2 15.2 18.1 18.0 17.2 17.8 17.8 17.1 17.5 15.7 15.5 15.6 16.9

FeO* 8.61 9.05 8.76 8.91 10.60 8.80 8.92 8.88 8.87 8.57 8.31 8.44 9.01 9.20 9.11 8.73

MgO 8.9 8.7 8.1 8.4 6.9 9.2 9.1 9.6 9.3 8.1 8.5 8.3 3.3 3.4 3.4 4.2

CaO 11.01 11.36 11.63 11.50 9.70 11.46 11.49 11.42 11.46 11.60 11.18 11.40 6.63 6.77 6.70 7.77

Na 0 2.3 2.4 2.5 2.5 2.9 2.5 2.2 2.3 2.3 2.6 2.5 2.6 4.2 4.2 4.2 4.0
2

KU 0.25 0.05 0.12 0.09 0.60 0.20 0.06 .24 0.17 0.37 0.34 0.36 1.04 1.39 1.22 0.83

Total 99.79 101.26 98.68 100.09 98.27 101.41 101.66 101.54 101.55 101.25 98.86 100.22 98.4 98.78 98.72 99.51

q 0.61 0 0 1.10 0 0 0 0 0 8.66 7.01 5.80

or 1.48 0.30 0.71 3.55 1.18 0.36 1.42 2.19 2.01 6.16 8.23 4.92

ab 19.46 20.30 21.15 2.53 21.15 18.61 19.6 22.00 21.15 35.53 35.53 33.84

an 34.49 37.90 33.16 26.67 37.56 39.04 35.88 35.79 34.42 20.90 19.32 25.69
c 0 0 0 0 0 0 0 0 0 0 0 0

di 12.33 11.14 14.67 11.86 11.85 10.94 12.87 13.03 12.88 5.76 6.88 6.58

hd 3.90 3.76 5.15 5.61 3.70 3.55 3.85 4.53 4.09 4.14 4.88 3.98

en 16.63 15.45 13.11 11.82 9.91 17.37 14.38 11.48 11.69 5.61 5.34 7.49

6.04 5.99 5.29 6.42 3.55 6.47 4.94 4.57 4.26 4.64 4.35 5.21

fo 0 0.86 0.30 0 5.39 0.28 2.63 1.96 2.57 0 0 0

fa 0 0.37 0.13 0 2.13 0.11 1.00 0.86 1.03 0 0 0

mt. 5.54 5.82 5.63 6.82 5.66 5.74 5.71 5.51 5.34 5.79 5.92 5.61
ii 1.56 1.71 1.65 2.60 1.61 1.50 1.71 1.54 1.57 3.53 3.64 2.62
Total 102.04 103.60 100.95 100.98 103.69 103.97 103.85 103.46 101.01 100.72 101.11 101.74



Unit Tdba Tdba Tdba Tdba
3 4 6

Number 260 267 312 39 660 avg. 791 792 798 801 avg. 275 313 avg. 213

Si02 54.9 55.1 55.8 56.6 57.7 56.0 58.4 57.4 58.3 56.8 57.7 57.0 56.4 56.7 57.7

Ti02 1.46 1.39 1.43 1.43 1.41 1.42 1.91 1.89 1.90 1.96 1.92 2.19 2.17 2.18 1.72

Al203 17.7 16.9 15.9 16.1 16.6 16.7 14.6 14.4 14.5 15.6 14.8 15.5 15.5 15.5 15.1

FeO* 8.62 8.32 8.47 8.55 8.49 8.53 9.23 9.23 9.20 9.24 9.23 9.14 9.19 9.17 9.18

MgO 3.6 3.9 3.9 3.7 3.9 3.9 3.2 3.3 3.1 3.3 3.2 3.6 3.6 3.6 3.2

CaO 7.59 7.62 7.59 7.60 7.68 7.64 6.70 6.72 6.52 6.87 6.70 7.09 7.03 7.06 6.82

NaO 4.1 3.9 4.2 3.9 3.9 4.0 4.3 4.4 4.3 4.2 4.3 4.3 4.4 4.4 4.2

K20 0.81 0.90 0.86 0.89 0.93 0.87 0.99 0.97 1.02 1.13 1.03 0.95 0.87 0.91 1.02

Total 98.78 98.03 98.15 98.77 100.61 99.06 99.33 98.31 98.84 99.10 98.88 99.77 99.16 99.52 98.94

q 5.32 6.28 6.24 8.52 8.83 10.68 9.20 10.90 8.23 8.12 7.32 9.83

or 4.80 5.33 5.09 5.27 5.51 5.86 5.74 6.04 6.69 5.63 5.15 6.04

ab 34.68 32.99 35.53 32.99 32.99 36.38 37.22 36.38 35.53 36.38 37.22 35.53

an 27.48 25.93 21.98 23.78 25.02 17.60 16.66 17.23 20.36 20.17 19.96 19.32

C 0 0 0 0 0 0 0 0 0 0 0 0

di 4.99 6.06 7.95 6.90 6.62 7.34 7.91 7.01 6.55 7.60 7.52 6.72

hd 3.40 3.70 4.92 4.56 4.13 5.58 5.85 5.48 4.76 4.72 4.73 5.29

en 6.72 6.98 6.10 6.09 6.72 4.63 4.62 4.53 5.25 5.57 5.55 4.92
fs 5.26 4.89 4.34 4.62 4.82 4.03 3.92 4.07 4.39 3.93 4.01 4.45

fo 0 0 0 0 0 0 0 0 0 0 0 0

fa 0 0 0 0 0 0 0 0 0 0 0 0

mt 5.54 5.35 5.45 5.50 5.46 5.94 5.94 5.92 5.94 5.88 5.91 5.90
il 2.77 2.64 2.71 2.71 2.68 3.62 3.59 3.61 3.72 4.16 4.12 3.26
Total 100.96 100.15 100.31 100.94 102.78 101.66 100.65 101.17 101.44 102.16 101.49 101.26



Unit Tdpba1 Tdpba2 Tdpba3 Tdpba

Number 271 797 avg. 699-1 699-2 avg. 269 270 281 311 avg. 2i5 2L.9 avg.

SiO 55.1 55.1 55.1 55.i 56.3 55.9 5i.8 52.9 53.5 53.1 53.6 57.0 56.5 56.8

2

TiO 1.25 1.28 1.27 1.76 1.79 1.78 1.12 1.11 1.16 1.12 1.13 1.23 1.20 1.22

2

Al 0 18.0 18.3 18.2 17.0 16.5 16.8 16.5 16.i 17.8 18.2 17.2 18.5 18.2 18.

