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The Sand Mountain area is located along the western

edge of wheeler County, central Oregon (part of T.11S.,

R.20E. and R.21E.). The rocks exposed therein belong to

the Gable Creek, Clarno, and John Day Formations.

The Oretaceous, fluviatile Gable Creek Formation is

exposed along the eastern edge of the thesis area. Here

the rocks of the formation are thin- to very thin-bedded

mudstone with fine- to medium-grained lithic arenite.

The Upper Middle Eacene to Lower Oligocene Clarno

Formation unconformably overlies the Cretaceous strata

and is composed predominantly of subaerial extrusive flow

rocks. These lavas range In composition from basaltic

andesite to rhyolite; they have S±02 contents of 54.8 to

74.5 weight percent. In the field, the formation can be

divided into two units. One unit Includes basaltic ande-

site, andesite, and dacite (map unit Tea; see Plate) and
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the other includes rhyodacite and rhyolite (map unit Ter;

see Plate). The platy-jointed Tca rocks are nearly holo-

crystalline and contain from 5 to 30 percent phenocrysts,

mainly plagioclase and/or pyroxene. The Tcr rocks are

cryptocrystalline, higily flow-banded, and may contain up

to 2 percent phenocrysts. These silicic rocks are commonly

vesicular, containing up to approximately 30 percent un-

filled vesicles, many of which have been elongated by move-

ment. No correlation between whole rock major element

chemistry and stratigraphic position was observed in the

Clarno Formation.

The Lower Oligocene to Lower Miocene John Day orma-

tion unconforinably overlies the Clarno Pormation. The

John Day rocks of the Sand Mountain area are part of the

Lower Member, and primarily include massive to laminated

tuffaceous claystone with minor interbedded vitric tuft.

One 20- to 40-foot-thick ignimbrite unit is tentatively

correlated with the basal portion of Member A in the

.Antelope-Ashwood area to the west.

A prominent topographic feature of the Sand Mountain

vicinity, Sargent Butte, is an intrusive aphanitic rhyolite

plug. Because it has intruded Upper Clarno lavas (Tca),

it is either of Upper Clarno or Post-Upper Clarno age.

The major structural feature of the Sand Mountain

area, the Sutton Mountain syricline, diagonally crosses the

western half of the thesis area, and plunges to the north-



east. Two parallel faults within the area are oriented

nearly east-west and appear to be genetically linked; a

blockof Cretaceous material has been elevated between the

two. None of the other faults of the area appears to have

major displacements.

It has been proposed that oceanic crust of the

eastern Pacific was being subducted during Tertiary time

in an area approximately 175 miles to the west of the

thesis area (Atwater, 1970). The occurrence of predom-

inently andesitic caic-alkaline volcanism near the edge

of a consuming plate boundary has been extensively docu-

mented in other areas, and it appears likely that the same

processes were responsible for producing the rocks of the

Olarno Formation.

An application of the data collected during this

investigation indicates a depth of approximately 170 km

to the postulated seismic zone. This is highly specula-

tive, however, especially for the Olarno Formation, for

which tt0 precise modern analogue has been found" (Rogers

and Novitsky-Evans, 1977).
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Geology of the Sand Mountain Area,
Western Wheeler County, Oregon

INTRODUCTION

LOCATION AND ACCESSIBILITY

The Sand Mountain area encompasses approximately

22 square miles along the western edge of Wheeler County,

central Oregon (see Fig. 1). Specifically, the thesis

area includes sections 1 through , 8 through 12, and. 13

through 17 of T.11S., R,20E.; sections 6, 7, 17, and 18 of'

T.11S., R.21E.; and those parts of sections 5, 8, 9, and

16 of T.11S., R.21E. that lie to the west of Bridge Creek.

U.S. Highway 26, a main east-west thoroughfare,

crosses within several miles of the southern boundary of

the thesis area. Bridge Creek Road, which parallels the

eastern boundary of the study area, connects U.S. 26, to

the south, with the hamlet of Ashwood, to the west-north-

west. The study area is also traversed by a number of

public and private, improved and unimproved roads. These

are all passable during dry weather of the summer months.

The nearest "densely" populated areas, other than

the numerous outlying ranches which dot Wheeler and adja-

cent counties, are Prinev-ille and Mitchell. These two

cities are located approximately 35 miles to the west and

15 miles to the east, respectively.
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GEOGRAPHY

The Sand Mountain area lies at the

the Blue Mountains physiographic provin

The area is drained by perennial Bridge

tributaries which discharge runoff into

several miles to the north.

The topography of the southern and

Ii

western end of

ce (Baldwin, 1964).

Creek and its

the John Day River,

western parts of

the thesis area is dominated by dark ridges of resistant

Clarno lavas. The two points of greatest elevation within

the area, Sand Mountain and Sargent Butte, lie along the

southern boundary. The former is composed of silicic flow

rocks and the latter of a silicic intrusive plug. These

two peaks attain elevations of 3,858 feet and 3,315 feet

above sea level, respectively.

The lowest elevation within the area is slightly less

than 2,000 feet and occurs among the gently sloping hills

of the Painted Hills State Park, in the northeast corner

of the area investigated. This portion of the area is

typified by low, rounded, varicolored hills formed prima-

rily by the poorly resistant beds of John Day claystone,.

In. many places, long alluvial-mantled pediments are cut

into the lighter colored John Day material. These John Day

pediments slope away from the underlying, darker, more

resistant Olarno lavas.

Other topographic features that can be clearly seen



from the study area are the many nearby Buttes and Sutton

Mountain (see Fig. 1).

The central Oregon climate is semi-arid, with cold

winters and hot summers; thus most of the lower bills

within the thesis area are either barren or only sparsely

covered by grasses. The valleys are more heavily populated

by grass and sagebrush, especially those in which streams

run year-round. These areas, as well as many dry creek

beds, also host a number of water-loving shrubs and deci-

duous trees. The areas of higher elevation are sparsely

forested by Junipers. At still greater elevations, to

the west and south in the Ochocos, thick stands of several

species of pines occur.

GEOLOGIO OVERVLEM

the geologic formations found cropping outin central

Oregon are dominated by thick sequences of Tertiary vol-

canic rocks. This "blanket" of Tertiary volcanic material

has been eroded to varying degrees, allowing older strata

to be only discontinuously exposed. One of the largest of

such exposures has been described in the Mitchell quad-

rangle by Oles and Enlows (1971), to the immediate east

of the thesis area. The pre-Tertiary rocks in this vicini-

ty, extending only in small part into the thesis area,

are composed of intertonguing marine and, continental sedi-

mentary rocks of Oretaceous age and have been grouped
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Figure 2 - Columnar Stratigraphic Section of central Oregon
(after Oles, 1973). K-Ar dates are from Oles
(19'7)) and Swanson and Robinson (1968).



together to form the Gable Creek and Hudspeth Formations

(¼iilkinson and Oles, 1968). The Gable Creek Formation is

dominated by fluvial conglomerate and sandstone, with

minor siltstone and mudstone. Conversely, the Hudspeth

Formation is made up predominantly of mudstone and silt-

stone, with only minor sandstone beds (Oles, 1973). These

units may together attain a thickness of as great as

9,000 feet or more.

Evidence of the first Tertiary volcanism in this part

of the state is recorded by several sequences of rocks

which unconformably overlie these Cretaceous strata. The

first sequence of volcanic and volcaniclastic rooks toge-

ther compose the Middle Eocene to Lower Oligocene Olarno

Formation. The Olarno Formation is extremely diverse in

the lithologie types it contains. In the Mitchell quad-

rangle, Oles and Enlows (1971) have informally subdivided

the formation into an upper and a lower unit; the two are

separated by an angular unconformity of presumed regional

extent. Here the formation contains lava flows ranging

from basalt to rhyolite, lacustrine, fluvial, and aeolian

varicolored ti.ifls, volcanic breccias, mudflows, vent

agglomerate, and intrusives (especially dikes) of diffe-

rent compositions. 1ithin the thesis area itself, however,

the Olarno sequence contains almost entirely flow rocks,

with only minor interspersed tuff a and mudf lows. The

maximum thickness of any exposed Clarno sequence outside
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the Sand Mountain area is 5,800 feet; this has been report-

ed for exposures in the vicinity of the Horse Heaven

district (Waters, et al.,, 1954), although neither the

base nor the top are there exposed.

Above a regolith developed on the rocks exposed

during alamo time, another sequence of aeolian, lacus-

trine, and ignimbritto tulle were deposited. These rocks

compose the John Day Formation, which may attain a thick-

ness of up to 4,000 feet. In the thesis area, the lower

member of the formation, as delineated by Hay (1963), Is

composed of the altered remnants of ash that accumulated

during Oligocene time and which now form the picturesque,

varicolored elaystone beds of the Painted Hills.

The Olamno rooks exposed in the Sand Mountain area

are only mildly tilted, forming portions of the limbs of

the northeast-plunging Sutton Mountain syncline. The

overlying John Day beds, for the moat part, are flat lying

or have dips of only a few degrees. Although they appear

somewhat random, the John Day attitudes also describe the

position of the Sutton Mountain syncline, which diagonally

crosses the thesis area. The difference in the attitudes

of the two formations attests to the angular unconformity

that separates them.

No faulting is necessary to explain the present

outcrop pattern of the John Day beds (despite Hay's (1962b)

interpretation to the contrary). Minor faulting has



occurred within the area, but the sense and amount of

displacement is generally difficult to ascertain; moat

appears to have occurred prior to John Day time. The

rooks in the area of Sargent Butte have undergone addi-

tional disruption by the intrusion of the rhyolite that

forms that topographic feature.

Quaternary deposits in the Sand Mountain area are

either alluvium deposited by runoff in drainage channels

or landslide deposits formed on unstable slopes.

PURPOSE

The purpose for undertaking this thesis is twofold.

First, it was done in the hopes of adding to the scientific

knowledge of the central Oregon Tertiary, specifically

that dealing with the Olarno Formation. It was hoped

that some of the stratigraphic, structural, and petrologic

trends that have been discovered to occur within the for-

mation in nearby localities might be related to the geology

of the Sand Mountain area. In addition, no large scale

up-to-date geologic map encompassing the entire Sand

Mountain-Painted Hills vicinity has been published. The

second reason for the study w-as to fulfill part of the

requirement for the M.S. degree at Oregon State University.

REONT PREVIOUS WORK

An extensive review of all the literature that has



been published about the Oretaceous, Olarno and John Day

rocks of central Oregon will not be attempted. A few of

the most recent works, however, especially those that deal

with the Sand Mountain and nearby areas in particular,

should be noted.

Some of the most recent work in nearby areas has been

accomplished under the auspices of graduate study at

Oregon State University. This includes M.S. theses by:

Bowers (1952), Swarbrick (1953), Bedford (1954), Howard

(1955), Snook (1957), Taylor (1960), Lulcanuski (1963),

Patterson (1966), Owen (1978), and Huggins (1978). Many

publications that deal specifically with the rocks exposed
in and around the study area have been completed by Peck

(1961, 1964), Hay (1962a, b; 196)), and Fisher (1964,

1967, 1968). Oles' and Enlows' publication on the bedrock

geology of the Mitchell quadrangle (1971) concisely

describes the rocks cropping out in the area immediately

east of the thesis area. Most of these theses and publi-

cations include geologic maps of portions of the terrain

in and around the Sand Mountain vicinity; however, Swanson's

(1969) reconnaissance geologic map of the east half of the

Bend quadrangle (1:250,000 scale) includes the entire

thesis area.

Olarno and John Day rocks from many areas of central

Oregon have been dated radiometrically by Evernden, et al.

(1964), Evernden and James (1964), and Enlows and Parker
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(1972)(see Fig. 2). Some of the features of the large-

scale tectonic history of the area have been discussed by

Rogers (1966). More recently, Novitsky and Rogers (1973)

and Rogers and Novitsky-Evans (1977) have utilized data

from the Olarno Formation to speculate upon possible plate

configurations in northwestern North America during Olarno

time.

METHODS OF INVESTIGATION

Field geologic investigation and sample collecting

was completed in approximately seven weeks during June

through August of 1976. Geologic data was recorded on a

topographic base map at a scale of 1:24,000. The base map

was constructed by joining the U.S.G.S. 7 minute Painted

Hills and Lawson Mountain quadrangles with the U.S.G.S.

7 minute Mitchell 4Ni and Mitchell 45W advance sheets.

The field geologic map was subsequently checked by

studying stereographic pairs of 1:20,000 scale aerial

photographs. With the aid o± these photographs, several

large-scale geologic features that were suspected to

exist, on the basis of the field investigation, were

clearly delineated.

Of the samples collected from the thesis area, 70

were examined in thin section with the aid of a petrogra-

phic microscope. Thirty four of these were studied fur-

ther, by moans of chemical analyses of their major element
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compositions.

To obtain the highest degree of accuracy possible,

an attempt was made to analyze only those rocks that ap-

peared relatively unaltered in hand-specimen. An amount

in excess of 3 grams of each sample was reduced to a powder.

Each sample powder was heated to approximately 6500 C in

individual porcelain crucibles for 45 to 60 minutes to

drive off adsorbed water. After cooling, approximately

3 grams of each powder was added to exactly three times its

weight of anhydrous LIBO2 flux; weights were measured on

a Mettler balance, Each mixture was then heated in a

graphite crucible at 11500 0 for approximately 60 minutes.

At the end of this time, the molten mixtures were poured

into pre-heated graphite molds and allowed to chill at

room temperature to glass "buttons". X-ray fluorescence

was then used to determine weight percent of FeO+Fe203

(total iron; reported as PeO), TIC2, OaO, 1(20, and A1203.

After completion of x-ray analysis of samples, the

buttons were re-powdered and dissolved. This solution

was used to determine: 1) weight percent of Na20 and MgO

by means of atomic absorption spectrophotometry, and

2) weight percent of SIC2 by means of visible light

spectropho tome try.

The percentages of' all oxides determined are believed

to be within the following limits of error (Taylor, 1977,

person. conun.):
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SiO + 0.5 weight percent
+ 0.1

FeO 0.1
MgO T 0.1
CaO + 0.1
NaO TOal

0.05
T02 + 0.05

The results of all analyses are tabulated in Appendix A.

1acb of the 34 samples for which chemical data was

obtained was point counted to at least 1,000 points, in

order to: 1) obtain accurate percentages of phenocryst

species present to use as adjectival modifiers in the

naming of the rocks, and 2) to ascertain what relationship

between bulk chemical composition and species of pheno-

crysts could be demonstrated. Due to the difficulty of

mineralogic determination of the aphanitic or crypto-

crystalline groundmasses of all the flow rocks encountered,

and the obvious non-equilibrium cooling of the rocks, it

was decided that these rocks could be most accurately

classified on the basis of their whole rock compositions

rather than by their mineralogy. Since the alamo rocks

are of known cab-alkaline association, Si0 content has

been utilized as the sole criterion by which the following

names were applied (as suggested by Taylor, 1977):

up to 48 weight percent Si0 = mela-basalt
48 - 53 basalt

- 58 = basaltic andesite
58 - 63 It andesite
63 - 68 = dacite
68 - 73 = rhyodacite

above 73 = rhyolite (pro-
vided that greater than 4.0 weight percent K20 is present,



13

otherwise rhyodacite).

These names have been modified by mineralogic and/or

textural terms as follows: 1) when phenocrysts are

present up to 10 percent the mineral name is used as an

adjective with the suffix "-bearing", 2) when phenocrysts

are present in excess of 10 percent the mineral name is

used without a suffix, 3) rocks with 10 to 50 percent

phenocrysts are modified by the adjective "porpbyritic",

and 4) rocks with less than 10 percent phenocrysts are

left unmodified.
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DESORIPTIVE GEOLOGY

CRETACEOUS SYSTEM

Oretaceous rocks crop out irregularly in central

Oregon. Those exposed within the Sand Mountain area form

only a minute portion of the region studied; they are

confined to a part of the east-facing slope along the

southeastern margin of the thesis area (T.11S., R.212.,

Section 16; see Plate).