23
Fe0 8.03 8.20 8.12 9.42 9.58 9.50 8.74 8.58 8.61 8.72 8.66 7.58 7.4 7.51

NtgO £4.3 4.6 4.5 4.8 4.6 4.7 7.7 7.2 7.1 7.3 7.3 3.4 3.3 3.i

CaO 8.77 8.88 8.83 8.39 8.32 8.36 8.50 8.i5 8.i9 8.57 8.5 743 7.37 7i

Na20 3.6 3.6 3.6 3.5 3.6 3.6 3.4 3.4 3.6 3.5 3.5 4.1 4.2

0.68 .67 0.68 0.95 0.96 0.96 0.i7 0.i6 0.53 0.46 0.48 1.18 1.11 1.15K20

Total 99.73 100.63 100.30 101.22 101.65 101.60 101.23 98.50 100.79 100.97 100.37 100.i2 99.32 100.10

q 6.00 5.22 5.85 6.85 2.96 2.02 0.7i 0.3i 6.58 6.26

or £4.03 3.97 5.63 5.69 2.78 2.72 3.1i 2.72 6.99 6.57

ab 3O.i5 30.45 29.61 30.45 28.76 28.76 30.i5 29.61 3i.68 35.53

an 30.93 31.78 27.85 26.01 28.36 28.11 30.83 32.57 28.57 27.51

C 0 0 0 0 0 0 0 0 0 0

di 6.66 6.60 7.32 7.96 8.27 8.18 6.68 5.89 4.16 .52

hd 3.64 3.44 3.95 £4.55 2.90 3.00 2.i7 2.17 2.68 2.95

en 7.70 8.i9 8.65 7.86 15.49 1i.28 1i.72 15.59 6.61 6.19

fs 4.83 5.08 5.36 5.16 6.23 6.01 6.2i 6.59 £4.88 4.64

fo 0 0 0 0 0 0 0 0 0 0

fa 0 0 0 0 0 0 0 0 0 0

mt 5.16 5.27 6.06 6.16 5.62 5.52 5.54 5.61 4.87 4.78

ii 2.37 2.i3 3.3i 3.i0 2.13 2.11 2.20 2.13 2.33 2.28

Total 101.77 102.73 103.62 104.09 103.50 100.71 103.01 103.22 102.35 101.23



Unit Tdpba5 Tdpba6 Tdpba7 Tda Tdpa QTbm QTbc

Number RC 683 422 436 222 656 253 317 356 418 avg. 320 323 701-1 701-2 avg.

Si02 55.0 54.7 55.8 59.1 59.0 53.1 50.7 50.9 49.8 51.1 49.7 50.0 51.1 50.7 50.4

TiO 1.36 1.42 1.26 1.47 1.44 1.29 1.32 1.33 1.30 1.31 1.54 1.64 1.77 1.73 1.67

A103 18.9 18.4 19.1 15.7 17.9 13.3 13.9 14.7 14.2 14.0 1L.9 15.0 14.6 14.5 14.8

FeO* 7.50 8.61 8.29 7.97 7.59 10.84 11.73 11.56 11.91 11.51 9.93 10.22 10.86 10.66 10.42

IlgO 3.5 3.6 4.3 3.1 2.6 8.4 9.5 8.8 9.0 8.9 9.5 9.2 9.0 8.8 9.1

CaO 8.2 7.74 8.39 637 6.44 9.06 9.05 9.56 9.41 9.27 9.62 9.67 9.55 9.37 9.55

NaO 3.4 3.6 3.7 4.4 4.2 2.9 2.8 2.8 2.7 2.8 3.2 3.2 3.1 3.1 3.2

1(20
1.20 0.88 0.66 1.19 1.17 0.28 0.28 0.33 0.17 0.27 0.33 0.33 0.29 0.31 0.32

Total 99.06 98.95 101.50 99.30 100.34 99.17 99.28 99.98 98.49 99.16 98.72 99.26 100.27 99.17 99.46

q 6.92 6.72 5.92 10.42 10.90 3.59 0 0 0 0 0 0 0

or 7.11 5.21 3.91 7.05 6.93 1.66 1.66 1.95 1.01 1.95 1.95 1.72 1.84

ab 28.85 30.45 31.30 37.22 35.53 24.53 23.69 23.69 22.84 27.07 27.07 26.23 26.23

an 32.70 31.43 33.54 19.56 26.51 22.43 24.52 26.55 26.11 25.30 25.58 25.05 24.72

c 0 0 0 0 0 0 0 0 0 0 0 0 0

di 3.97 3.42 4.24 5.81 2.52 12.99 11.86 11.97 11.74 13.81 13.65 13.37 13.02
hd 2.40 2.35 2.41 4.13 2.01 5.26 4.65 4.97 4.96 4.23 4.40 4.65 4.56
en 6.82 7.45 8.83 5.09 5.36 15.06 16.50 15.13 15.38 6.96 7.88 13.19 13.26
fs 4.73 5.88 5.76 4.15 4.91 7.00 7.42 7.21 7.46 2.45 2.91 5.27 5.33

fo 0 0 0 0 0 0 1.29 0.99 1.24 7.34 6.23 2.25 1.96

fa 0 0 0 0 0 0 0.64 0.52 0.66 2.84 2.54 0.99 0.87

mt 4.82 5.54 5.33 5.13 4.88 6.97 7.54 7.43 7.66 6.39 6.57 6.98 6.85

±1 2.58 2.69 2.39 2.79 2.73 2.45 2.50 2.52 2.47 2.92 3.11 3.36 3.28
Total 100.90 101.14 103.63 101.35 102.28 101.94 102.27 102.93 101.53 101.26 101.89 103.06 101.92



SiO 70.7 67.2 69.3 70.0 69.5 72.8 66.9 66.6 68.6 63.7 64.5 66.6 67.1 68.8
Ti02 0.42 0.68 0.71 0.54 0.40 0.42 0.71 0.79 0.50 1.14 0.98 0.92 0.91 0.83
Al 15.3 15.2 14.8 16.0 14.7 16.3 15.6 15.4 16.2 16.5 15.7 16.3 16.7 16.9
FePC 2.83 4.19 4.13 3.42 2.86 2.70 4.23 4.67 3.10 5.71 5.04 5.05 4.87 4.25
MgO 1.5 1.6 1.4 1.3 1.1 0.6 1.4 1.5 2.1 1.7 1.4 1.8 1.4 1.1
CaO 2.10 3.20 3.25 2.61 2.08 1.75 3.47 3.58 1.91 3.96 3.46 3.88 3.24 2.75
Na 0 3.6 4.3 4.5 3.9 3.9 3.8 3.9 4.5 2.9 5.1 5.1 4.9 4.9 5.1
K2 3.11 2.66 2.99 3.44 3.71 3.96 2.90 2.49 3.06 1.82 1.96 1.84 2.04 2.20

99.56 99.03 101.08 101.21 98.25 102.33 99.11 99.53 98.37 99.63 98.14 101.29 101.16 101.93
Total

q 30.04 21.55 22.16 25.33 25.41 29.88 22.20 19.99 31.62 14.72 16.74 18.74 20.04 21.72
or 18.42 15.75 17.71 20.37 21.97 23.45 17.17 14.75 18.12 10.78 11.61 10.90 12.08 13.03
ab 30.45 36.38 38.07 32.99 32.99 32.15 32.99 38.07 24.53 43.14 43.14 41.45 41.45 43.14
an 10.43 14.29 11.33 12.97 10.33 8.69 15.47 14.44 9.49 16.73 14.14 17.03 16.10 13.66
c 2.18 0 0 1.10 0.47 2.56 0 0 4.63 0 0 0 0.52 1.11
d 0 0.75 2.17 0 0 0 0.34 1.47 0 1.28 1.28 1.04 0 0
hd 0 0.57 1.81 0 0 0 0.30 1.30 0 1.15 1.25 0.81 0 0
en 3.77 3.67 2.51 3.26 2.76 1.51 3.35 3.08 5.27 3.67 2.92 4.03 3.51 2.76
fs 2.42 3.18 2.41 2.87 2.49 2.28 3.32 3.14 2.59 3.79 3.26 3.60 3.86 3.31
fo 0 0 0 0 0 0 0 0 0 0 0 0 0 0
fa 0 0 0 0 0 0 0 0 0 0 0 0 0 0
mt 1.82 2.69 2.66 2.20 1.84 1.74 2.72 3.00 1.99 3.67 3.24 3.25 3.13 2.73
il 0.80 1.29 1.35 1.02 0.76 0.80 1.35 1.50 0.95 2.16 1.86 1.75 1.73 1.57

100.33 100.12 102.18 102.11 99.02 103.06 100.21 100.74 99.19 101.09 99.4.4 102.60 102.42 103.03
Total

Unit Tdt Tdt Tdt
2 4 6

Number 401 417 612 614 615 616 620 624 595 t30 631 636A 636B 636C

Remarks very mixed mixed yellow- yellow- yellow- mixed mixed 10 black mixed 2 2 light

pale brownish olive ish ish ish dark brownish white pumice black brownish brown- brownish
orange gray & gray & gray gray gray gray & gray & pumice and gray ish gray
pumice very very pumice pumice pumice light light light pumice gray pumice

light

gray

pumice

light

gray

pumice

gray

pumice

gray

pumice

gray

pumice

pumice



Unit Tdtl0
Number 588 589A 589B 589C 609

avg.
5 89 ABC

Td t
11

681 682 683

Remarks 10 white white white pinkish white brownish mixed 4

pale pumice pumice pumice gray pumice black light pinkish
olive pumice puiiiice gray & gray
(oxi- mediuiii pumice
dized) gray
pumice pumice

SiO 67.6 71.2 71.5 73.4 72.6 72.0 61.1 65.6 69.3
TiO 0.85 028 0.28 0.26 0.26 0.27 1.39 0.93 0.84
Al 0 12.9 14.2 13.9 14.1 14.0 14.1 16.2 15.5 15.9
Fe*3 5.76 2.41 2.39 2.31 2.28 2.37 6.64 4.78 4.38
MgO 1.9 2.4 2.4 2.4 1.1 2.4 2.3 1.5 1.4
CaO 3.05 1.46 1.42 1.34 1.28 1.41 4.74 3.16 2.87
Na 0 3.6 2.4 2.4 2.4 3.1 2.4 4.8 5.2 5.0
K2 2.83 3.86 3.87 3.85 5.07 3.86 1.33 1.78 1.94
Total 98.49 98.21 98.16 100.06 99.69 98.81 98.50 98.45 101.63
q 25.20 34.76 35.12 37.29 29.85 13.29 18.31 23.03
or 16.76 22.86 22.92 22.80 30.03 7.88 10.54 11.49
ab 30.45 20.30 20.30 20.30 26.23 40.61 43.99 1.2.30
an 10.65 7.25 7.05 6.66 6.36 ]8.71 13.67 14.26
c 0 3.40 3.17 3.53 1.07 0 0 0.34
d 1.96 0 0 0 0 2.27 0.90 0
hd 1.77 0 0 0 0 1.72 0.77 0
en 3.86 6.02 6.02 6.02 2.76 4.72 3.35 3.51
fs 3.99 2.19 2.17 2.11 2.08 4.10 3.31 3.43
fo 0 0 0 0 0 0 0 0
fa 0 0 0 0 0 0 0 0
mt 3.70 1.55 1.54 1.49 1.47 4.27 3.07 2.82
il 1.61 0.53 0.53 0.49 0.49 1.76 1.59
Total 99.95 98.86 98.82 100.69 100.34 100.21 99.67 102.77



Unit

Number

Remarks

391 392 768

3 very very

grayish light light.

black gray gray

pumice pumice pumice

1dt13

772B 772M 773 330

pale mixed mixed black

yellow- pale white pumice

ish yellow- & gray

brown brown & pumice

pumice grayish

black

pumice

Tdt
15

334 543 544

mixed yellow- brownish

black & ish black

light gray pumice

olive pumice

gray

545 650 654

mixed 2

yellow- yellow-

ish gray ish gray

& medium pumice

gray

pumice

olive

gray

pumice

SiO 55.8 71.8 60.5 56.9 51.0 58.9 65.0 63.9 69.0 68.8 69.5 70.5 69.9
Ti02 1.01 0.40 1.15 1.56 1.08 1.19 0.93 1.04 0.59 0.62 0.67 0.61 0.60
Al 17.1 14.7 18.9 18.9 18.5 17.5 15.6 15.7 15.4 15.6 14.5 15.0 14.4
Fe 7.80 3.17 6.95 7.93 8.02 7.21 4.84 5.29 3.66 3.71 3.85 3.67 3.62
MgO 5.2 0.9 2.7 3.4 5.9 3.0 1.3 1.5 0.8 0.7 0.7 0.7 0.6
CaO 10.14 2.38 6.28 7.85 11.29 6.64 3.08 3.50 1.96 2.07 2.32 2.01 1.96
Na 0 2.9 3.5 3.7 3.8 2.5 3.8 5.3 5.2 4.5 5.0 4.3 5.0 5.4

0.95 3.65 1.44 0.86 0.54 1.47 2.24 2.10 3.06 2.70 3.67 2.75 2.75
Total 100.90 100.50 101.62 101.20 98.83 99.71 98.29 98.23 98.97 99.20 99.51 100.24 99.23

q 6.87 29.76 13.49 8.34 2.15 8.83 16.06 14.94 24.36 22.55 23.49 24.20 22.16
or 5.63 21.62 8.53 5.09 3.20 8.71 13.27 12.44 18.12 15.99 21.73 16.29 16.29
ab 24.53 29.61 31.30 32.15 21.15 32.15 44.84 43.99 38.07 42.30 36.38 42.30 45.68
an 30.82 11.82 30.68 31.95 37.64 26.33 12.14 13.27 9.74 10.28 9.39 9.99 6.91
C 0 0.65 0 0 0 0 0 0 1.11 0.67 0 0.13 0
d 10.85 0 0.24 3.54 10.55 2.44 1.31 1.75 0 0 0.71 0 0.88
hd 5.01 0 0.18 2.22 4.37 3.15 1.32 1.66 0 0 1.09 0 1.52
en 8.02 2.26 6.66 6.89 9.92 6.40 2.66 2.95 2.01 1.76 1.43 1.76 1.10
fs 4.25 2.83 5.65 4.97 4.72 9.50 3.09 3.22 3.05 3.06 2.55 3.03 2.18
fo 0 0 0 0 0 0 0 0 0 0 0 0 0
fa 0 0 0 0 0 0 0 0 0 0 0 0 0