A large portion of the Cretaceous rocks exposed in

Wheeler County have been described in detail by Wilkinson

and Oles (1968), Oles and Enlows (1971), and Oles (1973).

No formally assigned names bad been given to the Cretaceous

rocks in the vicinity of Mitchell until Wilkinson and

Oles (1968) proposed:

...to divide all Cretaceous rocks in the Mitchell
quadrangle into two formations. One, in part
the older unit, is a widespread and thick se-
quence of marine mudstone, having subordinate
siltstone and sandstone, which is herewith named
the "Hudepeth Formation." The name, of local
geographic usage, is derived from the main tim-
ber-hauling road of the Hudspeth Land and Cat-
tie Company of Prineville, Oregon. A series of
conglomerate and sandstone beds intertongues
intricately with the Hudspeth Formation. These
rocks, predominantly of fluvial and deltaic
origin, are herein named the "Gable Creek For-
mation," Gable Creek is a major tributary to
Bridge Creek, the main stream of the area.

Twelve members are generally recognized within the

Hudspeth Formation, in addition to a basal sandstone-

conglomerate. The formation is composed almost entirely
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of locally discontinuous beds of mudstone, eiltstone,

and minor thin sandstone beds. The basal contacts of

these laminated to thin-bedded units are conformable and

gradational. Individual beds vary in thickness along

strike and often lense-out, most commonly northward.

The thickest member, the Main Mudstone Member, attains a

maximum thickness of nearly 3,000 feet. Fossils that

have been found in the rocks of the Hudspeth Formation

Include echinoids, fish teeth, plant debris, gastropods,

worm tubes, and locally abundant ammonites.

The Gable Creek Formation in the vicinity of the

Mitchell quadrangle incorporates 11 members of fluvial-

deltaic conglomerate and sandstone, with minor interbed-

ded siltstone and mudstone. The sandstones are poorly

sorted lithic arenites, commonly cemented by calcite.

The conglomerates contain pebble- to boulder-sized, sub-

rounded to rounded clasts of many different lithologies.

These may include clasts of chert, granitic rocks, green-

stone, mafic volcanics, sandstone, phyllite, quartzite,

and vein quartz. The matrix of these conglomerates is a

sandstone of similar overall composition to that of the

interbedded sandstone layers.

The sharp basal contacts of the Gable Creek members

are both erosional and disconformable. The finer grained

rocks are commonly laminated, whereas the conglomerates

may be up to 25 feet thick. Individual members are locally
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discontinuous wedge-shaped bodies that, unlike a majority

of the Hudspeth tongues, tend to thin southward. Grain

size of the Gable Creek members also decreases southward.

The Gable Creek tongues may range in thickness from zero

at their margins, to as much as 700 feet in tongue 9. Oles

(1975) has concisely summarized the lateral and vertical

changes occurring within many of the Gable Creek tongues

as follows:

Vertically, despite multiple sedimentation units
with normal, reverse, and double grading, and
the intercalation of lensing sandstones, there
is a gross tendency for the sizes of the domi-
nant elastic particles to decrease upward within
a tongue. This pattern culminates upsection
with the sandstone beds at the top of each
tongue in a transition zone grading upward into
the siltstones to mudstones ol' the overlying
Hudepeth member. This is a typical transgres-
sive relationship, the finer grained marine sedi-
ments extending shoreward over coarser grained
deposits, and, is indicative of a reversal in
the depositional or sea level conditions which
pertained during the prior regression.

The fossils that have been found within the Gable

Creek Formation are sparse, and are usually confined to

plant debris and local clots of coal. Pelecypods have

been found, however, within the upper transition zones of

many tongues. The fossils found in the Cretaceous local-

ities of central Oregon have been summarized by Popenoe,

et al. (1960). The ammonite and pelecypod suites that

these two Formations contain are of Albian to Cenomanian

age, which according to Harland, et al. (1964) is equiva-

lent to uppermost Lower Oretaceous to Lower Upper Cretaceous
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(106 m.y.b.p. to 94 m.y.b.p.).

Of the sedimentary structures found in all of the

Cretaceous rocks of the area, Oles (197)) states:

The primary sedimentary- structures of these
rocks are most obvious and varied within the
conglomerates and sandstones of the Gable
Creek Formation. However, certain sedimen-
tary structures of environmental signifi-
cance are present within the thin, generally
discontinuous sandstones intercalated in the
Hudspeth Formation.

Among the sedimentary structures present within the

Hudspeth rocks are local scour-and-fill structures, cross-

lamination or cross-bedding, mud cracks, load casts in

sandstone lenses, and local flute casts. Structures

present within the characteristically graded beds of the

Gable Creek Formation are dominantly cross-bedded scour-

and-fill structures, mud cracks, and local, symmetrical

and asymmetrical ripple marks. Pebbles within the Gable

Creek conglomerates commonly show a planar orientation;

irnbrication, as well as load casts, are rare.

Another common feature of the sandstone and siltstone

beds of the two formations are their zones of contorted

bedding. In describing these plióations, Oles (197))

asserts that:

These generally die out below in undisturbed
strata, whereas above they commonly are trun-
cated along nearly flat current-scoured inter-
faces. The plications represent distortions of
hydroplastic beds under sedimentary loading.
Because the folds either lack overturning, or
do not show a preferred orientation of the
inclined axes, an origin through subaqueous
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gilding or downslope movement cannot be
established.

Due to the complex interrelationship of the two

Cretaceous formations in the region, and the small amount

of the Cretaceous System exposed in the study area, it

is difficult to determine whether the rocks observed

belong to the Hudspeth Formation or to the Gable Creek

Formation. Oles and Enlows (1971; Plate I) have deter-

mined that all the Cretaceous rocks cropping out within

the thesis area belong to the Gable Creek Formation.

The rocks encountered are composed of thin- to very

thin-bedded mudstorie and fine to medium lithic arenite in

varying shades of yellow, pink, and lavender (see Fig. 3).

The western contact with the overlying Clarno Formation

has been covered by debris from a Quaternary landslide,

the northern and southern contacts by either talus or

landslide debris, and the eastern contact with the Quater-

nary alluvium of Bridge Creek (see Plate). Although

partly covered, it is believed that the northern and

southern sides of the body of Gable Creek strata observed

are in fault-contact with the adjacent Olarno rocks, and

that these Oretaceous rocks have been tectonically emplaced.

This speculation, which will be discussed in greater detail

In a following section, is supported by two facts: 1) the

Gable Creek strata dip shallowly to the west while the

nearby Clarno lavas dip more steeply to the north or north-



Figure ) - Photograph showing interbedded mudstone and
sandstone of the Gable Creek Formation; Sect. 16,
T.11S., R.21E.



west, and 2) the former are at an abnormally high position

on the western limb of the Mitchell anticline (Oles and

&ilows, 1971; Plate I).
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TERTIARY SYSTEM

OLARNO FORMATION

Synopsis of the Clarno Formation

In the years between 1860 and 1900 much geologic

exploration of central Oregon was undertaken, partioular-

ly for paleobotanic and paleontologic materials. It

was during this time that it first became manifest to

early workers that both the Cretaceous and the Tertiary

Periods were preserved in the rock record of the Blue

Mountains-John Day Valley region.

During this time many fossils were described, not

only from the "Chico" and "Knoxville" Formations of Ore-

taceous age,. but also from the Tertiary strata found

exposed along Bridge Creek and the John Day River.

Merriam (1901) records that one investigator of the Ter-

tiary fossils, 0.0. Marsh, ".,. referred two forms to the

Miocene and one to the Pliocene, thus making the first

statement regarding the age of the beds." It was Merriam

(1901), however, that first recognized that,

At numerous locailties along the western side
of the John Day Basin, there are exposed, either
below the lowest John Day beds or above the
Chico Cretaceous, several hundred feet of strata
which certainly do not belong to either of these
horizons, To these beds the name Clarno Forina-
tion has been applied by the writer.

Typical exposures of the Clarno are to be
seen at Clarno's Ferry on the John Day east of
Antelope, near the town of Fossil, on Cherry
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Oreek, and near Burnt Ranch.

P.O. Oalkins (1902) also described the Olarno rocks as

observed in the John Day Basin.

Since the original descriptions, many in-depth studies

of the Olarno have been completed. Two accounts of the

Clarno strata cropping out near the Sand Mountain area

(Waters, et al., 1951; Oles and Enlows, 1971) describe the

complex lithologie features of the formation. In the

Horse Heaven vicinity, to the northwest, Waters, et al.

(1951) have divided the Clarno Formation into four mapable

units, encompassing a 5,800-foot-thick sequence of strata.

They emphasize "that neither the top nor the bottom of

the formation is exposed and that nearly all the measured

units vary greatly in thickness along strike."

The lowermost unit is composed of up to 600 feet of

chocolate-brown weathered andesite flows with interbedded

layers of maroon, buff, and brown clays. They (Waters, et

al.) state that many of these clays "appear to have been

derived from bedded tuffaceous materials, but some were

probably formed by deep weathering of the underlying

andesite flows in a wet subtropical climate. These are

ancient residual soils, preserved by burial under later

flows of andesite." The aridesites of the unit generally

occur as lentiôular flows, 15 to 30 feet thick, and have

well developed platy jointing; columnar jointing is rarely

present.
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The basal unit is conformably overlain by a second

unit which consists primarily of tuffs, bedded tuffaceous

clays, and volcanic mudflow deposits. Thin andesite

flows are intercalated with this material, and at Cherry

Creek the entire sequence attains a maximum exposed thick-

ness of 1,350 feet. As to the origin of these pastel,

varicolored beds, Waters, et al. believe:

Much of the material of this unit is pyroclastic
debris of andesitic composition sorted and laid
down by streams. Some thin-bedded clays and
some silty layers containing upright stems of
Eguisetum were probably laid down in marshes or
shallow ponds and lakes. Much of the coarser
material was deposited as volcanic mudflows,
and some of the fine-grained tuffs accumulated
directly from showers of ash and lapilli that
were not reworked by water.

The third unit in the sequence, which conformably

overlies the unit below, may attain a thickness of as

much as 1,750 feet. faters, et al. have described this

section of' the formation, from base to top, as follows:

...(a) 600 feet of tuffaceous clay, including
at least one andesite flow and a few 3- to
5-foot beds of white tuff; (b) 50 feet of pure-
white pumice lapilli tuff, forming a very dis-
tinctive bed; (c) 100 feet of aridesite flows;
(d) 1,000 feet of tuffaceous clay with some
thin layers of papery and sandy tuff. This
unit contains no andesite flows.

In areas where the tuffaceous clays that typify this unit

crop out, the topography is characterized by low, rounded,

barren hills in shades of white, lavender, maroon, buff,

brown, green, and gray-green.

The tuffaceous clays at the top of the third unit,
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which according to ñaters, et al. have formed via the

weathering of andesitic ash, grade upward to the white,

sandy, rhyolitic tuffs and andesite flows that form the

uppermost unit. This fourth sequence of strata, which

in the Horse Heaven area is cut by numerous andesitic

intrusives, attains a thickness of at least 2,100 feet.

The rocks that compose the Olarno Formation in the

Mitchell quadrangle, to the east, have been informally

elevated to group status by Oles and Enlows (1971). They

explain that:

The necessity for employing the term "group"
is based on the fact that two dissimilar se-
quences of rocks, each ascribed to the Olarno
in the Mitchell quadrangle, are separated by
an angular unconformity.

At the present time, however, we will refer
to the two formations in an informal way,
writing of the older Clarno rocks as the Lower
Olarno, and the younger as the Upper Clarno.

As exposed in the Mitchell quadrangle, the Lower

Clarno incorporates andesite flows, volcanic breccias,

and varicolored tuffaceous sediments. The thickness of

the unit is not known; however, Oles and Enlows (1971)

estimate it to be in excess of 4,000 feet.

Oles' and Enlows' Upper Clarno, formed by a complex

stratigraphic sequence of lava flows, mudf lows, and tuf-

faceous sediments, was found to be exposed predominantly

In the southern, southeastern, and eastern parts of the

quadrangle. They believe that the Upper Clarno rocks in
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this vicinity were derived from a source at Keyes Mountain,

located approximately 4.5 miles south of Tony Butte (see

Fig. 1). The most important distinguishing feature of

the Upper Olarno is a structural-stratigraphic one that

relates this unit to all underlying strata. Oles and

nlows (1971) summarIze this as follows:

First, when Keyes Mountain commenced its eruptive
history there was a surface of considerable re-
lief and dissection; well over 400 feet of relief
can be demonstrated. The old eroded surface,
whether developed on the Permian basement rocks,
a variety of Cretaceous rocks, or Lower Clarno
rocks, was deeply weathered; and everywhere a
regolith, usually marked by a 10-20 foot thick
maroon zone, is present.

It is of interest to note that the rocks derived
from Keyes Mountain, although moderately tilted
to the south and to the west, have not parti-
cipated in those stronger orogenic episodes
that earlier deformed the Pernilan, Oretaceous,
and Lower Clarno rocks. As a consequence, the
entire Upper Clarno sequence lies with angular
unconformity on older rocks.

Both the Lower and Upper Clarno have been cut by

intrusions of various compositions and geometries that

Oles and Enlows consider to be of Clarno age. In addition,

"although separated by an an9ular unconformity, the

lithology, petrography and chemistry of all Clarno flows

are so similar that they are considered comagmatic"

(Enlows and Parker, 1972).

The age of Clarno volcanism has been well documented

by both paleontologic evidence and by K-Ar dating (see

Fig. 2 for K-Ar ages). Descriptions of fossil flora
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from many localities in central Oregon have been completed

by Scott (1954) and by Hergert (1961). Based on evidence

from his studies and those of other workers, Hergert (1961)

concluded that:

an examination of the plant fossils from
Olarno Formation localities in central Oregon
shows such diversity of composition that it
must be concluded that this formation was laid
down over a considerable period of time. Best
estimates on the basis of floral evidence Sug-
ests a range from middle-upper Eocene to

middle-upper Oligocene.

This is in harmony with the mammalian evidence given by

Stirton (1944). On the basis of K-Ar ages, it would appear

that Olarno volcanism extended from the Upper Middle

Eocene (46.1 rn.y.b.p.) to at least as recent as Lower

Oligocene (34.Om.y.b.p.)(Evernden, et al., 1964; Bvernden

and James, 1964). Other workers, including Enlows and

Parker (1972), believe Olarno volcanic activity, speci-

fically the intrusion of the Nelson areek dikes, continued

into the Upper Oligocene (29.4 m.y.b.p.).

Sand Mountain Area Basaltic Andesite, Andesite and Dacite

General Statement

The majority of the Clarno rocks in the thesis area

are dark colored, phenocryst-bearing, aphanitic, hypo-

crystalline flow rocks. For the most part, they could

not be distinguished from one another except on the basis



27

of the percentage of phenocrysts present or on the basis

of their weathered color. For this reason, and because

their chemistries were not known prior to the field inves-

tigation, rocks with compositions from basaltic andesite

to dacite, i.e., all those having from 53 to 68 weight

percent SiC2, were grouped together as a single mapable

unit (Tca; see Plate). It is believed that most of the

rocks within this unit belong to the Upper Clarno, as

defined by Oles and Enlows (1971). This will be elabor-

ated upon later in the text.

As much as 5,900 feet of Tca lavas are exposed within

the thesis area. There are also a small number of inter-

calated claystone and mudstone beds, and mudflows incor-

porated in this unit. These were not mapped because of

their small outcrop extents.