5.02 2.04 4.47 5.10 5.16 0.14 3.11 3.40 2.35 2.39 2.48 2.36 2.33
il 1.92 0.76 2.18 2.96 2.05 2.26 1.76 1.97 1.12 1.18 1.27 1.16 1.14

101.33 103.38 103.21 100.91 99.91 99.56 99.59 99.93 100.18 100.52 101.22 100.19
Total 102.92



SiO 70.2 70.8 71.4 71.7 70.6 61.7 62.0 59.1 55.6 68.7

Ti02 0.41 0.39 0.37 0.39 0.36 1.39 0.99 1.51 1.40 0.39

Al 14.3 15.1 14.7 15.4 14.5 16.6 15.3 16.2 17.1 14.8

Fe*3 2.93 2.85 2.76 2.94 2.72 6.52 6.04 7.23 9.40 2.92

MgO 1.3 0.6 0.5 0.6 0.5 2.4 2.7 3.0 6.6 2.1

CaO 1.82 1.62 1.55 1.62 1.56 5.16 4.69 6.22 7.72 2.00

Na 0 3.6 5.1 3.1 4.3 4.9 4.7 4.3 1.4 3.0 3.4

4.04 3.20 4.20 3.64 3.12 1.53 2.08 0.61 4.03K2

Total 98.60 99.66 98.58 100.59 98.26 100.00 98.10 98.85 101.43 98.34

q 26.82 23.43 32.14 27.24 25.02 12.96 14.20 1O.84 7.26 24.92

or 23.93 18.95 24.87 21.56 18.48 9.06 12.32 7.05 3.61 23.87

ab 30.45 43.14 26.23 36.38 41.45 39.76 36.38 37.22 25.38 28.75

an 9.04 8.05 7.70 8.05 7.75 19.66 16.28 20.92 31.37 9.94

c 0.68 0.29 2.22 1.43 0.21 0 0 0 0 1.19

d 0 0 0 0 0 2.88 3.50 5.01 3.97 0

hd 0 0 0 0 0 2.03 2.25 3.16 1.68 0

en 3.26 1.51 1.26 1.51 1.26 4.69 5.16 5.21 14.73 5.27

fs 2.55 2.49 2.43 2.59 2.40 3.80 3.81 3.78 7.14 2.57

fo 0 0 0 0 0 0 0 0 0 0

fa 0 0 0 0 0 0 0 0 0 0

nit 1.88 1.83 1.77 1.89 1.75 4.19 3.88 4.65 6.04 1.88

il 0.78 0.74 0.70 0.74 0.68 2.64 1.88 2.87 2.66 0.74

Total 99.39 100.43 99.32 101.39 99.00 101.67 99.66 100.71 103.84 99.13

Unit Tdt16

Number 91 145 338 340 483 566 567 575 665 739

Remarks pinkish brownish pinkish brownish brownish mixed mixed grayish brownish pinkish

gray gray gray gray gray light light black black gray

pumice pumice pumice pumice pumice gray &

brownish

gray

pumice

gray &

brownish

gray

pumice

pumice pumice pumice



Remarks black yellow- mixed black mixed brownish olive yellow- black bro.jn- black
glassy ish black pumice black black gray ish glassy ish pumice
block gray & brown- & light pumice pumice gray block black

pumice ish gray gray pumice pumice
pumice pumice

pale
yellow-
ish
brown
pumice

dark dark
yellow- pumice
ish
brown
pumice

SiO 61.6 67.8 69.1 62.1 6L4.8 63.7 65.0 65.0 63.3 66.8 68.6 66.6 68.7 67.7
Ti02 1.11 0.67 0.73 1.38 1.15 1.09 1.13 0.96 0.98 0.72 0.73 0.75 0.76 0.7L4
Al 15.8 15.6 1L4.1 1L4.6 15.5 15.0 1L4.3 15.L4 16.2 1L4,9 1L4.9 15.9 15.6 15.3
Fe* 6.18 3.92 L4.11 6.63 5.67 6.0L4 6.17 5L45 5.51 L4.0L4 L4.03 4.15 L4.07 4.07
MgO 2.3 0.9 0.9 2.3 1.8 2.0 2.1 1.6 1.7 1.7 0.9 0.9 0.9 1.1
CaO 4.72 2.26 2.43 4.73 3.88 4.48 4.60 3.81 4.02 2.30 2.25 2.33 2.34 2.31
Na 0 4.9 4.8 5.1 4.9 5.2 4.8 4.9 4.6 5.2 5.3 5.L4 4.9 4.9 5.1
K2 1.67 2.77 2.57 1.71 1.96 1.76 1.75 1.88 1.86 2.59 2.56 2.6L4 2.77 2.64
Total 98.28 98.72 99.04 98.35 99.96 98.87 99.95 98.70 98.77 98.35 99.37 98.17 100.04 98.96

q 12.50 21.67 22.47 13.55 15.44 16.03 16.98 21.12 13.80 17.b3 20.31 20.18 21.81
or 9.89 16.40 15.22 10.13 11.61 10.42 10.36 11.13 11.02 15.3L4 15.16 15.63 16.40
ab 41.45 40.61 43.14 41.L45 43.99 40.61 41.45 38.91 43.99 4L4.8L4 L45.68 41.45 41.L45
an 16.16 11.23 7.97 12.77 13.14 14.16 11.84 15.80 15.35 9.19 8.83 11.58 11.62
c 0 0.58 0 0 0 0 0 0 0 0 0 0.73 0.27
d 3.43 0 1.51 5.03 2.76 3.63 5.01 2.36 2.01 1.10 0.87 0 0
hd 2.57 0 1.93 3.81 2.31 3.05 4.08 0.09 1.82 0.73 1.09 0 0
en 4.18 2.26 1.56 3.44 3.24 3.34 2.95 2.92 3.34 3.76 1.85 2.26 2.26
fs 3.60 3.21 2.29 2.99 3.11 3.22 2.75 0.13 3.47 2.87 2.65 3.33 3.22
fo 0 0 0 0 0 0 0 0 0 0 0 0 0
fa 0 0 0 C) 0 0 0 0 0 0 0 0 0
mt 3.97 2.52 2.64 4.26 3.65 3.88 3.97 1.03 3.54 2.60 2.59 2.67 2.62
il 2.11 1.27 1.39 2.18 2.07 2.14 1.82 1.86 1.37 1.39 1.42 1.44
Total 99.86 99.75 100.12 100.05 101.43 100.41 101.53 95.32 100.20 99.43 100.42 99.25 101.09

Unit Tdt
17

Tdt22

Number L487 490 L492 493 494 777 779 780 802 569 570 571 572 avg.



Unit Tdt26 Tdt28 Tdt29

Number 752 75L4 75L4B avg. L4L48 449 L450 513 522 523A 523B avg.