All of the Sand Mountain area andesitic rocks (Tea)

are highly resistant ridge formers. Individual flows are

variable in thickness, from approximately 25 to 125 feet.

Most individual flows are difficult or impossible to

follow for distances exceeding approximately 0.25 miles;

most appear to be somewhat lenticular iii geometry rather

than sheet-like.

Individual flows are highly variable in the color of

their exposed surfaces, depending upon the type and extent

of alteration. Colors observed include light to dark

shades of red, brown, and green. Fresh colors of unaltered



Figure 4 - Photograph showing outcrop of Clarno andesitic
rocks (Tea) displaying typical platy jointing; N of ect.
16, T.11S., R.21E.

Figure 5 - Photograph showing outcrop of thick Olarno
andesitic flows (Tea) exhibiting columnar jointing; look-
ing east across Bear Creek in Sect. 3, T.11S., R.20E.
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samples are shades of brownish black, olive black, or

greenish black, as per the G.S.A. Rock Color Chart.

The flow rocks commonly display platy jointing,

although columnar jointing is moderately well developed

in some of the thicker flows (see Pig. 4 and 5). Thus,

the bases of many slopes are covered by talus composed

of broken jointing plates.

These Clarno lavas show few other characteristic

features in outcrop. Flow banding is generally not present;

when observable it may be accentuated by reddish bands of

secondary limonite, Alignment of phenocrysts is seldom

observable. Vesicles occur only randomly throughout the

flows; vesicles are generally not filled by secondary

minerals.

The intercalated clays always occur in light shades

of red and brown. They are generally less than 10 feet

in thickness and are areally discontinuous. Their

sporadic nature is enhanced by the fact that they are

easily covered by talus and/or soils. It is possible

that at least some of this material is the product of

weathering of andesitic ash during Clarno time; some may

have been transported to its present location. Much of

this material, however, is probably the result of deep

weathering of individual flow tops during their exposure

to the humid, sub-tropical Clarno environment. This is
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Figure 6 - Photograph showing "mini-hoodoos" formed by
standing, intermittently spaced jointing columns of Ciarno
andesitic lavas (Tca); Ni* of Sect. 17, T.11S., R.20E.

Figure 7 - Photograph showing Sand Mountain area terrain.
Mildly folded Columbia River Basalt flows in background
show position of Sutton Mountain syncline; looking north-
east from the Sti of Sect. 3, T.11S., R.20E.
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indicated by the fact that most of the Tca claystones

can, be seen to grade upward from recognizable andesitic

flow material at their base.

The mudflows i the area are highly variable in

geometry and thickness. Some attain a thickness of

approximately 25 to 35 feet; however, 10 to 15 feet is

more commonly observed. They generally lense out along

strike within 200 to 300 feet or less, and thus appear to

be of an intracanyori origin. They are composed of pebble-

and cobble-sized, angular fragments of andesitic flow

rocks in a matrix of finer-grained particles of the same

composition. They are easily recognized in the field, not

only because of their coarse textures, but because the gen-

erally buff to red color imparted by the highly altered

matrix material contrasts wIth the color of the adjacent,

less altered andesitic flow rocks.. These mudflows are

properly classified as epiclastic volcanic breccias and

conglomerates (Fisher, 1961).

Pe trography

Although the basaltic andesites, aridesites, and

dacites of the study'area, grouped together to form map-

unit Tea (see Plate), vary greatly in chemical coinposi-

tion, they are difficult to classify either In hand sample

or in thin section. This is both because of the broad
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variations in the mineralogical compositions of rocks

of nearly identical chemical composition, and because the

fine-grained textures of all these rocks are very similar.

This fact is exemplified by 'fable I; although the samples

shown vary greatly in mineralogic composition, they are

all within 4.0 weight percent SIC2 of one another.

Samples are composed of from 5 to 30 percent pheno-

crysts resting in an aphanitic groundmass. In only a

very few cases are phenocrysts nearly absent; they are

always present in at least trace amounts. Phenocryst

species include plagioclase, pyroxene (both orthopyroxene

and clinopyroxene), magnetite, hornblende, biotite, and

quartz. Deuteric alteration products of plagioclase,

pyroxene, hornblende, and biotite are commonly present.

It is not uncommon for several phenocrysts to group

together into a clot of crystals; the resulting texture

is glomeroporphyritic (see Fig. 10).

In a few of the rocks there are xenoliths of extru-

sive andesitic rocks that are easily distinguisted by

their different textures (see Fig. 11).

The ground,inass consists primarily of plagioclase

xnicrolites, often showing flowage alignment, with minor

quantities of magnetite, pyroxene (mostly clinopyroxene),

glass, and alteration products. The aphanitic groundmass

is either felty, pilotaxitic, and/or hyalopilitic, depend-

ing upon the amount of glass present and the extent of
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TABLE I - VOLUMETRIC MODES OF SELECTED SAND MOUNTAIN AREA
ANDESITIC ROOKS

* Sample - TB11 TB21 TB6O

Phenocryst Phases:
Labrádorite T 2.2 13.0

Augite 2.4 6.8 0.8

Orthopyroxene --- 0.3 0.4

Magnetite 2.4 --- 0.6

Hematite --- 0.2

Groundmass Phases:
Labradori te
(or andesine) 59.0 56.2 68.0

Pyroxene (main-
ly auite) p 14.4 10.2

Magnetite 3.8 7,2 3.4

Chlorite
(secondary) 24.8 1.8 P

Glass 7.6 10.9 1.8

Clay Minerals P P 1

Apatite p P P

TB11 - Augite-bearing basaltic andesite; SiO257.0 wt..

TB2I - Augite-bearing andesite; Si02=59.2 Wt..

TB6O - Porphyritic andesite; SiO260.9 wt..

* See Appendix A for chemical analyses.



Figure 10 - Photomiorograph showing a glomeroporphyritic
"clot" of crystals in a Olarno dacite (sample TB49). Cross
polarized light; field width is approximately 4.0 mm.

Figure 11 - Photomicrograph of a Clarno dacite (sample
TB61 ) showing included xenolith of another andesitic rock
in upper left corner. Cross polarized light; field width
is approximately 4.0 mm.
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microlite alignment (see Fig. 8).

Plagioclase phenocrysts show the most variations in

composition, shape, and structure of any of the pheflo-

crysts observed. They are generally subhedral to euhedral,

lath-shaped, twinned crystals; some, however, are subhedral

to anhedral. Twin types observed include albite, pen-

dine, and carlsbad, in that order of abundance. Crystals

range in composition from An68 to An40 (calcic labradonite

to middle andesine); typically these display both normal

and oscillatory zoning. Plagioclase phenocrysts almost

invariably show a continuous progression in size, from

as large as 2.6 mm in length to the size of the micro-

lites in the groundmass (less than 0.01 mm). Most are

from 0.5 mm to 1.0 mm lonc,-. Some show resorbed and embayed

outer margins; more commonly there are one or more pre-

served resorption margins within the crystal (see Fig. 13).

Inclusions in plagioclase are the rule rather than

the exception; these are bleb-shapod inclusions of glass

(Pig. 12). Inclusions composed of combinations of glass

and pyroxene microlites are also common. To a lesser

frequency, magnetite and "rim" plagioclase (Vance, 1965)

can also be observed as inclusions, either by themselves

or in combinations with glass.

The ranges in the variation of individual plagioclase

phenocryst compositions is different for each of the three

roc1 types grouped within this unit. The ranges reported



Figure 12 - Photomicrograph of a
TB2O) showing a twinned, zoned
Note numerous glass inclusions.
field width is approximately 4.0

Clarno dacite (sample
plagioclase phenocryst.
Cross polarized light;
mm.

57

Figure 13 - Photomicrograph of a Clarno andesitic rocc
showing altered plagioclase phenocryst. Note embayed outer
edge and preserved resorbtion margins in crystal interior.
Cross polarized light; field width is approximately 4.0 mm.



here were compiled by using only plagioclase compositions

from rocks that were analyzed chemically, and which could

thus be accurately named. These ranges are: basaltic

andesite - An50 to An53, andesite - An55 to An 46' and

dacite - An68 to An40. Thus, because of the observed

overlap, no positive identification of rock type can be

made solely on the basis of plagioclase phenocr3rst compo-

sition.

The subhedral to euhedral pyroxene phenocrysts in the

rocks of the Sand Mountain area are often subordinate to

plagioclase in size and content (Fig. 9). The pyroxenes

include both orthopyroxene and clinopyroxene (augite).

The orthopyroxenes, on the basis of measured optic sign

and estimated 2V, are bronzite or hyperethene (from approx-

imately En57 to En70). The pyroxenes vary in size from

slightly larger than the groundmass (about 0.02 mm) to as

large as 1 .0 mm in. longest dimension; the orthopyroxenes

are generally larger than augite. In addition, the ortho-

pyroxenes in these rocks are often elongate, and are

typified by the 1'fleshed-colored" pleochroism commonly

displayed by hypersthene. Both augite and orthopyroxene

may possess a "schiller" structure, from the oriented

exsolution of orthopyroxene from clinopyroxene, or vice

versa.

Other than magnetite, inclusions are rare in pyroxene

phenocrysts. The only type of zoning that was observed
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was that in which crystals possess thin rims of material

of a different composition than the cores. These rims

probably crystallized simultaneously with the other

groundmass phases during the last stages of solidifica-

tion. The most common of these rims are zones of optically

continuous augite grown on either augite or orthopyroxene.

In many cases, however, when an orthopyroxene is observed

to have a rim of clinopyroxene, the association appears

to have come about via a reaction relationship. In a

few instances, the rims are composed of numerous tiny

pyroxene crystals that are "clinging" to the edges of, and

are oriented perpendicular to, the host phenocryst.

Magnetite is conspicious by its presence in the

andesitic rocks of the area, although not always as a

phenocryst mineral. There are two types of phenocrystic

magnetIte that can be distinguished. One type, considered

to be primary, is invariably subhedral to euhedral. The

other has formed as an alteration (presumably deuteric)

of horublende. In the latter case, the magnetite often

occurs as a "dusty" mass of small, euhedral crystals, the

whole of which vaguely pseudomorphs the host. In some

cases the alteration did not produce an aggregate of

crystals, but a single crystal. original hornblende cores

are preserved in some samples ('ig. 14), as well as

the original crystal shape, and can be easily identified

by both shape and pleochroism. As in the case of the
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Figure 14 - Photornicrograph of a Olarno andesitic rock
showing magnetite forming on a core of hornblende, Plane
polarized light; field width is approximately 1.5 mm.
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plagioclase phenocrysts, magnetite phenocrysts also show

a progression in size, from 1.5 mm in longest dimension to

the size of the grounthnass crystals (less than 0.01 mm).

Invariably, the secondary crystals are larger then those

formed by primary crystallization. This is probably

because the original hornblende crystals were larger than

any of the primary magnetite crystals.

Most of the hornblende observed in these Olarno rocks

has undergone alteration, and is now replaced by niagnetite.

Its original presence in the magma, however, is an impor-

tant criterion by which conclusions regarding magmatic

conditions, chemistry, and modes of eruption should be

influenced. The presence of hornblende in these rocks is

not unusual, and has been documented for many of the

andesitic rocks of surrounding areas (Oles and Enlows,

1971; Owen, 1978).

The biotite plates in the andesitic rocks of the thesis

area are generally subhedral to anhedral, and on the aver-

age, are smaller than, any of the other ferromagnesian

phenoorysts. They are always less than 0.6 mm in longest

dimension. These biotite phenocrysts have been nearly

completely converted to secondary alteration products;

the conversion is invariably to chlorite. Original pleo-

chroism, form, and "wavy" extinction are indicative of

the fact that biotite was present before the chlorite

formed.
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Quartz is the most scarce of all the phenocrysts

observed in the Clarxio andesitic rocks of the Sand Mountain

area. Of the approximately 60 thin sections of andesitic

rocks examined, only two contain quartz. The presence of

phenocrystic quartz has been, well documented, however,

in the surrounding areas (Oles and Enlows, 1971; Taylor,

1977, person. comm.), but it is generally far from being

"the single most distinctive feature of these lavas," as

it apparently is for the andesites in the Painted Hills

quadrangle to the north (Huggins, 1978). In one of the

samples in which it was observed, an anhedral quartz

crystal was in the center of a glonieroporphyritic clot of

plagioclase and augite that appears to have shielded it

from reacting with the melt. In the other instance, the

anhedral quartz crystal has a resorbed margin and a reac-

tion rim of glass and tiny pyroxene crystals (see Fig. 15

and 16).

The aphanitic groundmasses of the andesitic rocks

of the thesis area consist of combinations of plagioclase,

pyroxenes, and magnetite miorolites, with only minor

amounts of interstitial glass. Glass is always present

in at least trace amounts, but is never observed to exceed

15 percent. By far the major portion of these microlites,

which are all less than 0.01 mm in largest dimension, is

composed of plagioclase, varying from sodic 1abradorite

to caleb oligoelase. These are generally subhedral to



Figure 15 - Photomicrograph of a
showing a large, embayed quartz c
rim of altered pyroxene crystals.
field width is approximately 4.0

Olarno andesitic rock
rystal with a reaction
Cross polarized light;

mm.

Figure 16 - Photomicrograph of a Clarno daoite (sample TB57)
showing a quartz crystal in the center of a glonieroporpby-
ritic clot of crystals. Cross polarized light; field width
is approximately 4.0 mm.
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anhedral, whereas the pyroxene microlites are subhedral

to euhedral, and niagnetite is always euhedral. Although

the majority of the pyroxenes in the groundmass are augite,

some orthopyroxene (probably hypersthene) was identified.

Apatite is generally present, though never in greater than

trace abundance. A large percentage of the groundmass is

composed of alteration and devitrification products.

As with the plagioclase phonocrysts, there are also

variations In the ranges of plagioclase microlite compo-

sitions within the three rock types included within map

unit Tea. The observed variations are: basaltic andesite -

An58 to An42, andesite - An55 to An, and dacite - An35

to An35. These variations do not necessarily allow a

classification on the basis of microlite composition alone;

a composition in the oligoclase field, however, would seem

to be unquestionably indicative of the rock being a dacite.

It Is interesting to note that the greatest amount of

compositional variation occurs within the dacite field,

as it did when plagioclase phenocrysts were considered.

The alteration products of the Sand Mountain andesitic

rocks are highly variable, especially those replacing the

feldspars, and have probably come about via several dif-

ferent processes, i.e., deuteric reactions, and surficial

weathering during Olarno and post-Olarno time. The most

prevalent alteration products are clay minerals; these

characteristically occur as replacements of either feld-

I
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spars or glass. Small amounts of this brown or green

material may be kaolinite, however, a majority probably

belongs to the montmorillonoid group (smectites)(Taylor,

1977, person. comm.). This conjecture is supported by the

findings of Oles and Enlows (1971) and of Huggins (1978).

The cores of plagioclase phenocrysts seem to be the

most susceptible to alteration; the crystal rims commonly

are left completely unchanged. In addition, plagiociase

is more highly altered when present as a phenocryst than

when present as a groundinass phase. It is known that

deuteric reactions may be highly selective in the mineral

compositions they involve. It seems that the difference

in composition between the plagioclase phenocrysts and

the plagioclase miorolites may be great enough for one

group to have been altered while the other was left un-

changed. Alterations that might have come about at a

later time via weathering processes are less selective.

The most important criterion of weathering alterations

among minerals of nearly the same compositions is thought

to be crystal size; at any given point in time the alter-

ation will have proceeded to a greater extent within a

small crystal than within a large crystal. Thus it ap-

pears that a majority of the clay alterations of feldepars

came about by deuteric processes.

Combinations of clays and calcite are another commonly

observed feldspar alteration. feldspar phenocrysts are
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also commonly stained by limorilte. Sericite is rarely

found as a plagioclase alteration.

The other major secondary mineral observed, in these

rocks is chlorite, which appears as an alteration product

of biotite and pyroxene. where chlorite has replaced

pyroxene, the outer rim of the pyroxene crystal does not

seem to have been any more impervious to the reaction than

does the core. In fact, the alteration often seems to

have proceeded from the edges inward.

Another alteration product commonly observed. in these

rocks is limonite and/or hematite. These form as magnetite

alterations, regardless of whether the inagnetite is primary

or is secondary after hornblende, In a few samples, leu-

coxene also appears as a magnetite alteration, indicating

the presence of Ti within the magnetite lattice.

In addition to secondary minerals occurring as re-

placements of primary minerals, several secondary species

occur as fissure- and vug-fillings. The most common of

these is a zeolite (believed to be natrolite) which is

commonly present in cracks. Zeolites are not uncommon

secondary minerals in the andesitic rocks of the Olarno

Pormation; their presence has been documented at numerous

localities (Taylor, 1960; Huggins, 1978; Owen, 1978).

In one sample, an isometric appearing secondary

mineral was observed, presumably as a void-filling. This

material has been identified optically by H.E. kniows
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(Enlows, 1977, person. comm.) as either lusatite ( a low

temperature variety of cristobalite) or opal. Crystals of

this material are subhedral to anhedral, and are parti-

cularly distinguished by moderate to high negative relief

and a lavender or light purple pleochroism.

Although none was discovered within the Sand Mountain

area, vein-carbonate is known to exist in many of the

Clarno rocks of the region (Taylor, 1976, person. comm.).

Vein-quartz was observed in several locations.

Sand. Mountain Area Rhyodacite and Rhyolite

General Statement

1ithin the thesis area there exists a series of

hypocrystalline, extrusive silicic rocks that have been

grouped together within the Clarno Formation to form map

unit Tcr (see Plate). This was done because of the sirni-

larity of the gross litbologic characteristics that com-

prise these flows. These characteristics allow the silicic

lavas to be unquestionably distinguished in hand. specimen

from the andesltic rocks previously described (see Fig. 17).

From a distance, outcrops of these silicic flow rocks

are not everywhere possible to distinguish from outcrops

of the andesitic rocks of this part of the Clarno. Both

units are highly resistant, predominantly dark-colored

ridge-farmers. Both may produce dark-colored talus
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slopes; the soil horizons developed on either unit often

cannot be differentiated. The silicic rocks generally

appear, however, to be much more impervious to weathering

than the andesitic flow rocks of the area.

There are two features that all the Tcr rocks of the

Sand Mountain area have in common. They are invariably

flow-banded; banding is brought about by what appears in

hand specimen to be alternating layers of different shades

and/or colors, The other striking similarity is the fact

that they all are composed predominantly of cryptocrystal--

line material. Phenocrysts are only sparsely present n a

few of the flows observed.

The differences that can be observed among the Tcr

rocks are as distinctive as their similarities, The colors

they display are diverse; they may be dark shades of purple,

red, and red-brown, with only minor bands of black and buff

interspersed, or they may be alternating shades of light

red arid maroon, and of yellow. Almost all of these rocks

are only slightly vesicular; the vesicles are generally

"flattened" and drawn out into fiamme-like forms. The

rocks which crop out to form Sand Mountain itself, and

also those nearby to the northeast and west, however, are

highly vesicular. The vesicles here are either round or

only slighly misshapen. ihile most of the rocks of the

unit are very well indurated and can only be broken with

difficulty, those exposed at, and to the west of, Sand
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Figure 17 - Photograph of a typical outcrop of rhyolitic
lavas (Per); Sect. 18, T.11S., R.21E. Note that flow
banding is visible from a distance of several feet.
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Mountain are highly fissile and are easily 'flaked' apart

along flow bands.

The two most extensive exposures of these Tcr rocks

(see Plate) are approximately ,200 and 1,900 feet in

thickness. The former refers to the body of rocics to the

north of Sand Mountain, and the latter to the Sand Moun-

tain exposures. ach of these two regions of outcrops

appear to be comprised of several flows, although the

exact number in each case, and thus individual thicknesses,

could not be discerned. From the outcrop geometries, how-

ever, it seems evident that the flows that solidified to

form the unit were in places confined laterally as they

moved, and are probably of an intracanyon origin. Prom

the 8102 content of the rocks it is reasonable to assume

that they were highly viscous, and probably flowed only

short distances.

The contact of these rhyodacites and rhyolites with

the underlying andositic rocks can be observed in only a

few locations. In these areas, the underlying rocks have

been highly altered, and are now composed of a crumbly,

gruss-like material in shades of red and lavender. The

thickness of this material varies from one or two feet to

approximately as much as 10 feet.

S
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Petrography

The rhyodacites and rhyolites of the thesis area are

petrographically very simple. They consist of crypto-

crystalline material, mierolites and crystallites. The

cryptocrystalline material, presumably alkali feldspar and

one or more silica phases, composes at least 60 percent of

these rocks, and is altered to varying degrees. The ubi-

quitious feature of the rocks is their flow-banding (see

fig. 18 and 19), and is brought about by juxtaposed layers

with differing volumes of included microcrystalline mater-

ial, or with differing extents of alteration of the crypto-

crystalline components.

Quartz, plagioclase, and. K-feldspar tnay all occur

as phenocrysts. These are subhedral to anhedral, and

commonly have resorbed outer margins. No phenoorysts

were observed to exceed approximately 1.0 mm in longest

dimension; the greatest volume percentage of phenocrysts

in any sample observed is from about 1.5 to 2.0 percent.

Plagioclase and K-feldspar compositions, due to the small

amounts present, could not be accurately measured.

K-feldspar is believed to be sanidine; plagioclase is

probably oligoclase.

Flow oriented plagioclase miorolites, some of which

are as caleb as An17, are commonly observed in these

rocks. They may compose up to approximately one third

of any sample. Among the crystallites present, hornblende
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Figure 18 - Photomicrograph of a rhyodacite (sample TB47)
showing flow-banding. Plane polarized light; field width
is approximately 4.0 mm.

Figure 19 - Photomierograph of a rhyodacite (sample TB69)
showing flow-banding. lso note f1oage orientation of the
plagioclase phen.oeryst and hornblende crystallites. Plane
polarized light; field width is approximately 4.0 mm.
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is the only nonopaque mineral that could be identified

optically. Magnetite and hematite (as an alteration of

magnetite) are also common. None of these are estimated

to exceed two to three percent of a given sample.

The occurrence of vesicles is not unusual; they may

compose up to approximately 25 percent of some samples.

They are usually left unfilled, and may or may not be

'f1attened and subsequently elongated by movement. In

a few samples, interstitial spaces that may have origin-

ally been collapsed vesioles are filled with secondary

silica.

Although many of these rocks appear unaltered in

hand specimen, alteration products are readily observable

in thin section. Alteration products of the phenocrystic

K-feldspars include primarily clay minerals, with minor

amounts of sericite. In addition, the cryptocrystalline

material is also at least partially altered to clay

minerals.

Intrusive Basaltic Andesite

In the Ni of Section 14, T.1IS., R.20E., a small

homogeneous intrusive body of basaltic andesite crops

out (map designation Tciba; see Plate). Its exposure is

limited to a small knob approximately 60 to 80 feet in

height which rises from within a large expanse of John

Day rocks (described in a following section). The fact
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that the surrounding John Day strata show no alteration

effects suggests that the material that composes the

intrusive is of Pre-John Day Age.

In outcrop, the aphanitic rocks of this unit are

immediately distinguishable from all other Clarno rocks

of the Sand Mountain area. This is because: 1) the rocks

of the unit display a distinctive greenish color (fresh

surfaces range from grayish olive green to dark greenish

gray; 5GY 5/2 to 5G 4/i), and 2) the outcrop shows a

blocky fracture or jointing, rather than the platy joint-

ing typically exhibited by the other Olarno andesitic rocks

(Tea).

A thin section examination of this unit supports its

difference in origin from the other Olarno rocks of the

area investigated. The rock has an intergranular texture,

and is composed of approximately 85 percent subhedral to

anhedral plagioclase crystals from 0.04 mm to 0.4 mm in

length. Ohiorite makes up about six to eight percent of

the rock (see Figs. 20 and 2%).

The rock displays both an intergranular texture and

a strong flowage orientation of the plagioclase crystals.

The interstices are filled by chlorite, augite, rnagnetite

and glass. A trace amount of the augite may attain

lengths of as much as 0.25 mm; however, most is 0.02 mm

or less in length. Both hornblencle and biotite appear

to have been original constituents; however, hornblende is



Figure 20 - Photomicrograph
rock (Tciba; sample TB45).
width is approximately 1.5

of a basaltic andesite dike
Plane polarized light; field

mm.

Figure 21 - Photomicrograph
rock (Tciba; sample TB45).
width is approxImately 1.5

of a basaltic andesite dike
Cross polarized light; field

mm.
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entirely made over to magnetite and/or chlorite, and bio-

tite is altered to chlorite. Many pyroxenes are also

highly altered to chlorite. Plagloclase is extensively

altered, making an optical determination of composition

difficult; the alteration products are confined to green-

ish clay minerals.

The chemical composition of this unit is distinctive

(see Appendix A). Clarno rocks have not been found to

exhibit as great a K20 content (5.70 weight percent) at

such alow 5102 content (57.7 weight percent)(Taylor, 1977,

person. comm.).

Geochemistry of Clarno Rocks

The Olarno rocks of the Sand Mountain vicinity vary

in 5102 content from 54.8 to 74.5 weight percent, and have

been classified wholly on the basis of their major element

chemistry (see p. 12). Utilizing such a classification in

conjunction with caic-alkaline terminology is felt to be

justified for two reasons: 1) the rocks of the Sand

Mountain area plot within the caic-alkalic field as origi-

nally defined by Peacoôk (1931), having an alkali-lime

index of 59.9 (see Pig. 22), and 2) the chemical composi-

tions of these rocks, as well as their trends in composi-

tions, compare favorably with many suites of rocks that

have been considered by other workers to be cab-alkaline

(see Table II).

a



TABLE II - C1MICAL ANALYSES OF SELECTED CALC-ALKALINE VOLCANIC ROCKS

Oxide A B C D E F G H I J

Si02 56.5 60.1 64.8 57.6 54.7 63.9 60.2 67.0 59.3 60.3

A1203 17.6 16.5 16.1 17.8 17.4 16.8 17.6 18.3 17.6 17.4

FeO 7.9 7.3 5.3 6.8 9.1 5.3 5.4 2.3 6.8 6.2

MgO 3.5 2.7 1.3 3.4 4.4 2.1 4.0 1.5 3.3 3.2

CaO 6.6 5.7 4.4 7.2 8.0 5.6 6.0 3.2 6.4 6.2

Na20 3.7 4.0 4.1 4.6 3.7 4.0 4.5 5.0 3.8 4.0

1(20 1.96 1.65 2.00 1.16 1.12 1.41 2.06 1.93 2.01 1.68

Ti02 1.21 1.21 0.85 1.23 1.32 0.64 0.77 0.23 0.80 0.86

Total 99.0 99.2 98.9 99.8 99.7 99.7 100.6 99.4 100.0 99.9

A,B,C - Sand Mountain Area, average of 7 basaltic andesites, 8 andesites, and 9 dacites,
respectively; D - Oles' and Enlows' (1971) average Clarno flows; E,F - Nockolds' (1954)
average andesite and dacite, respectively; G,H - Jakes' and White's (1972) average caic-
alkaline andesite and dacite, respectively; I - McBirney's (1969) average continental
margin andesite; J - Chayes' (1969) average Cenozoic andesite of the U.S.

Note that, where necessary, analyses have been recalculated H20-free, and total
iron (Fe203+FeO) is reported as FeO.



The work of Rogers and Noviteky-Evans (1977) supports

the finding that the Sand Mountain area Clarno rocks bear

distinct cale-alkaline affinities. The fact that other

workers have found rock suites of the Olarno Formation

to have alkali-lime indices that fall within the caleb

field (Taylor, 1977, person. comm.; Huggins, 1978; Owen,

1978) may indicate that the rocks they analyzed were too

rich in secondary Ca-bearing alteration products to plot

within the caic-alkalic field.

A number of trends can be observed in the variation

diagrams constructed for the alamo rocks of the study

area. Si02-and A1203-variatbon diagrams appear in

Appendix B; points plotted are from data summarized in

Appendix A. Briefly, these trends show K20 linearly

increasing with Si02; whereas A1203, total iron, Tb2,

CaO, and MgO all decrease with increasing Na20

shows no discernible variation with changing 3102 content.

The scatter of points in the Na20-S102 plot may have

obliterated any trend that may have otherwise been

observable and may have been caused by secondary processes

occurring in these lavas after their deposition. None of

the six former trends is unusual. It is also observed

that more scatter is present for the Al203-variation. plots

than for the Harker (S102-variation) plots.

When the major element oxides of individual samples

are plotted against their approximate height within the
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Figure 22 - "Peacock Diagrarn' of the Clarno rocks of the
Sand Mountain area.

Solid circles represent weight percent GaO vs. Si02; hollow
circles represent weight percent Na20K20 vs. Si02. The
calculated intersection occurs at Si02-alkali-lime index
59.9. The two curved, dashed lines represent Kuno's

(1966) high-alumina basalt field.

.



Olarno section, no discernible pattern can be seen. This

was also found to be the case for the Clarno sequence

exposed in the Painted Hills quadrangle (Huggins, 1977,

person. comm.), and is the same conclusion that Rogers

and Novitsky-Evans (1977) have reached. This observation

is also in agreement with Taylor's findings (1977, person.

comm.) that there is no criterion, utilizing major element

compositions, whereby the Upper and Lower Clarno can be

distinguished.

It is also of note that nearly all of the rocks

analyzed, when K20 plus Na20 are plotted against SiC2

(see Fig. 22), fall within Kuno's (1966) high alumina

basalt field. Kurxo (1966, p. 207) shows that this is also

the case for many volcanic rocks lying along the axis of

the High Cascades. As is also characteristic of caic-

alkaline suites, no iron enrichment is evident (see Fig.

23).
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A M

Figure 23- AFM Diagram of the Clarno rocks o1 the Sand
Mountain Area.
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SARGENT BUTTE RHYOLITE

Sargent Butte, located in the southeast corner of

the Sand Mountain area, is cored by a homogeneous pale

to very pale orange (1OYR 8/6 to 1OYR 8/2) intrusive

rhyolite (Tsbr; see Plate). In addition to comprising

the core of the Butte itself, the intrusion has several

apophyses which are exposed on the flanks of the Butte,

to the south of the thesis area.

The intrusive character of the Sargent Butte body is

supported by the combination of several facts: 1) the

igneous character of the rock, 2) the chilled, glassy

margins of the body, 3) the surrounding andesitic rocks

dip quaquaversally away from the plug, and 4) the surround-

ing rocks are highly hydrothermally altered to clays and

silicified. The two alteration effects that can be

observed in thin section are: 1) the plagioclase pheno-

crysts are totally made over to fine-grained masses of

clays and carbonate, and 2) vesicles are filled with

chalcedony (see Pig. 25 and 26).

Although no radioinetric age has been determined for

the intrusion, contact relationships indicate that it is

either of Olarno or Post-Olarno Age. Evidence presented

in a following section favors an Upper Olarno age.