Remarks brownish 2 3 dark very 2 light 4 black black black black
black yellowish light pumice light medium olive very pumice pumice pumice pumice
pumice gray olive gray dark gray light

pumice gray pumice gray pumice gray
pumice pumice pumice

SiO 65.3 64.8 65.4 65.2 72.0 67.5 67.5 69.0 63.5 63.9 65.7 64.L4
110 1.02 0.93 1.00 0.98 0.38 0.68 0.68 0.L48 l.1L4 1.09 1.11 1.11
Al 15.5 16.2 16.1 15.9 15.6 16.0 16.3 15.8 16.4 15.3 15.8 15.8
Fe*3 5.03 4.76 5.01 4.93 3L45 4.56 4.L49 3.86 5.78 5L47 5.38 55L4
MgO 1.6 1.5 1.2 1.4 0.4 1.0 0.9 0.6 2.2 1.8 1.7 1.9
CaO 3.31 2.89 3.13 3.11 1.52 2.54 2.33 1.72 4.65 4.06 4.0L4 4.25
Na 0 5.3 5.2 5.5 5.3 4.1 4.6 5.2 4.0 4.6 4.9 5.0 4.8
K2 2.05 2.00 1.95 2.00 3.23 2.98 2.16 2.81 1.77 1.82 1.86 1.82
Total 99.11 98.28 99.29 98.85 100.68 99.86 99.56 98.27 100.04 98.34 100.59 99.65

q 16.30 16.82 16.18 30.53 20.66 20.95 28.86 15.63 16.41 17.54
or 12.14 11.84 11.55 19.13 17.65 12.79 16.64 10.48 10.78 11.02
ab 44.84 43.99 46.53 34.68 38.91 L43.99 33.84 38.91 41.45 42.30
an 12.L43 1L4.36 13.6 7.55 12.62 11.58 8.54 18.85 14.36 15.15
c 0 0.21 0 2.58 0.57 1.16 3.04 0 0 0
d 1.81 0 0.82 0 0 0 0 2.05 2.65 2.21
hd 1.51 0 0.92 0 0 0 0 1.45 2.15 1.85
en 3.18 3.77 2.63 1.00 2.51 2.26 1.51 4.57 3.29 3.24
fs 3.05 3.70 3.37 3.17 3.89 3.82 3.L45 3.71 3.07 3.10
fo 0 0 0 0 0 0 0 0 0 0
fa 0 0 0 0 0 0 0 0 0 0
mt 3.23 3.06 3.22 2.22 2.93 2.89 2.48 3.72 3.52 3.6
±1 1.94 1.76 1.90 0.72 1.29 1.29 0.91 2.16 2.07 2.11
Total 100.43 99.51 100.58 101.58 101.03 100.73 99.27 101.53 99.75 101.98



Unit Tdt30 Hornblende Pumice

Number 428 429 508A 5088 508C 526 528 avg. 142 805 806D 806L 806M avg. 142/

5O8ABC 805/806L

Remarks olive black light light light black black light white white 10 white 8 white

black pumice olive olive olive pumice pumice olive pumice pumice light pumice mixed pumice

pumice gray gray gray gray gray white

pumice pumice pumice pumice pumice & light

gray

pumice

Si02 68.0 63.1 69.1 69.2 68.5 61.4 59.5 68.9 68.4 68.0 61.0 68.1 63.4 68.2

TiO 0.84 1.32 0.54 0.57 0.55 1.61 1.61 0.55 0.47 0.44 0.82 0.44 0.71 0.45

Al 15.9 15.7 14.7 15.8 14.5 17.5 16.9 15.0 16.1 15.3 18.6 15.1 18.0 15.5

Fe*3 4.42 6.12 4.24 4.28 4.21 7.63 7.76 4.24 3.55 3.37 6.29 3.30 5.33 3.41

KgO 1.0 1.9 0.7 0.8 0.7 1.7 2.8 0.7 1.4 1.4 3.2 1.4 2.7 1.4

CaO 2.61 4.12 2.26 2.42 2.22 5.71 5.83 2.30 3.32 3.10 6.50 3.19 5.32 3.2

Na 0 5.2 5.0 5.4 4.9 5.2 4.9 4.8 5.2 4.8 4.7 4.1 4.6 4.3 4.7

2.45 1.89 2.33 2.27 2.33 1.18 1.14 2.31 1.98 2.00 1.16 2.01 1.42K2

Total 100.42 99.15 99.27 100.24 98.21 101.63 100.34 99.20 100.02 98.31 101.67 98.14 101.18 98.86

q 19.79 14.30 21.70 23.95 22.25 12.35 9.58 22.31 23.10 16.72 23.71 15.59

or 14.51 11.19 13.80 13.44 13.80 6.99 6.75 11.73 11.84 6.87 11.90 8.41

ab 43.99 42.30 45.68 41.45 43.99 41.45 40.61 40.61 39.76 34.68 38.91 36.38

an 12.78 14.79 8.97 12.02 9.32 22.25 21.18 16.49 14.72 28.90 14.60 25.60

c 0 0 0 0.87 0 0 0 0.01 0 0 0 0

d 0.07 2.56 0.67 0 0.51 2.35 3.70 0 0.32 0.28 0.60 0.42

hd 0.08 2.13 1.25 0 0.94 2.76 2.70 0 0.24 2.70 0.43 0.26

en 2.48 3.58 1.45 2.01 1.52 3.18 5.31 3.51 3.37 0.37 3.24 6.58

fs 3.43 3.42 3.11 3.77 3.22 4.27 4.44 3.13 2.85 4.13 2.67 4.56

fo 0 0 0 0 0 0 0 0 0 0 0 0

fa 0 0 0 0 0 0 0 0 0 0 0 0

mt 2.84 3.94 2.73 2.75 2.71 4.91 4.99 2.28 2.17 4.04 2.12 3.43

il 1.59 2.50 1.02 1.08 1.04 3.05 3.05 0.89 0.83 1.56 0.83 1.35

Total 101.56 100.71 100.38 101.34 99.30 103.56 102.31 100.96 9.20 100.25 99.01 102.58



APPENDIX FOUR

SAMPLE LOCATIONS

Samples are listed in numerical order. The locations of these

samples are also shown on the geologic map (Plate 1). Samples that

were not thin-sectioned, chemically analyzed, sieved, or discussed

individually are omitted from this list.
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Sample

Number

1/4, 1/4, 1/4,

Section

Township

(South)