Several distinguishing features, in addition to the

genetic relationships suggested in outcrop, set this



Figure 24 - Photograph of an outcrop of Sargent ButteRhyolite; SE of Sect. 17, T.11S., R.211E. Note highly
visible flesegang-like banding.
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Figure 25 - Photomicrograph of an altered andesitic rock
from the flank of Sargent Butte showing a chalcedony-filled
vesicle. Cross polarized light; field ridth is approxi-
mately 4.0 mm.

Figure 26 - Photomicrograph of an altered andesitic rock
from the flank of Sargent Butte (same sample as shown in
Fig. 25) showing an altered plagioclase phenocryst. Cross
polarized light; field width is approximately 1 .5 ifira.
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rhyolite apart from the other silicic rocks (Tcr) of the

Sand Mountain area. First, although aphanitic, the rocks

that form the plug are unquestionably crystalline in hand

specimen rather than cryptocrystalline. In addition, no

primary internal flow banding can be observed. However,

most of the samples contain numerous liesegang-like bands

of ljiuonite stain, The intrusive is highly jointed; joint-

ing is irregular and blocky (see Fig. 24).

In thin section, the rock is so fine-grained that a

petrographic classification is difficult. Oles and Enlows

(1971) have termed the rock a "leucorhyolite"; however,

if the classification of p. 12 is utilized in combination

with the rock's major element chemistry, it should be

classified as a rhyolite. An analysis of this rhyolite

is reproduced from Oles and Enlows (1971) in Appendix A,

sample SBLR.

The rock appears to be composed of subequal volumes

of quartz and K-feldspar, with lesser abundances (up to

approximately 10 percent) of plagioclase. Due to the

nature of the rock, mineral percentages were only esti-

mated and An-content of plagioclase crystals could not

be determined, Oles and. Enlows (1971) state that "an

X-ray diffraction pattern of a polished specimen yielded

peaks consistent with an identification of the feldspar

as anorthoclase." Vesicles are commonly present, in

abund.nces less than 10 percent. No primary Lerromagnesian



minerals were observed.
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JOHN DAY FORMATION

Synopsis of the John Day Formation

In 1875 0.0. Marsh, in referring to the principal

fossil beds of the John Day Basin, described the tuffa-

ceous sediments he observed as the deposits of the "John

Day Lake." Merriam (1901), describing what he called

the John Day Formation, subsequently stated:

The John Day beds are found exposed inter-
ruptedly along the John Day River and its tri-
butaries from Clarnots Ferry up to the Picture
Gorge, just below Dayville on the South Fork,
and probably as far east as Granite Creek on
the Middle and North Pork.

...At Bridge Creek and in Turtle Cove the
whole section is exposed. At Clarno's Ferry
the lower and middle beds are well shown, and
possibly the upper beds in part.

Although he designated no type section, Merriam divided

the John Day Formation Into a Lower, Middle, and Upper

Member on the basis of lighology and stratigraphic rela-

tionships.

Since the time of the pioneering geologic investi-

gations of the John Day Formation, numerous studies have

been completed, culminating with those of Fisher (1964,

1966, 1967, 1968), Hay (1962a, b; 1963), Peck (1961,

1964), Robinson (1968, 1973), and Swanson and Robinson

(1968).

The John Day Formation, which overUse the Olarno

Formation with angular unconformity, is highly variable

In litkiology. Individual units change rapidly both in



thickness and lithologic characteristics, and are diffi-

cult to correlate over large distances. Waters (1954)

describes the formation and some of its gross observable

lithologic variations as follows:

At its type locality near Picture Gorge, Oregon,
the John Day Formation consists of water-laid
tuffs and tuffaceous clays. The basal member
is a brilliant red; the upper layers are pale
green to white. The red of the basal layers
was caused by incorporation during deposition
of particles from a thick saprolite that had
developed by weathering of the underlying Olarno
andesite just prior to deposition of the John
Day sediments. This ancient red soil is a dis-
tinctive stratigraphic unit which has been
traced far west of the type locality into the
foothills of the Cascades. Locally it forms a
welcome guide to the stratigraphy where litholo-
gy of the John Day is superficially similar
to that of the underlying Clarno.

The John Day Formation changes progres-
sively when traced to the west. Fine-grained
water-laid tuffaceous clays characteristic of
the type section begin to alternate with increas-
ing amounts of air-deposited pumice-lapilli tuffs
and coarse rhyolite breccias, and especially
with great volumes of welded tuff and sintered
tuff. Large domes and thick flows of platy
rhyolite and perlite vitrophyre also appear.

Hay (1962b, 1963) has concisely described the John

Day Formation as it is seen in the Painted Hills. He

has subdivided the formation into a Lower, Middle, and

Upper Member on the basis of stratigraphic relationships

to a widespread, compound, densely-welded, rhyolitic

ash-flow tuff (this tuff forms his Middle Member).

The Lower Member attains a thickness of 1,135 feet

in a composite measured section (Hay, 1962b), and is

composed predominantly of varicolored, tuffaceous clay-



stone. Hay (1963) states that:

...this is probably a maximum, and the member
is presumably as much as 300 feet thinner in
some places, for the unconformity at the base
of the John Day Formation has a local relief
of 300 feet. Tu.ffaceous claystones form about
three-quarters of the member, on the average,
and most of the remainder is vitric tuff,
either primary or reworked.

Hay's Middle Member is a rhyolitic ignimbrite,

which averages approximately 120 feet in thickness; it

varies from 12 to 250 feet thick. He (:1963) states:

he ignimbrite exhibits all gradations between
nonporous, highly welded tuff and porous,
friable lapilli tuff in which the particles of
glass are neither flattened by compaction nor
welded. Two flow units can usually be seen,
and three units are recognizable in a few places.
Only the lower parts o± the flow units are
welded, and the degree of compaction and the
welding are greatest where the units are thick-
est.

The Upper Member, as Hay (1963) defines it, attains

a thickness of at least 1,300 feet. It is composed of

approximately 95 percent of tuffaceous claystone and

vitric tuff, and about 5 percent interfingered, reworked

tuffs and conglomerates. The bulk of the unit is com-

prised of yellowish-gray or light olive-gray, massive,

poorly sorted beds. They are medium to fine grained,

and generally appear of uniform texture and composition.

D.L. Peck (1961, 1964) has studied the welded ash

flows of the John Day Formation in the Antelope-Ashwood

area, approximately 20 miles to the west of the Sand

Mountain area. There he divided the formation into nine
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discrete members, A through I, the sum of which attain a

maximum composite thickness of 5,300 feet. Robinson

(1973) has concisely summarized these units, as well as

those of Hay, to the east.

The basal unit (Member A) is comprised of two ash-

flow sheets, separated by approximately 100 feet of lapilli

tuff. Robinson (1973) believes that:

...the lower ash-flow tuff is the most extensive
of the two... It is typically strongly welded,
with a well developed eutaxitic texture, and
contains 5 to 10 percent of crystals, chiefly
quartz, sanidine and oligoclase, with trace
amounts of green hornblende.

He (Robinson, 1973) summarizes Members B through I as

follows:

Overlying Member A are a series of trachyandesite
and rhyolite flows, Members B and C respectively,
which in turn are overlain by a thin unit of
poorly indurated, light-gray to yellow tuff andlapilli tuff (Member D), and a thick sequence of
extremely lithophysal welded tuff (Member E).
Member F is composed chiefly of poorly indurated,
gray to brownish-gray tuff and lapilli tuff with
a sequence of alkall-olivine basalt flows in the
upper part. Member G consists of a basal ledge-
forming ash-flow tuff, 20 to 100 feet thick,
overlain by 100 to 400 feet of gray and brownish-
gray tuff and lapilli tuff. The basal ash-flow
tuff contains 10 to 15 percent of euhedral sani-
dine phenocrysts from I to 5 mm long. The sani-
dine crystals have an average composition of
Or43AbAn57 and are mantled with myrmekitic inter-
growths of quartz and sanidine.

The base of Member H is also marked by a
ledge-forming ash-flow tuff. This tuff is red,
and sparsely lithophysal. Trace amounts of
quartz and oligoclase are present in most speci-
mens. About 300 feet of poorly indurated,
light-gray tuff and pumice lapilli tuff overlie
the basal tuff.
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The uppermost member, Member I, consists
of 600 to 800 feet of' massive light-gray to
yellowish-gray tuff and pumice lapilli tuff
overlying another ash-flow sheet. The basal
ash-flow tuff is moderately to weakly welded,
rarely devitrified, and characterized by large
collapsed pumice fragments and chips of black
glass. It contains sparse crystals, chiefly
oligoclase, and I to 2 percent of rock frag-
merits.

The combined work of Hay (1962a, 1963), Peck (1964),

and Swanson and Robinson (1968) has enabled Robinson

(1968, 1973) to tentatively correlate the western section

of the John Day Formation (exposed in the Antelope-1illow-

dale-Ashwood area) with the eastern section (exposed in

the Painted Hills). The key factor is a 1- to 3-

foot-thick soda-sanidine-rich vitric tuff that is found

exposed in the Painted Hills (Hay, 1962a). Robinson

(1968) states:

Recent work indicates that most of the Ashwood-
ti1lowdale section is equlvaient to the Lower
Member of the formation near Mitchell. The two
sections can be correlated by a distinctive tuff
that is rich in large crystals of soda-sanidine.
Near üllowdale it is a welded tuff, 50 feet
thick, lying about 3,500 feet above the base of'
the formation; near Mitchell it is a reworked
air-fall tuff, 500 to 800 feet above the base of
the formation and 200 to 400 feet below the ash-
flow tuff forming the Middle Member. Most of
the ash-flow tuffs and lava flows in the Ashwood-
fillowdale area thin eastward and disappear in
the vicinity of Clarno; only the basal ash-flow
sheet of Member H extends into the Mitchell area
where it forms the Middle Member of the formation.

Thus, if Robinson's (1968) conclusion that the basal

ash-flow sheet of Member G is the distal correlative of

Hay's (1962a) soda-sanidine vitric tuff is correct,
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nearly the entire western section of the John Day (every-

thing below Member H) is equivalent in the east to the

lower 500 to 800 feet of Hay's (1963) Lower Member.

The mineralogic features of' the "eastern fades" of

the John Day Formation, with specific reference to second-

ary mineral assemblages, have been studied at great

length (Fisher, 1968; Hay, 1962b, 1963). The details

of' these studies will not be discussed; however, their

conclusions have a bearing on the geologic history of the

area, and will be referred to in a following section.

The age of the John Day Formation is well documented

by both radiometric dating and by fossil evidence. The

early workers (Marsh, 1875; Merriam, 1901; Calkins, 1902)

identified both fossil fauna and flora within the forma-

tion. Calicins (1902) referred to the "John Day Series"

as being of Miocene age. More recently, Chaney (1956) has

identified many species of fossil plants which he considers

to be Late Oligocene. On the basis of faunal evidence,

Reneberger (1965) has suggested that the Lower John Day

is of Middle Oligocene age.

According to K-Ar dating, deposition of the John

Day Formation (see Fig. 2) apparently spanned from

36.4 m.y.b.p. to 24.9 m.y.b.p. (Bwernden and James, 1964;

Evernden, et al., 1964; Swanson and Robinson, 1968). Thus,

according to the divisions of Harland, et al. (1964),

the span of time represented is from Lower Oligocene to
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Lower Miocene.

Swanson and Robinson (1968) reported a 36.4 m.y. age

date for the base of the John Day Formation in the Horse

Heaven district. Up to that time the oldest published

John Day age was 32.0 xu.y. (Evernden and James, 1964).

Evernden, et al. (1964) had reported a 36.5 m.y. date

for rocks they believed belonged to the Clarno Formation

(their sample number KA 824 A; located near the SE corner,

Section 2, T.11S., R.20E.). From the description they

(Evernden, et al.) give of the litbology and location of

this sample, however, it becomes immediately apparent

(see Plate) that their date belongs to the base of the

John Day Formation, and not to a portion of the Olarno

Formation, thus supporting the age evidence presented by

Swanson and Robinson (1968).

Painted Hills Tuffaceous Claystone

The bulk of the John Day Formation cropping out

within the Sand Mountain area is composed of laminated

to massive, tuffaceous claystone in shades of buff, yellow,

green and red. (Figs. 27 and 28). Small amounts of light-

colored vitric tuff are discontinuously interbedded with

this claystone. Except for the 20 to 40 foot-thick

ignimbrite described in the following section (see Fig. 30),

these are the only lithologies exposed within the area.

They were mapped as a single John Day unit, Tjd (see Plate).
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Only approximately the basal 940 feet. of the Lower Member

of the formation, as delineated by Hay (1962b, 1963) are

exposed In the study area. It is readily apparent that

these rocks belong to the Lower Member because they under-

lie the compound ignimbrite that comprises the Middle

Member, which crops out to the immediate north of the

northeast corner of the area.

The John Day Formation overlies the Olarno Formation

with angular unconformity; in the study area the differ-

ence in dips of the two formations is estimated to be from

approximately 100 to 200. The contact between them was

mapped with the findings of Oles and Bnlows (1971) in

mind;

At most places the John Day rocks rest with
angular discordance on a much-weathered, rego-
11th-mantled, older terrain of Lower Olarno
lava flows. The colorful, dusky red, ancient
regolith developed on the older lava flows
is generally overlain by a moderate reddish
brown to dark reddish brown tuffaceous clay-
stone and siltstone unit of the John Day.
Because of the similarities in color of the
regolith and the overlying John Day rocks
the contact between the two is difficult to
define precisely; it is best drawn on an
abrupt topographic break in slope between
the older more resistant lava flows and the
overlying soft sediments.

This Post-Olarno Pre-John Day saprolite layer has

been described at other localities by iaters, et al. (1954)

and by Fisher (1964, 1968). According to Hay (1963), the

red basal John Day claystones "can be distinguished from

the colluvial claystones which conformably underlie the
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Figure 27 - Photograph of some of the typical "varicolored
hills of the John Day Formation as exposed within the
Painted Hills.

Figure 28 - Same as Fig. 27 above.
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John Day Formation by the presence of plagioclase and

the predominance of montinorillonite over kaolinite."

Due to the fine-grained, altered character of the

material that composes the Lower Member of the John Day

Formation, and because of both the quantity and quality

of previous pertinent woric (Fisher, 1967, 1965; Hay,

1962b, 1963), little laboratory work with these rocks was

deemed necessary, A brief description of the strata

exposed in the Painted Hills, however, is necessary.

According to Hay (1963), all of the claystones of

the Lower Member contain recognizable, commonly altered,

pyroclastic material. This is composed primarily of

pumice., but also includes small volumes of glass shards.

The altered pumice fragments are poorly sorted, and range

in size from 0.25 mm to 4.0 mm; most, however, are 0.25 mm

to 1.0 mm. The refractive index of samples of unaltered

glass was found to be 1.500 to 1.502, indicating a rhyo-

litic parentage, despite the abundance of andesine crystals

(Hay, 1963).

Hay (1963) states: "Sand-sized euhedral or broken

crystals (principally plagioclase) and rock fragments

(largely silicic lava) form 3-13 percent of the massive

claystones and as much as 50 percent of the small sandy

lenses which were disaggregated and sieved." Most of

the plagioclase is andesine, with minor oligoclase and/or

labradorite. Sanidine, niagnetite, and ilmenite are also
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common constituents. Combinations of pyroxene, horn-

blende, and blotite were observed in some of the clay-

stones, appearing more commonly in the upper half of the

member.

Hay (196) indicates that most of the yellow and

green claystones were originally 85 to 90 percent vitric

material. The clay mineralogies of Lower Member rocks

that he determined are as follows: yellow claystone

contains montmorillonite Only; green claystone contains

montmorillonite and celadorilte; red claystone contains

montmorjllonite and kaolinite.

Some of the Tjd claystones (see Plate) in and around

the Painted Hills contain abundant leaf fossils. In

many cases the shapes of fossil leaves are accentuated

by Fe- and Mn-oxide stains. Invariably, these fossils

are found in discontinuous beds of white tuffaceous clay-

stone that appear to be geometrically lenticular. These

beds are more highly indurated than the surrounding rocks

and characteristically are highly fissile. There is no

evidence to suggest that these beds are compositionally

any different in their clay-sized components than the sur-

rounding rocks of the Formation; no crystals or pumice

fragments, however, were observed either in hand specimen

or in thin section.

Also interbedded with the Tjd claystorie of' the Painted

Hills are several vitric tuffs that vary in thickness from



several inches to approximately 5 feet (see Pig. 29).

Of these beds, Hay (1963) states:

Most tuffs are medium- to coarse-grained, but
lapilli tuff is not rare, and a few beds of
fine-grained tuff have been noted. Nearly all
the tuffs contain a matrix of montmorillonite,
and all gradations exist between tuffs and tuf-
faceous claystones. Pumice fragments as much
as 4 mm long are present in most tuffs, and
fragments 1 cm long occur in several beds. Feld-
spar crystals and rock fragments usually form
5-10 percent of the tuffs. Sanidine equals or
exceeds plagioclase (chiefly ollgoclase and
sodic andesine) in at least half of the tuffs;
sodic andesine or oligoclase is common and
sanidine is rare or absent in the others. Al-

though quartz is rare in most tuffs, it is rather
common in a few. Pyroxene, either fresh or al-
tered, generally is present but never forms as
much as 1 percent of a bed. The sanidine-rich
tuffs are thought to be rhyolitic; those in
which plagioclase is the dominant feldspar are
more likely to be rhyodacitic or dacitic.

Few other features characterIze these fine-grained

colorful rocks. The upper two thirds of the formation are

much more diverse in the lithologies they include than

is the Lower Member. The only observable feature that

disturbs the repitious claystones of the thesis area,

aside from the numerous minor faults present (see Fig. 29),

are clay-filled root cavities, which can be seen in many

of the sharply cut gullies in the John Day pediments.

Painted Hills Crystal-Lapilil-Bearing Puff

One lithologic unit within the Lower Member of the

John Day Formation in the Painted Hills is distinctive

from all the rest. This is exemplified both by its greater



1igure 29 - Photograph showing John Day claystone and a
vitric tuff (5-foot-thick white bed) offset by several
minor faults; NE of Sect. 16, T.11S., R.20E.

p 4

Figure 30 - Photograph showing an outcrop of the ridge-
forming John Day ignimbrite within the surrounding less
resistant claystone; SW of Sect. 15, P.118., R.20E.

79



resistance to weathering and in its origin. It is a

homogeneous, structureless, moderately welded ignimbrite

that occurs in shades of white, buff, or very pale orange.

Its thickness varies from approximately 20 to 40 feet;

outcrops stand out as small knobs and short ridges within

the underlying and overlying friable claystones (see Fig.

10). The unit is designated by a stipled pattern within

the John Day Formation (see Plate). It is only intermit-

tently exposed, presumably being covered in many areas

by the weathering products of the surrounding, less re-

sistant beds. Upper and lower contacts appear to be con-

formable; no alteration effects were observed in the under-

lying claystories.

A thin section analysis of the rock allows the unit to

be termed a crystal-lapilli-bearing tuff (after Fisher, 1961)

(Figs. 1 and 2). Samples are composed of from 72 to 90

percent of glass shards and dust, both moderately altered

to clay minerals (presumably montmorillonite). The glass

shards present are partially flattened. Pumice appears

in amounts from approximately 5 to 15 percent, and is in-

variably partially, if not totally, collapsed. Pumice

fragments are generally less than 0.75 cm long, and are

also generally altered to clay minerals. Alteration has

commonly proceeded to a greater extent in pumice fragments

than in the surrounding glassy material. Small (less than

to 4 mm long) angular clasts of aphanitic, andesitic
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lavas are also ubiquitously present, but only in trace

amounts. These appear highly corroded, probably attesting

to the abundant corrosive gasses in the unit when deposi-

ted.

The proportions of the 4 to 10 percent of crystals

present in the tuff do not vary greatly. Subequal amounts

of quartz and sanidine make up approximately three fourths

of the crystalline constituents. They are generally from

0.1 to 2.0 mm long, are often nearly equant, and commonly

have resorbed and embayed margins. Plagioclase (probably

oligoclase or andesine) is present in amounts up to approx-

iately one fourth of the crystals present. Plagioclase

lathes are generally somewhat smaller than either quartz

or sanidine crystals. Arthedral to subhedral magnetite is

always present, from a trace to I or 2 percent, arid

characteristically is partially or wholly altered to limo-

rite or leucoxene. Crystals are from 0.01 to 0.2 mm in

size. Chlorite may occur in trace amounts, possibly as

an alteration of primary biotite. No hornblende was ob-

served.

Other than clay minerals, the only secondary mineral

identified was chalcedony. This may account for up to 2

to percent of a sample, occurring as very fine-grained

aggregates of anhedral crystals. These appear for the

most part to have crystallized in void spaces. In a few

instances, they appear to be recrystallization products,
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Pigure 1 Photomicrograph of crystal-lapilli-bearing
tuff (sample TB44). Note angular andesitic rock fragment
near center; crystals are sanidine and quartz. Plane
polarized light; field width is approximately 4.0 mm.

Figure 32 Photomicrograph of crystal-lapilli-bearing
tuff (sample TB54) showing pumice fragment (large dark
area) and a quartz crystal. Plane polarized light; field
width is approximately 4.0 mm.
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forming after oririna1 pumice fragments.

It is probable that this tuff is the same ignimbrite

tha has been described in i.9S., R.21. by Hay (1963).

It has not, however been observed in the area between the

thesis area and the vicinity where Hay encountered it

(Huggins, 1977, person. coiira.). 01 the unit, Hay (1963)

states:

...it lies wIthin 50 feet of the base of the
the formation. It appears to be the same ig-
nimbrite which forms the basal bed of the for-
mation in the vicinity of Olarno, 15 miles to
the northwest.

Swanson and Robinson (1968, p. 160) also believe that this

tuff is the correlative of the basal ash-flow sheet ol'

Member A, which they traced for great distances in the

Antelope-Ashwood area. This is a reasonable possibility,

considering the lithologic characteristics the unit dis-

plays in the Painted Hills and those that Swanson and

Robinson (1968) and Hay (1963) have described, The tuff

does not, however, appear in exactly the same stratigra-

phic position in the west as it does in the east; it does

not everywhere form the base of the formation. 1urther

study should be undertaken to confirm this tentative cor-

relation.



QUATERNARY SYSTEM

LANDSLIDE DEPOSITS

Only two landslide deposits large enough to be repre-

sented on the geologic map (see Plate) were identified

within the Sand Mountain area. The two slides are situ-

ated side by side along the eastern edge of the study area,

in Section 16, T.11S., R.21E. They are both designated

Qis; however, one is formed entirely from material derived

from andesitic lavas of the Clarno Formation (Tea), and

the other is formed of debris from the Sargent Butte Rhyo-

lite (Tsbr). It was not determined whether or not the two

formed at the same point in time. Although Bridge Creek is

suspect, the cause of the topographic instability that must

have instigated movement could not be determined.

ALLUVIUM

Quaternary alluvium has been, and continues to be,

deposited in many- areas within the thesis area. These Qal

deposits (see Plate) can be observed along perennial Bridge

and Bear Creeks. Deposits in. these two areas appear,

judging from the surrounding topography to attain a thick-

ness of several tens of feet, Other occurrences of allu-

vium are present in the wider, less steep portions of

several drainages which only- receive detritus during the

runoff that follows periodic thunder storms.
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STRUCTURAL (IEOLOGY

The structural features exposed in the Sand Mountain

area are a small part of the large-scale structural fea-

tures of central Oregon that have been described by Fisher

(1967), Oles and Enlows (1971) and Rogers (1966). One

of the most obvious features of the area investigated is

the variation in the dips of the Olarno strata. Along

the southern edge of the study area, Clarno lavas dip

shallowly or moderately (nowhere to exceed 450)
to the

north or northeast. Along the western boundary of the

area, these strata dip to the east or east-southeast.

These attitudes together define the trace of the axial

plane of the northeast-plunging Sutton Mountain syncline

(see Fig. 7). Extensions of this syneline have been des-

cribed in the adjacent areas by Huggins (1978), Oles and

Enlows (1971) and Owen (1978).

For the most part the John Day beds reflect the dips

of the underlying Clarno strata; however, they are slightly

less in magnitude, averaging approximately 100. Thus, al-

though it is of small geometric magnitude, the angular un-

conformity between the two formations is immediately per-

ceptable. Some of the attitudes of the John Day beds

appear to be nearly random. In other areas this has been in

part either ascribed to slumping (Huggins, 1978) or to fault-

ing (Oles and Enlows, 1971). It appears that the variabi-

lity in the attitudes in the Painted Hills, however, may be



predominantly the result of initial variations in the

depositional angle of repose of the ash.

The thesis area is cut by numerous faults. Many

small faults with displacements of 1 or 2 feet or less

occur within the John Day rocks, but are too small to be

depicted on the map (see Plate). Five small faults are

shown on the map; these appear to have displacements of

less than 25 feet. Because these five faults only displace

Clarno rocks (see Plate), they must be assigned Post-

Clarno ages. For those in which the sense of movement

was observed in the field, the directions are indicated

on the geologic map (see Plate).

Two larger faults in the area (in Sections 10 and 14,

2.11S., R.20.) trend north-northeast and north-northwest,

respectively. In neither case could the sense or magni-

tude of displacement be determined. Due to the fact

that these faults offset Clarno strata, but not the over-

lying John Day strata, they must be both of Upper Olarno

or Post-Upper Olarno, and Pre-John Day age.

The two remaining faults to cross the thesis area

strike to the west-northwest or northwest. One of these

traverses between approximately 5.5 to 4.5 miles of the

area. The other, located in Section 16 or T.11S., R.21E.,

only has a length of approximately 0.25 miles. The sense

of movement in Section 16 (T.11s., R.21.) in both cases

appears to have been dip-slip; a block of Cretaceous
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material (Kgc) has been elevated between the two. There

may have been a genetic connection between these two faults.

The age of each, based upon their field relationships, can

only with certainty be termed Upper- or Post-Olarno.

A major crustal hiatus of the surrounding region,

the Mitchell Fault, occurs to the

tam area (Oles and &xlows, 1971;

strikes approximately east-west.

the two nearly east-west-oriented

were initiated at nearly the same

movement along the Mitchell Fault

with the intrusion of the Sargent

discussed in the next section.

south of the Sand Moun-

Owen, 1978), and also

The possibility that

faults just described

time as the initial

and/or in conjunction

Butte rhyolite will be
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GEOLOGIC HISTORY AND CONCLUSIONS

The geologic history recorded by the rocks exposed in

the Sand Mountain area extends from Oretaceous time to the

present. This interpretation is based primarily upon data

from the rocks exposed within the thesis area, but is

extensively supplemented by information from the surround-

ing region because there are long lapses in the rock

record of the Sand Mountain area. Many speculations

about past tectonic features of northwestern North America

have been published (Atwater, 1970; Dickinson, 1975;

Lipnian, Prostka, and Christiansen, 1972; Rogers, 1966;

Rogers and Noviteky-Evans, 1977) and, while it is beyond

the scope of this study to propose any new models, it is

of interest to attempt to see how the data collected

from the Sand Mountain Clarno rocks fit the conclusions

of other workers.

The first event to be recorded in the study area is

the deposition of the fluviatile sediments that comprise

the Gable Creek Formation. This occurred sometime during

the middle of the Oretaceous. Although the rocks of

the thesis area do not record this fact, deposition of

the Gable Creek Formation occurred concomitantly with

nearby deposition of the marine sediments of the Hudspeth

Formation. Summarizing the Pre-Clarno paleogeography

in the region, Wilkinson and Oles (1963) state:



...a rising land, mass lay on the north and a
shallow marine enibayment covered the area on
the south. Enormous volumes of detrital sedi-
merit were delivered by a major river to the
embayment, and extensive alluvial piedmont and
delta plains projected into the sea. ...As a
result of swinging distributaries of the major
river, episodic uplift of the source area, and
intermittent subsidence of the basin, the shore-
line position fluctuated to produce a complex
intertonguing of fluvial-deltaic sediments with
marine sediments.

A part of the time between Gable Creek deposition

arid Upper Clarno deposition is recorded by the rocks

exposed within the Mitchell quadrangle. Oles and Enlows

(1971) state that:

Pollowing the deposition of the last Hudspeth
and Gable Creek tongues, the region was sub-
jected to epeirogenic uplift and on the sedi-
inentary rocks there developed a thick rego-
lith, the result of deep weathering. During
this uplift broad, low-angle tilting must
have occurred, and on the deeply weathered
Cretaceous landscape the rocks of the Lower
Clarno were deposited with a slight angular
discordance.

During the span of Lower Clarno deposition (Eocene

and possibly Oligocene), predominantly andesitic lavas

emanated from fissures and central vents; the location of

these vents has not been documented (Oles and Enlows,

1971). Andesitic "pistons" such as white Butte, along

with irregular sills and dikes occurred as intrusive

counterparts of these lavas.

Following deposition of the Lower Olarno rocks, an

orogeny that Oles and Enlows (1971) believe to be an

episode of the Laraznide Orogeny, tilted and folded the



strata. The initial folding of the Mitchell anticline,

a major structural feature to the northeast, east, and

southeast, took place at this time. Erosion followed,

producing a regionally recognizable regolith on the Lower

Olarno strata.

Events of Upper Olarno time (also Eocene and/or

Oligocene) are the next to be recorded in the Sand

Mountain area. At this time the subaerial flow rocks

of the area, both Tea and Tcr (see Plate), were deposited.

Initially they flowed down canyons carved on the well

developed topography of Older Olarno material. Mudflows

developed in some of the steeper areas, and along with

the exposed tops of lava flows, were deeply weathered.

he climatic conditions of the time were semitropical,

mild and humid. 1illiams (1948) colorfully summarizes

the Upper Olarno surroundings:

Avocados, cinnamons, figs, and persimmons
flourished in the lowlands. On the hIgher hills
and cones more temperate forests grew. They
were rich in redwood, alder, tan oak, and elm.
In general, as Chaney has shown, the vegeta-
tion resembled that now growing on the lower
slopes of the Andes in Venezuela, on the savan-
nahs of Panama and in the mountains of Costa
Rica and cuatemala. It must not be thought
that these lush forests were ever laid waste
completely by volcanic activity, for the mnter-
vals between eruptions were long and most of the
volcanoes were far apart, so that only small
areas were devastated at a time, and even these
were quickly reforested. Indeed, where ash
fell thinly, to a depth of a foot or less, the
vegetation was not only unimpaired but much
invigorated, for the light, loose mantle served
as a mulch to hold moisture in the ground.
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During Upper Clarno time, the initial movement (dip-

slip) along the Mitchell Fault commenced (Oles and

Enlows, 1971). Much of the faulting in the study area

is also believed to have taken place at this time, although

some of the smaller faults may have occurred later. The

two nearly east-west oriented faults of the thesis area

closely parallel the orientation of the Mitchell Fault,

to the south. The Oretaceous strata (Kgc) that have been

forced upward between these two smaller faults may be a

part of a larger block of material that was elevated

between the Mitchell Fault, to the south, and the "4-mile-

long fault" of the thesis area, to the north. Although

no conclusive data exists for determining the age of the

Sargent Butte intrusion, its position with respect to

the two east-west faults of the thesis area and to the

Mitchell Fault may be more than coincidental. If this

is correct, it is possible that the intrusion of the

Sargent Butte plug occurred concomitantly with the sur-

rounding episode of block faulting, both occurring during

Upper Clarno time.