Range Elevation

(East) (Feet) Unit

5 NW,SW,NW,31 11 11 3250 Tda

8 NE,SE,SW,34 11 12 1970 Tds

9 NE,SE,SW,34 11 12 1975 Tds

13 NE,SE,SW,34 11 12 2080 Tdb2

35 NE,SE,SW,34 11 12 2095 Tdb2

37 NW,SE,SW,34 11 12 2110 Tds

38 NW,SE,SW,34 11 12 2130 Tds

55 SW,SE,SW,34 11 12 2200 Tdb3

56 SW,SE,SW,34 11 12 2190 Tds

57 SW,SE,SW,34 11 12 2190 Tds

79 NW,SE,SW,34 11 12 2270 Tds

91 NW,SE,SW,34 11 12 2315 Tdtl6

97 NW,SE,SW,34 11 12 2480 Tdb8

102 NW,SE,SW,34 11 12 24.40 Tds

105 NW,SE,SW,34 11 12 2450 Tdb6

106 NW,SE,SW,34 11 12 24.40 Tds

110 NW,SE,SW,34 11 12 2340 Tds

124 SW,NW,SW,3 12 12 2200 Tdb3

135 SW,SW,SE,27 11 11 2525 Tdtl6

136 SW,SW,SE,27 11 11 2525 Tdtl6

139 SE,SE,SW,27 11 11 2525 Tdtl6

142 SW,SE,NW,33 11 11 2560 Qhp

145 SE,SW,SW,33 11 11 2605 Tdtl6

152 SW,SE,NW,28 11 11 2260 QTbm

157 SE,NE,NW,4 12 11 2810 Tdba6

159 NE,SE,NW,4 12 11 2510 TdtlS

160 NE,SE,NW,4 12 11 2480 TdtlS

205 SW,NW,NE,4 12 11 2780 Tdba6

213 SE,NE,NE,4 12 11 2740 Tdba6

218 SE,NW,NW,3 12 11 2815 Tdba6

221 NE,SW,NW,3 12 11 2930 Tdb9

222 NW,SE,NW,31 11 11 3155 Tda

226 NE,SW,NW,31 11 11 3190 Tda

228 NE,SW,NW,31 11 11 3250 Tda

236 NE,NW,SW,36 11 11 2725 Tdb9

237 SW,NW,NW,32 11 11 2460 Tdpba4

240 SW,NE,NE,31 11 11 2720 Tdtl6

Remarks

interior of flow

bottom flow unit

third flow unit upward

sieved

15' above base

baked

sieved

near top

3' above base

fused tuff

3' above base

fused tuff

3' above base

welded

welded

welded

30' below top

above base

clastic dike

clastic dike

near base

near base

at top of flow

6' above base

above base

near base

at top of flow

L below top

at base

densely welded



338

Sample

Number

1/4, 1/4, 1/4,

Section

Township

(South)