Following their deposition, the Upper Clarno strata

of the Sand Mountain vicinity underwent an initial

interval of diastrophism, which produced the beginnings

of the Sutton Mountain syncline (see Plate). This

occurred either during Upper or Post-Upper Clarno time.

It is not known whether or not this folding mirrored any



of the axes of folding that occurred after deposition of

the Lower Clarno lavas. IIeither is it known whether

the diastrophic activity that produced this folding was

also responsible for the faulting previously mentioned.

The intrusion of the small basaltic andesite dike (Tciba,

see Plate) also occurred during Upper or Post-Upper Clarno

time. This leads to the suspicion that the zone of weak-

ness along which the dike intruded,probably represented

by the adjacent fault, also came about during this time

interval.

The span of time between deposition of the Upper

alamo flow rocks and the initial deposition of John Day

ash may in some areas represent approximately 1 to 2

million years. The regionally observable regolith at the

top of the Olarno Formation developed during this period

of uplift and erosion.

The first material of the John Day Formation was

deposited in Lower Oligocene time. The source area for

much of the ash deposited in the Sand Mountain vicinity

was nearby, to the west. Some material, however, may

have come from as far away as the ancestral Cascades

(Fisher and rilcox, 1960; Hay, 1962b; Peck, 1961). Of the

numerous ignimbrites that sporadically spewed out over the

land, very few reached as far to the east as the Painted

Hills in any recognizable form. The distal portions of

these ash flows were deposited as air-fall ash, which

.
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blanketed the hills. In many cases this ash was reworked

by rainfall, sometimes eventually to be deposited in low-

lying marshes and lakes. The greatest thicknesses were

deposited in areas that were topographically low; many of

these lows were produced during the erosion of Post-Olarno

time. Fisher (1968) concludes that, of the John Day beds

not deposited in lakes, the red rocks have formed in an

acid, oxidizing environment, whereas the drab rocks formed

in alkaline, reducing environments.

Of the climate and vegetation of the time, Williams

(1948) asserts:

The ancestral Cascades were still too low to
act as a climatic barrier. Over the whole of
Oregon the climate was mild and humid, marked
by an annual rainfall of approximately 40 inches.
From the coastal flats inland to the confines
of Idaho, there was little variation in the
vegetation except for that dictated by topog-
raphy. The redwood was still dominant in most
of the forests, thriving side by side with
alder, hazel, dogwood, pepperwood, and, tan
oak. Bordering the redwoods, just as they
are today in California, were ash, cherry,
hackberry, live oak, madrone, pine, plane
tree, rose, and willow.

Although the John Day record in the Painted Hills

is incomplete, deposition of material either as welded

ash flows, air-fall ash, or lava flows continued through

the Oligocene and on into the Early Miocene. Following

this, another episode of folding occurred, tilting the

John Day beds in the thesis area to as much as 20°. The

axis of this folding, in the Painted Hills, does appear to
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closely coincide with that which had previously tilted

the Upper Clarno lavas.

The history of the remainder of the Tertiary Period

is not recorded in the thesis area. From the surrounding

area, however, it is known that volcanism in central

Oregon continued into the Pliocene. Presumably at least

some of the thesis area was covered by some of these

younger volcanic rocks (such as the Columbia River Basalts),

which in turn have since been eroded away. The last event

in the rock record of the Sand Mountain area is that of

Quaternary erosion and alluvial deposition. These two

processes are continuing at the present.

It is extensively proposed that oceanic crust of the

eastern. Pacific was being subducted during Tertiary time

in an area approximately 175 miles to the west of the

thesis area (Atwater, 1970). The occurrence of predoini-

riantly andesltic calo-alicailne volcanism at or near the

edge of a consuming plate boundary has been documented in

other areas, and it appears likely that the same processes

have been responsible for the Tertiary volcanic activity

that produced the rocks of the Clarno Formation.

Rogers and Novitsky-Evans (1977) report low absolute

Sr values, averaging approximately 350 ppm, and K/Rb ratios

from 200 to 400 for the Clarno rocks they have analyzed.

They state: "Furthermore, a histogram of Si02 contents

(Figure ) shows 23 percent of the Olarno rocks with less



than 56 percent and 23 percent with more than 63

percent 5102." Their K20 vs. 5102 plot of Olarno rocks

appears to be Intermediate between the continental suites

and the island arc suites they show (their FIgure 9).

They also note the entirely subaerial ck'iaracer of the

Clarno volcanics, and the lack of hornblende phenoorysts.

When all of these facts are applied to the data presented

by Jakes and White (1972), Rogers and Novitsky-vans (1977)

conclude that the Clarno Formation is the result of vol-

canism on a "thin continental margin."

It appears that the Clarno data from the Sand Mountain

area also calls for a continental margin parentage, on the

basis of Jake's and ihite's (1972) fIndings. However,

two points that Rogers and Novitsky-Jv-ans (1977) make are

at variance with Olarno data from the thesis area: 1) the

K20-S102 line of this study (see Appendix B), when applied

to their diagram (Rogers and Noviteky-vans, Figure 9) is

clearly not of an intermediate nature, but compares favor-

ably with the continental margin suites they show, and

2) although hornblende is now present only in minor amounts

in the rocks observed, its presence suggests that It may

have played an initially important role in the differen-

tiation of many of these lavas.

Rogers and Novitsky-Evans have also applied their

Olarno data to a K-h diagram like that of Dickinson (1975),

depth to the seismic zone in this
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region was approximately 120 km. An application of the

data collected during this investigation to Dickinson's

K-h plot indicates a depth of approximately 170 km to the

postulated seismic zone. This latter figure appears to

be in closer agreement with the findings of Lipman,

Prostka, and Christiansen (1972; Figure 9). The validity

of any depth that this relationship might indicate, seems

however, highly speculative, especially in light of the

findings of Nielson and Stoiber (1973). This is particu-

larly true for the Olarno Formation, for which "no precise

modern analogue has been found" (Rogers and Novitsky-

Evans, 1977).



BIBLIOGRAPHY

Atwater, Tanya, 1970, Implications of plate tectonics for
the cenozoic tectonic evolution of western North
America: Geol. Soc. Amer. Bull., v. 81, p. 3513-3536.

Baldwin, E.M., 1964, Geology of Oregon: Edward's Bros.,
Ann Arbor, Michigan, 165p.

Bedford, J.W., 1954, Geology of the Horse Mountain area,
Mitchell quadrangle, Oregon: unpub. 14.5. thesis,
Ore. State Ccl., 90p.

Bowers, H.E., 1952, Geology of the Tony Butte area and
vicinity, Mitchell quadrangle, Oregon: unpub. M.S.
thesis, Ore. State Col., 152p.

Calkins, P.O., 1902, A contribution to the petrography of
the John Day Basin, Oregon: Calif. Univ. Pub., Dept.
Geol. Bull., v. 3, p. 109-172.

Chaney, R.,W., 1956, The ancient forests of Oregon: Ore.
State System Higher Ed., Condon Lectures, Eugene,
Oregon, 5tSp.

Ohayes, F., 1969, The chemical composition of Cenozoic
andesite; in McBirney, A.R., ed., Proceedings of
the andesite conference: Ore. Dept. Geol. Mm. md.,
Bull. 65, p. 1-11.

Coleman, R.G., 1950, The John Day Formation in the Picture
Gorge quadrangle, Oregon: unpub. M.S. thesis, Ore.
State Col., 211p.

Dickinson, W.R., 1975, Potash-depth (K-h) relations in
continental margin and intra-oceanic magmatic arcs:
Geology, v. 3, p. 53-56.

Enlows, H.E., 1977, personal communication.

, and Oles, K.?., 1973, Cretaceous and Cenozoic
stratigraphy of north-central Oregon - Clarno Group;
in Beaulieu, J.D., ed., Geologic field trips in. north-
ern Oregon and southern Washington: Ore. Dept. Geol.
Mm. md., Bull. 77, p. 15-19.

, and Parker, D.J., 1972, Geochronology of the
Clarno igneous activity in the Mitchell quadrangle,
Wheeler County, Oregon: Ore. Dept. Geol. Mm. hid.,
The Ore Bin, V. 34, p. 104-110.



Everndezi, J.F., et al., 1964, Potassium-Argon dates and the
Cenozoic mammalian chronology of North America: Amer.
Jour. Sci., v. 262, p. 145-198.

and James, G.T., 1964, Potassium-Argon dates
and the Tertiary floras of North America: Amer.
Jour. Sci., it. 262, p. 945-974.

Fisher, R.V., 1961, Proposed classification of volcarti-
olastic sediments and rocks: Geol. Soc. Amer. Bull.,
v. 72, p. 1409-1414.

1964, Resurrected Oligocene hills, eastern
Oregon: Amer. Jour. Sd., it. 262, p. 713-725.

1966, Mechanism of deposition from pyroclastic
flows: Amer. Jour. Sci., it. 264, p. 350-363.

1967, arly Tertiary deformation in north-
central Oregon: Amer. Assoc. Petrol. Geol. Bull.,
v. 51, p. 111-123.

, 1968, Pyrogenic mineral stability, lower member
of the John Day Formation, eastern Oregon: Univ.
Calif. Pub. Geol. Sd., it. 75, p. 1-34.

and iilcox, R.., 1960, The John Day Formation
in the Monument quadrangle, Oregon: U. S. Geol.
Survey, Prof. Paper 400-B, p. 302-304.

Geological Society of America, 1963, Rock-color chart.

Green, P.11., and Ringwood, A.E., 1969, High pressure
experimental studies on the origin of andesites; in
McBirney, A.R., ed., Proceedings of the andesite
conference: Ore. Dept. Geol. Mm. md., Bull. 65,
p. 21-32.

Gregory, Irene, 1970, An ancient acacia wood from Oregon:
Ore. Dept. Geol, Mm. md., The Ore Bin, V. 32,
p. 205-210.

Hamilton, D.L., Burnharn, C.W., and Osborn, B.?., 1964, The
solubility of water and effects of oxygen fugacity
and water content on crystallization in mafic magmas:
Jour. Pet., it. , p. 21-39.

Harland, WB., et al., eds., 1964, The Phanerozoic time
scale - A symposium dedicated to Professor Arthur
Holmes: Geol. Soc. London Quart. Jour., suppl.,
v. 120s, p. 260-262.



99

Hatherton, Trevor, and Dickinson, W.R., 1969, The rela-
tionship between andesitic volcanism and seismicity
in Indonesia, the Lesser Antilles, and other island
arcs: Jour. Geophys. Res., v. 74, p. 5301-5310.

Hay, R.L., 1960, Rate of clay formation and mineral alter-
ation in a 4000-year-old volcanic ash soil on
St. Vincent, B.W.I.: Amer. Jour. Sd., v. 258,
p. 354-368.

-, 1962a, Soda-rich sanidine of pyroclastic
origin from the John Day Formation of Oregon: Amer.
Miner., v. 47, p. 968-971.

-, 1962b, Origin and diagenetic alteration of
the lower part of the John Day Formation near
Mitchell, Oregon: Geol. Soc. Amer., Buddungton
Vol., p. 191-216.

-, 1963, Stratigraphy and zeolitic diagenesis of
the John Day Formation of Oregon: Univ. Calif. Pub.
G-eol. Set., v. 42, p. 199-261.

Hedge, O.E., 1969, The sources of cale-alkaline magmas as
indicated by Sr isotopes (abs.); in MeBinney, AR.,
ed., Proceedings of the andesite conference: Ore.
Dept. Geol. Mm. md., Bull. 65, p. 191.

Heunrich, W.E., 1965, Microscopic identification of'
minerals: McGraw Hill, Inc., New York, 414p.

Hergert, H.L., 1961, Plant fossils in the Olanno Formation,
Oregon: Ore. Dept. Geol. Miii. md., The Ore Bin,
v. 23, p. 55-62.

Hoel, P.G., 1971, lementary statistics: John Wiley and
Sons, New York, 309p.

Howard, C.B., 1955, Geology of the White Butte area and
vicinity, Mitchell quadrangle, Oregon: unpub. MIS.
thesis, Ore, State 001., liSp.

Hugguns, J.W., 1978, Geology of a portion of the Painted
Hills quadrangle, Wheeler County, north-central
Oregon: unpub. M.S. thesis, Ore. State Univ., 129p.

Jakes, P., and 1bite, A.J.R., 1972, Major and. trace
element abundances in volcanic rocks of orogenic
areas: Geol. Soc. Amer. Bull,, v. 8, p. 29-39.



100

Knowlton, R.H., 1902, Fossil flora of the John Day Basin,
Oregon: U. S. Geol. Survey, Bull. 204, 153p.

Kuno, H., 1966, Lateral variation in basalt magma type
across continental margins and island arcs: Bull.
Voloanol., v. 29, p. 195-222.

1968, Origin of andesite and its bearing on
the island arc structure: Bull. Yolcanol., V. 32,
p. 141-176.

-, 1969, Andeette in time and space; in ZioBirney,
A.R., ed., Proceedings of the andesite conference:
Ore. Dept. Geol, Mm. md., Bull. 65, p. 13-20.

Lipman, P,W., Prostka, H.J,, and Christianeen, R.L., 1972,
Cenozoic volcanism and plate-tectonic evolution of
the western United States I. Early and Middle Ceno-
zoic: Phil. Trans. Royal Soc. London, V. 271,
p. 217-248.

Lukanuski, J.N.,, 1963, Geology of part of the Mitchell
quadrangle, Jefferson and Crook Counties, Oregon:
unpub. M.S. thesis, Ore. State Univ., 91p.

Marsh, 0.0., 1875, Ancient lake basin in the Rocky Mountain
region: Amer. Jour. Soi., Ser. 3, v. 9, p. 45-52.

NcBirney, AR., 1969, Andesitic and rhyolitic volcanism
of orogenio belts; in Hart and Pembroke, eds., The
earth's crust and upper mantle: Amer. Geophys. Un.,
Geophys. Mon. 13, p. 501-507.

McIntyre, L.B., 1953, Geology of the Marshall Butte area
and vicinity, Mitchell quadrangle, Oregon: unpub.
M,S. thesis, Ore. State Ool., 96p.

McKee, E.D., and Weir, G.W., 1953, Terminology for strati-
fication and oross-stratjficatjon in sedimentary
rocks: Geol. Soc. Amer. Bull., v. 64, p. 381-389.

Merriam, J.C.,, 1901, A contribution to the geology of the
John Day Basin: Calif. Univ. Pub., Dept. Geol. Bull.,
v. 2, p. 270-313.

Nielson, D.R., and Stoiber, R,E., 1973, Relationship of
potassium content in andesitic lavas and depth to
the seismic zone: Jour. Geophys. Res., V. 78,
p. 6887-6892.

Nockolds, S.R., 1954, Average chemical compositions of



101

some igneous rocks: Geol. Soc. amer. Bull., v. 65,
p. 1007-1032.

Noviteky, J.M., and Rogers, J.J.W., 1973, The Clarno Forma-
tion: an example of continental volcanism (abs.):
Geol. Soc. Amer., Cordil. Sec. Program, v. 5,
p. 37-88.

Oles, ICF., 1973, Oretaceous and Cenozoic stratigraphy of
north-central Oregon - Hudepeth and Gable Creek
Formations; in Beaulieu, J.D., ed., Geologic field
trips in northern Oregon and southern Washington:
Ore. Dept. Geol. Mm. md., Bull. 77, p. 2-14.

and Enlows, H.E., 1971, Bedrock geology of the
Mitchell quadrangle, Wheeler County, Oregon: Ore.
Dept. Geol. Mm. md., Bull. 72, 62p.