Range Elevation

(East) (Feet) Unit

245 SE,SW,NW,32 11 11 2485 Tdpba4

246 NW,SE,NW,32 11 11 2390 Tdpba4

249 SW,SW,NW,32 11 11 2490 Tdpba4

253 NW,SW,SE,29 11 11 2270 QTbm

257 NE,SE,SE,25 11 10 2575 Tdba3

260 NW,SE,SE,25 11 10 2600 Tdba3

261 NW,SE,SE,25 11 10 2680 Tdba3

267 SW,SE,NW,30 11 11 2605 Tdba3

269 SE,SW,NE,19 11 11 21445 Tdpba3

270 NE,SW,NE,19 11 11 2440 Tdpba3

271 SW,NE,NW,19 11 11 2405 Tdpbal

275 NW,SW,NE,19 11 11 2780 Tdba5

277 SW,SW,NE,26 11 10 2720 Tdba3

281 NW,SW,NW,25 11 10 2585 Tdpba3

285 NW,SW,SW,19 11 11 2540 Tdba3

294 SW,NW,SE,36 11 11 2695 Tdba9

296 SW,NE,SW,1 12 11 2760 Tdb9

299 SE,SW,SE,31 11 12 2605 Tdb9

306 NW,SW,SW,3 12 11 2990 Tds

311 SW,NW,NW,25 11 10 2580 Tdpba3

312 SE,NW,NW,25 11 10 2650 Tdba3

313 SW,SW,SW,24 11 10 2965 Tdba5

317 NE,SE,SW,19 11 11 2310 QTbm

320 NW,SE,NW,27 11 12 2300 QTbc

323 NE,SW,NW,27 11 12 2220 QTbc

326 SW,SE,NW,27 11 12 2435 Tdb8

330 NW,SW,NE,33 11 11 2530 TdtlS

334 NW,SW,NE,33 11 11 2530 TdtlS

338 NW,SW,NE,33 11 11 2590 Tdtl6

340 NW,SW,NE,33 11 11 2590 Tdtl6

347 SE,SW,SE,26 11 11 2340 Tdb3

353 SE,SW,NW,27 11 11 2210 QTbin

356 SE,SW,NW,27 11 11 2180 QTbm

358 SE,SW,NW,27 11 11 2130 QTbm

360 SW,SE,NW,27 11 11 2060 QTbm

361 NW,SE,NW,27 11 11 1930 Taba

363 SW,SW,NW,27 11 11 1950 Taba

366 SE,SW,NW,27 11 11 1990 Taba

367 NW,SE,NW,27 11 11 1960 Taba

368 SW,SE,NE,28 11 11 2270 Tdb3

372 NW,NW,SW,27 11 11 2370 TdtlS

382 NW,SE,SW,28 11 11 2345 Tdlb

389 NW,SW,NW,33 11 11 2360 Tdlb

391 SW,NW,NW,33 11 11 2330 Tdtl3

Remarks

near top

middle of flow

20' above base

20' below top

20' below top

at base of N flow unit

middle of unit

15' below top

interior of flow

interior of flow

top of flow

near base

15' above base

8' above base

top of flow

near top

6' above base

5' below top

sieved

4' above base

10' above base

15' above base

near base

near base of top

flow unit

middle of second

flow unit from top

near base

near top

middle of unit

4' above base

top flow unit

fourth flow unit

from top

sixth flow unit

from top

bottom flow unit

clast in flow breccia

loose block

above flow breccia

platy-jointed

2' above base

cobble

interbed between two

lithic breccias



near top

near top

above base

cow dung bomb

fused tuff

below top

poor outcrop

sieved

cobble

Remarks

2' dia. pumice

20' below top

near base

zone of max. welding

sieved

sieved

radially-jointed

cobble
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Sample

Number

1/4, 1/4, 1/4,

Section

Township

(Southl

Range Elevation

(East) (Feet) Unit

392 SW,NW,NW,33 11 11 2330 Tdtl3

398 NW,SW,NW,33 11 11 2410 Tdlb

401 NE,NW,NW,33 11 11 2210 Tdt2

405 NW,NE,NW,33 11 11 2325 Tdtl3

407 NW,NW,NW,33 11 11 2350 Tdlb

417 SE,SW,NW,28 11 11 2100 Tdt2

418 NE,SW,NW,28 11 11 2150 QTbm

422 SE,SW,SE,14 11 10 3265 Tdpba6

428 NE,NW,SE,36 11 10 3110 Tdt3O

429 NE,NW,SE,36 11 10 3110 Tdt3O

430 NW,NE,SE,36 11 10 3210 Tds

433 NW,NW,NE,23 11 10 3270 Tdpba6

436 NE,NE,SE,23 11 10 3230 Tdpba7

445 NE,NW,NW,6 12 12 2510 Tdlb

446 ,NW,NW,6 12 12 2510 Tds

448 ,NW,NW,6 12 12 2560 Tdt28

449 E,NW,NW,6 12 12 2560 Tdt28

450 NW,NW,6 12 12 2560 Tdt28

458 SE,SW,SE,31 11 12 2520 Tdlb

46511 SE,SW,SW,30 11 12 2440 Tds

465V SE,SW,SW,30 11 12 2440 Tds

483 NE,SE,SW,36 11 11 2440 Tdtl6

487 NE,SE,NW,26 11 10 2830 Tdtl7

490 NE,SE,SE,24 11 10 2660 Tdtl7

492 NE,SE,SE,24 11 10 2660 Tdtl7

493 NE,SE,SE,24 11 10 2660 Tdtl7

494 NE,SE,SE,24 11 10 2660 Tdtl7

497 NE,SW,SE,24 11 10 2840 Tdlb

498 SE,NW,SE,24 11 10 3070 Tdpba6

500 NE,NW,NE,1 12 11 2510 Tdlb

508A NW,NW,NW,10 12 11 2840 Tdt3O

508B NW,NW,NW,10 12 11 2840 Tdt3O

508C NW,NW,NW,10 12 11 2840 Tdt3O

511 SW,NE,SE,2 12 11 2540 Tds

513 NW,SE,NE,2 12 11 2670 Tdt28

514 NW,SE,NE,2 12 11 2620 Tdlb

518 NE,SE,NE,35 11 11 2710 Tdt3O

520 NW,SE,SE,23 11 10 3120 Tdt29

521 NE,SE,SE,23 11 10 3135 Tdt29

522 NW,SE,SE,23 11 10 3150 Tdt29

523A NW,NE,NE,36 11 11 2420 Tdt29

523B NW,NE,NE,36 11 11 2420 Tdt29

524 SW,SE,SW,36 11 11 2575 Qhp

526 NW,SW,SE,35 11 11 2700 Tdt3O

528 NW,SW,SE,35 11 11 2700 Tdt3O

530 NW,NW,NW,36 11 11 2390 Tds

537 SE,NW,NE,36 11 11 2515 Qhp

540 SE,NW,SE,32 11 11 2720 Tdlb



Sample 1/4, 1/4, 1/4, Township Range Elevation
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Number Section (South) (East) (Feet) Unit

543 SE,SE,NE,32 11 11 2490 TdtlS

544 SE,SE,NE,32 11 11 2490 TdtlS

545 SW,SW,NW,33 11 11 2485 TdtlS

550 NE,SW,NW,1 12 11 2500 Tdlb

556 SE,NE,SE,35 11 11 2775 Tds

557 SE,NE,SE,35 11 11 2685 Tds

560 NE,SW,SW,36 11 11 2620 Tdlb

562 NW,SW,SW,36 11 11 2560 Tdlb

566 NE,NW,NW,4 12 11 2750 Tdtl6

567 NE,NW,NW,4 12 11 2750 Tdtl6

569 NW,NW,NE,5 12 11 2780 Tdt22

570 SW,NW,NE,5 12 11 2785 Tdt22

571 SW,NW,NE,5 12 11 2785 Tdt22

572 SW,NW,NE,5 12 11. 2785 Tdt22

574 SE,NW,NW,31 11 11 2850 Tdtl6

575 SE,SE,NW,31 11 11 2830 Tdtl6

576 SE,NE,SE,36 11 10 2790 Tdlb

578 SE,SE,SE,35 11 11 2625 Tdlb

586 SW,NW,NW,36 11 11 2625 Tdlb

587 SE,SW,SE,26 11 11 2285 TdtlO

588 SE,SW,SE,26 11 11 2290 TdtlO

589A SE,SW,SE,26 11 11 2290 TdtlO

589B SE,SW,SE,26 11 11 2290 TdtlO

590 SW,SW,SE,26 11 11 2280 Tds

591 NE,SW,SE,26 11 11 2280 Tds

593 SE,NE,SW,26 11 11 2160 Tds

594 SE,NE,SW,26 11 11 2150 Tds

595 SE,NE,SW,26 11 11 2130 Tdt4

599 NW,NE,SW,26 11 11 1955 Tdt2

600 NW,SW,SE,26 11 11 2160 Tds

601 SW,NW,SE,26 11 11 1965 Taba

603 NE,SW,SE,25 11 11 2050 Tdt4

605 NE,SW,SW,30 11 12 2090 Tdb2

609 SE,SE,SE,30 11 12 2200 TdtlO

611 SE,SE,SW,25 11 11 2150 Tdb2

612 SE,NW,SW,26 11 11 2030 Tdt2

614 SE,NW,SW,26 11 11 2030 Tdt2

615 SE,NW,SW,26 11 11 2030 Tdt2

616 SE,NW,SW,26 11 11 2030 Tdt2

620 SE,NW,SW,26 11 11 2040 Tdt2

621 SE,SW,NW,36 11 11 2580 Qhp

622 SE,NE,SE,35 11 11 2710 Tds

623 SW,NW,SW,26 11 11 2005 Tdt2

624 SW,NW,SW,26 11 11 2050 Tdt2

627 SE,NE,SE,27 11 11 2030 Taba

628 NE,SE,SE,27 11 11 2000 Taba

Remarks

lowest flow unit

lowest flow unit

lowest flow unit

sieved

near top

near top

poor outcrop

top of unit, poor

outcrop

near base

near top

near top

near top

sieved

near top

near base

sieved

float

near base

middle of bottom

f low unit

near top

1' above base of

lowest flow units

top flow unit

top flow unit

top flow unit

top flow unit

top flow unit

sieved

sieved

cobble

top flow unit

from brecciated top

platy, dense
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Sample

Number

1/4, 1/4, 1/4,

Section

Township

(South)

Range Elevation

(East) (Feet) Unit

629 NE ,SE, SE ,27 11 11 2060 Tdt2

630 NW , SE, SE , 27 11 11 2200 Tdt6

631 NW, SE, SE , 27 11 11 2200 Tdt6

635 SE , SE , SE , 27 11 11 2135 Tdt6

636A SE , SE ,SE , 27 11 11 2125 Tdt6

636B SE ,SE ,SE ,27 11 11 2125 Tdt6

636C SE , SE, SE , 27 11 11 2125 Tdt6

639 NW ,SW ,NW ,25 11 10 2630 Tdba3

645 NW ,SW, SE ,26 11 10 2905 Tdpba5

649 SW,NE,NW,30 11 11 2570 Tdba3

650 SW,NE,NW,30 11 11 2645 TdtlS

652 SW ,NE,NE, 30 11 11 2605 TdtlS

654 NE,SW,NW,30 11 11 2665 TdtlS

656 NE ,NE ,NW, 35 11 10 2945 Tdpa

659 SW, NE ,NW,36 11 10 2670 Tdba3

660 NE ,SE ,NW,36 11 10 2670 Tdba3

665 SE , SE ,NE, 35 11 10 2970 Tdtl6

666 NE , NW , SW , 32 11 12 2550 Tdb8

667 SE,SE,NW,32 11 12 2450 Tdlb

673 NW ,NW ,NW,32 11 12 2130 Tdb2

675 NE, NE ,NE ,32 11 12 2000 Tdlb

679 NE,NW,NE,32 11 12 2000 QTbm

680 NE ,NW ,NE,32 11 12 1950 Qhp

681 NE ,NE ,NE,32 11 12 2000 Tdtll

682 NE ,NE ,NE,32 11 12 2000 Tdtll

683 NE ,NE ,NE,32 11 12 2000 Tdtll

688 NW, SE , SE , 32 11 12 2450 TdbS

689 NW, SE , SE , 32 11 12 2450 TdbS

692 SW ,NE ,SE, 32 11 12 2430 Tdlb

697 NW,NE,NW, 32 11 12 2280 Tdb3

698 NE,NW,SE,27 11 12 2040 Tdb2

699 NE ,NW ,SE, 27 11 12 2120 Tdpba2

700 NE ,NW, SE ,27 11 12 2110 Tds

701 SE , SE, SE, 27 11 12 2060 QThc

702 NE ,SW, SE ,27 11 12 2200 Tdb3

703 SW ,NW ,SE, 27 11 12 2260 Tdtl6

705 SW,NW, SE ,27 11 12 2380 Tdb8

106 NW ,SW ,SE ,27 11 12 2390 Tdb8

711 SW,SW,SW,28 11 12 1990 Tdt2

716 NE ,NW,NW,33 11 12 2020 Tds

718 NE ,NW ,NW,33 11 12 2050 Tds

120 SE ,NE, SE, 4 12 12 2540 Tdb8

722 SE,SE,SE,4 12 12 2490 Tdb6

723 NW,SW,SW,3 12 12 2320 QTbc

Remarks

cobble

base of unit

near base

poor outcrop

10' above base

near base

xenO lith

lowest flow unit

poor platy outcrop

above base

near base

float

St above base

6' above base of

upper flow unit

below top of bench

sieved

cobble

middle of middle flow

unit

middle of middle flow

unit

near base

middle of flow

base of unit

above base

10' above base

cobble

bone bed

8' above base of

single flow unit

3' above base of

single flow unit

2nd flow unit from top
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Sample

Number

1/4, 1/4, 1/4,

Section

Township

(South)

Range Elevation

(East) (Feet) Unit

725 SW,NW,SW,3 12 12 2200 Tdb3

732 SE,SW,NW,3 12 12 2260 Tds

733 SW,NW,SW,3 12 12 2270 Tdb4

739 SE,SW,NE,34 11 12 2230 Tdtl6

740 SE,SW,NE,34 11 12 2210 QTbc

749 NE,SW,NW,3 12 12 2295 Tdb4

750 SW,NE,NW,3 12 12 2310 Tdb4

752 SE,SW,NW,3 12 12 2410 Tdt26

753 SE,SW,NW,3 12 12 21#10 Tdt26

754A SE,SW,NW,3 12 12 2420 Tdt26

754B SE,SW,NW,3 12 12 2420 Tdt26

757 SW,SW,NW,3 12 12 2470 Tds

758 SW,SW,NE,34 11 12 2400 Tds

759 SE,SW,NE,34 11 12 2460 Tdb6

762 NW,SE,NW,33 11 12 2290 Tdlb

763 NW,NE,SW,33 11 12 2310 TdtlS

765 NW,SE,SW,33 11 12 2510 Tdb8

766 NE,SE,SW,33 11 12 2400 Tdlb

768 NW,NE,NW,33 11 11 2280 Tdtl3

772B NW,NE,NW,33 11 11 2280 Tdtl3

772M NW,NE,NW,33 11 11 2280 Tdtl3

773 NW,NE,NW,33 11 11 2280 Tdtl3

774 SW,NE,NE,30 11 11 2650 TdtlS

777 SW,SW,NE,19 11 11 2550 Tdtll

779 SW,SW,NE,19 11 11 2550 Tdtll

780 SW,SW,NE,19 11 11 2550 Tdtll

786 SW,SW,NE,11 11 10 2130 Tha

787 SW,NW,SW,12 11 10 2120 Tdbal

788 SW,NW,SW,12 11 10 2170 Tdbal

789 NW,SE,SW,12 11 10 2000 Tdbal

791 SW,SW,SW,12 11 10 2570 Tdba4

792 NE,NW,NW,13 11 10 2850 Tdba4

793 SE,NW,NW,13 11 10 2850 Tdba4

795 SE,NW,SW,12 11 10 2070 Tdbal

796 SE,SE,SW,12 11 10 2030 Tdbal

797 NW,NE,NW,19 11 11 2370 Tdpbal

798 NW,NE,NW,19 11 11 2585 Tdba4

801 SE,NW,NE,24 11 10 2595 Tdba4

802 SW,NE,NE,24 11 10 2695 Tdtll

80 SW,NE,NW,19 11 11 2470 Tdpbal

805 SW,SE,NE,19 11 11 2130 Qhp

806C SW,SE,NE,19 11 11 2130 Qhp

806D SW,SE,NE,19 11 11 2130 Qhp

806L SW,SE,NE,19 11 11 2130 Qhp

806M SW,SE,NE,19 11 11 2130 Qhp

806X SW,SE,NE,19 11 11 2130 Qhp

807 SW,SE,NE,19 11 11 2130 Qhp

Remarks

10" above base

3' above base

near top

3rd flow unit down

near base

near base

from 1" dia. pumice

block

5' above base

fused tuff

fused tuff

near top

near base

under Tdt26

xenolith

poor roadcut exposure

L4 above water level

at flow top

roadcut exposure

roadcut exposure

above base

5' above base

above base

above base

roadcut

roadcut

roadcut

roadcut

roadcut

roadcut

sieved, roadcut
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Sample

Number

114, 114, 114,

Section

Township

(South)

Range Elevation

(East) (Feet) Unit

808P NE,NW,NE,19 11 11 2120 Qhp

810 SE,NE,SE,6 12 11 3140 Tdb7

813 NE,SE,NW,6 12 11 2975 Tdt3O

827 SW ,NE , SW, 19 11 11 2395 Tdlb

839 SE ,NE , SE , 19 11 11 1950 QTbs

840 SW , SE , NE , 19 11 11 2130 Qhp

846 SW,NE,NE,19 11 11 2080 Tdlb

868 NE, NW, NE,36 11 10 2380 Tdba2

870 NE ,NW ,NE ,36 11 10 2340 Tdba2

871 NW ,NE ,NE ,36 11 10 2345 Tdba2

877 NE,NW,NW, 13 11 10 2835 Tdba4

879 SE ,NW,NW. 13 11 10 2750 Tdba4

888 SW ,SE,NW, 3 12 12 2090 Tdbl

889 SE,SW,NW,3 12 12 2090 Tdbl

Remarks

quarry

about 6' above base

cobble, float

radially-jointed

cobble

near base

sieved

cobble

near base

near base

near base

xeno 11th

xeno 11th

1 above base

3' above base