Osborn, LF., 1962, Reaction series for subalicaline igneous
rocks based on different oxygen pressure conditions:
Amer. Miner,, v. 47, p. 211-226.

Owen, P.O., 1978, An examination of the Olarno Formation
in the vicinity of the Mitchell Fault, Lawson Moun-
tain and Stephenson Mountain area, Jefferson and
Wheeler Counties, Oregon: unpub. M.S. thesis, Ore.
State Univ., 166p.

Patterson, R,L., 1966, Geology of part of the northeast
quarter of the Mitchell quadrangle: unpub. M.S.
thesis, Ore. State Univ., 97p.

Peacock, M.A., 1931, Classification of igneous rock series:
Jour. Geol., v. 39, p. 54-67.

Peck, D.L., 1961, John Day Formation near Ashwood, north-
central Oregon: U. S. Geol. Survey, Prof. Paper
424-D, p. 153-156.

1964, Geologic reconnaissance of the Antelope-
Ashwood area, north-central Oregon: U. S. Geol.
Survey, Bull. 1161-D, p. 1-26.

Rensberger, J.M, 1965, Subdivisions of the John Day Fauna;
preliminary report (abs.): Gaol. Soc. Amer., Spec.
Paper 82, p. 272.

Robinson, P.T., 1968, Pacies changes in the John Day
Formation, Oregon (abs.): Geol. Soc. Amer., Spec.
Paper 101, p. 417.



102

Robinson, P.P., 1973, Oretaceous and Cenozoic stratigraphy
of north-central Oregon - John Day Formation; in
Beaulieu, J.D., ed., Geologic field trips in
northern Oregon and southern Washington: Ore. Dept.
Geol. Mm. md., Bull. 77, p. 19-22.

Rogers, J.J.W., 1966, Coincidence of structural and topo-
graphic highs during post-Clarno time in north-
central Oregon: Amer. Assoc. Petrol. Gaol. Bull.,
v. 50, p. 390-396.

-, and Novitsky-Evans, J.M., 1977, The Clarno
Formation of central Oregon, U.S.A. - volcanism on
a thin continental margin: Earth Plan. Sci. Letters,
V. 34, p. 56-66.

Scott, R.A., 1954, Fossil fruits and seeds from the Eocene
Olarno Formation of Oregon: Paleontographica,
v. 96B, p. 66-97.

Snook, J.R., 1957, Geology of the Bald Mountain area and
vicinity, Richmond quadrangle, Oregon: unpub. M.S.
thesis, Ore. State Col., 69p.

Steere, M.L., 1954, Geology of the John Day country, Oregon:
Ore. Dept. Geol. Mitt. md., The Ore Bin, V. 16,
p. 41-47.

Stirton, R,A., 1944, A rhinoceros tooth from the Clarno
Eocene of Oregon: Jour. Paleo., v. 18, p. 265-267.

Swanson, DA., 1969, Reconnaissance geologic map of the
east half of the Bend quadrangle, Crook, Wheeler,
Jefferson, Wasco, and Desohutes Counties, Oregon:
U. S. Geol. Survey, Misc. Geol. mv. Map 1-568.

Swanson, D.A., and. Robinson, P.T., 1968, Base of the John
Day Formation in and near the Horse Heaven mining
district, north-central Oregon: U. S. Geol. Survey,
Prof. Paper 600-D, p. 154-161.

Swarbriok, J.C., 1953, Geology of the Sheep Mountain area
and vicinity, Mitchell quadrangle, Oregon: unpub.
M.S. thesis, Ore. State 0l., lOOp.

Swinney, C,M., et al., 1968, Reconnaissance geologic map
of the Lookout Mountain quadrangle, Crook and Wheeler
Counties, Oregon: U. S. Geol. Survey, Misc. Geol.
mv. Map 1-543.

Taylor, LM., 1960, Geology of the Clarno Basin, Mitchell



103

quadrangle, Oregon: unpub. M.S. thesis, Ore. State
001,, 175p.

Taylor, LM., 1976, personal communication.

, 1977, personal communication.

Taylor, S.A., and White, A.J.R., 1965, Geochemistry of
andesites and the growth of continents: Nature,
V. 208, p. 271-27.

U. S. Geological Survey, 1958, Suggestions to authors of
reports of the United States Geological Survey:
U. S. Government Printing Office, Washington, D.C.,
255p.

Vanoe, J.., 1965, Zoning in igneous plagioclase: patchy
zoning: Jour. Geol., v. 73, p. 636-651.

Waters, A.O., 1954, John Day Formation west of its type
locality (abs.): Geol, Soc. Amer. Bull., V. 65,
p. 1320.

et al,,. 1951, Quicksilver deposits of the
Horse Heaven mineral district, Oregon: U. S. Geol.
Survey, Bull. 969-E, p. 105-149.

Wilkinson, W.D., 1932, The petrography of the Clarno Forma-
tion of Oregon with special reference to ths Mutton
Mountains: unpub.. Ph.D. thesis, Univ. Ore., 180p.

-, and Cisc, K,PØ, 1968, Stratigraphy and paleo-
environments of Oretaceous rocks, Mitchell quad-
rangle, Oregon: Amer. Assoc. Petrol. Geol. Bull.,
v. 52, p. 129-161.

Williams, Howell, 1948, The ancient volcarxoe8 of Oregon:
Ore. State System Higher Ed., Condon Lectures,
Eugene, Oregon, p. 14-26.

Turner, F.J., and Gilbert, G.M., 1954,
Petrography: an introduction to the study of rocks
in thin section: W.H. Freeman and Co., San Francisco,
406p.



APP2NDICES



104

Appendix A - Chemical Analyses of Selected Sand Mountain
Area Rocks.
(Oxides tabulated are in weight percent.)

Oxide TBO3 TBO4 TB1O TB11

Si02 58.5 58.0 57.9 57.0

A1203 16.2 16.1 16.7 17.3

FeO 9.0 8.9 8.3 7.7

MgO 3.7 3.1 3.3 3.3

OaO 62 5.2 6.6 6.6

Na20 4.2 3.2 3.8 3.8

K20 1.20 3,30 1.25 1.55

TiC2 1.20 1.15 1.25 1.20

Total 100.2 99.1 99.1 9S.5

TBO3 - Top of bill, elevation 3,200 feet, Si of Section
8, T.1 IS., R.21E.; porphyritic augite-bearing
andesi te.

TBO4 - Elevation 2,380 feet on ridge, NE* of NW of
Section 8, T.11S., R.21E.; augite-bearing basaltic
andesite.

TBIO - Top of knob at elevation 2,840+ feet, NW of NB*
of Section 7, P.115., R.21E.; augite-bearingbasaltic andesite.

TBI1 - On ridge next to prominent drainage, elevation2,480 feet, 5 of SE of Section 6, T.1iS.,
R.21E.; augite-bearing basaltic andesite.

Note: asterisk next to sample number indicates sample is
from the John Day Formation; all others are from
the Olarno Formation.



105

Oxide TB14 TB15 '2B19 TB2O

5102 71.5 64.4 5.8 67.0

A1205 14.6 16.5 16.4 16.2

FeO 2.7 4.3 8.0 4.0

}4g0 0.3 1.8 3.4 0.7

CaO 1.0 4.6 6.2 3.4

Na20 3.4 4.3 4.1 4.6

K20 4.25 1.60 1.25 1.95

Tb2 0.25 0.70 1.60 0.60

Total 98.0 98.2 99 95.4

TB14 - Next to bump on ridge, elevation 2,360 feet,
S of NE of Section 8, T.11S., R.21E.; flow-
banded rhyodacite.

TB15 - In main drainage, elevation 2,300 feet, E* of
SE of Section 8, T.11S., R.21E.; porptiyrttbc
augite-bearing dacite.

TBI9 - On knob "3050" on boundary between Seottone 16
and 17, T.11S., R.21.E.; andesite.

TB2O - On top of knob, elevation 3,040+ feet, SE of
NE of Section 17, P.113., R.21E.; andesite.
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Oxide PB21 TB31 TB33 TB35

Sb2 59.2 69.2 74.2 63.0
A1203 16.9 15.1 1.8 16.7

FeO 6.7 3.3 1.8 5.5
MgO 3.6 0.3 0.2 1.8

OaO 6.4 2.6 0.5 5.0
Na20 4.0 4,2 2.2 4.1

1(20 1.25 3.05 5.05 1.50
Tb2 1.00 0.40 0.15 0.85

Total 99.1 96.a 97

TB21 - On top of knob, elevation 3,040+ feet, NE of
Sj of Section 17, T.US., R.2U.; augite-bearing
andesite.

TB31 - Southeast of Sand Mountain summit at 3,500 feet
elevation, NI( of S of Section 18, T.11S.,
R.21.; vesicular rhyodacite.

TB33 - Immediately east of saddle, elevation 3,100 feet,
Section 13, T.11S., R.20E.; vesicular, flow-banded
rhyoflte.

TB35 - On northwest end. of ridge, elevation 3,260 feet,
of Sf of Section 18, T.11S., R.21E.; glornero-porphyritic andesite.
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Oxide P836 TB37 TB38 P839

Sb2 63.7 55.8 57.2 54.8

A1203 io.6 18.0 17.0 18,7

FeO 6.0 8.1 8.5 7.7

MgO 1.6 3.7 3.1 3.9 s

OaO 5.2 7.3 6.7 7.6

Na20 4.1 3.8 3.8 3.8

1.65 1.45 1.45 1.40

PlO2 0.90 1.35 1.20 1.30

Total 99.13 99.5 99.0 99.2

TB36 - On southeast side of ridge, elevation 3,160 feet,
S1 of SW* of Section 18, P.115., R.21E.;
porphyritbc dacite.

TB37 - On knob on ridge, elevation 3,160 feet, W of S*
of Section 17, P.115,, R.21.; porphyritic basaltic
andes its.

TB38 - On prominent ridge, elevation 2,220 feet, 1 of
NE of Section 8, P.1is., R.21E.; augite-bearing
basaltic andesite.

TB39 - In gully at elevation 3,080 feet, SW of SE of
Section 18, T.11S., R.21E.; porphyritic basaltic
andesite,



Oxide TB42 TB45 T6* T47

sio2 60.0 57.7 76.4 72.0
A1203 16.4 17.1 14.7 15.5
FeO 7.4 7.8 1.6 2.6
MgO 2.5 3.1 0.3 0.1

OaO 5.8 4.0 1.0 1.6

Na20 4,2 2.8 1.7 3.7

1(20 1.55 5.70 4.55 4.20

T102 1.55 1.10 0.55 0.35

Total 994 99.3 ioo. voo.T

TB42 - On northwest end of ridge, elevation 2,980 feet,
SW of NWk of Seotion 13, ¶r.11S., R.20E.; porphy-
ritic andesite.

TB45 - Knob immediately north of road, elevation 2,680+feet, Section 14, T.11S., R.20E.; basaltic andesite
(dike rock).

TB46 - On east side of small knob, N of N* of Section 11,
T.11S., R.20E.; crystal-bearing pumice lapilli
tuff (rhyolite ignimbrite).

TB47 - On knob, elevation 2,280+ feet, N1 of SE* of
Section 2, P.115., R.20E.; flow-banded rhyodacite.
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Oxide TB49 TB3O TB54* TBS5

SiC2 66.2 74.5 75.8 62.5

A1203 16.5 14.7 14.6 16.2

FeO 4.5 3.1 1.5 6.3

MgO 1.3 0.1 .1 1.4

OaO 4.4 1.9 1.1 5.0

Na20 4.1 4.5 1.5 4.3

K20 2.60 3.50 5.05 1.70

Tb2 0.75 0.25 0.20 1.05

Total iocY4 102.6 99.9 95.5

TB49 - On west side of hill "2732", elevation 2,700 feet,
S of Section 10, T.11S., R.20E.; dacite.

TB5O - West side of southernmost knob in row of three,
elevation 2,720 feet, SW of NW of Section 10,
T.11S., R.20B.; flow-banded-brecciated rhyociacite.

TB54 - On small ridge, elevation 2,800+ feet, Si* of
S of Section 15, T.I1S., R.20L; crystal-
bearing pumice lapilli tuff (rhyolite ignimbrite).

TB55 - On knob on ridge, elevation 2,680 feet, NW* of
Sj of Section 9, T.11S., R.20E.; glomeroporphyritio
augite-bearing andesite.
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Oxide TB57 TB58 TB59 TB6O

S102 64.4 64.0 65.5 60.9

A1203 15.7 15.9 15.8 17.3

FeO 6.1 5.5 5.1 6.5

MgO 1.2 2.0 0.9 2.2

OsO 4.4 4,9 4.1 5.7

Na20 3.8 3.8 4.1 4.0

1(20 2.15 1.75 2.10 1.45

TiC2 0.90 0.95 0.90 1.25

Total 95.7 98.5 98.5 99.1

TB57 - On knob on top of prominent ridge, elevation 3,040+
feet, of NW of Section 8, T.11S., R.20E.;
glomeroporphyri tic augi te-bearing dad te.

TB58 On ridge, elevation 2,860 feet, S of N* of
Section 17, P.115., R.20L; porphyritic augite-
bearing dacite.

TB59 - On top of hill 3O16", Section 17, T.11S., R.20L;
porplayritic augite-bearing dacite.

TB6O - On top of knob, elevation 2,560+ feet, SE of
SE of Section 17, P.IIS., R.20E.; porpby-ritic
and esite.
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Oxide TB61 TB62 TB63 TB65

Si02 63.7 63.3 55.4 64.5

A1203 15.4 15.3 18.2 15.9

FeO 7.2 4.7 (.3 4.8

MgO 1.2 0.5 4.1 1.2

OaO 4.6 3.6 7.7 4.4

Na20 4.1 3.9 3.3 3.8

1(20 1.85 2.20 0.95 2.10

T102 1.05 0.90 1.10 0.85

Total 99.1 99.4 9f 97.6

TB61 - On szial1 knob, elevation 2,880 feet, NW* of SW
of Section 4, T.11S., R.20E.; dacite.

TB62 - On end of ridge, north of bend in road, elevation
2,360 feet, Section 9, T.11S., R.20E.; porphyritic
augite-bearing dacite (?).

TB63 - On knob on ridge, elevatIon 3,294 feet, SE 0

NW* of Section 5, T.11S., R.20E.; porphyritic
hypersthene-bearing basaltic andesite.

TB65 - On south side of hill "2812", elevation 2,760 feet,
SectIon 3, T.1IS., R.20E.; porphyritlo pyroxene-
bearing dacite.
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Oxide TB68 TB69 SLR**

5102 65.0 71.5 78.2

A1203 16.1 15.4 14.0

PeO 5.0 1.8 0.7

MgO 0.8

CaO 4.3 2.3 0.2

Na20 4.1 4.3 1.7

1(20 2.20 3.05 4.85

Tb2 0.90 0.45 0.05

Total 99.4 98.8 99.7

TB68 - On knob at end of ridge, elevation 2,320 feet,
NW of SE* of Section 3, T.11S., R.20E.; porphy-
ritic chlorite-bearing dacite.

TB69 - On westernmost of three elongate ridges, elevation
2,180 feet, NW of I'W of Section 2, T.IIS.,
R.20E.; flow-banded rhyodacite.

SBLR - On Sargent Butte, S of SE* of Section 17, T.11S.,
R.21E.; rhyolite.

Note: double asterisk indicates analysis is from Oles
and Enlows (1971, p. 45).
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Appendix B - 5i02- and A1203-Variation Diagrams for Analyses
of Selected Sand Mountain Area Rocks (points
plotted are from analyses tabulated in Appendix
A).

Solid circles represent analysis from the Clarno Formation;
hollow circ1e - John. Day Formation; small cross - Sargent
Butte rhyolite.
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