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The thesis area is located in north-central Oregon

approximately 15 kilometers northwest of the town of Mit-

chell. Painted Hills State Park is located at the south-

east corner of this area. Two major geologic formations

are found within this thesis area; the Clarno Formation

and the John Day Formation. The dominant rock types of

the Clarno Formation include lava flows of basaltic ande-

site, andesite, dacite and rhyodacite and cover approxi-

mately 70 percent of the study area. 1i addition to lava

flows, the Clarno Formation is composed of interbedded

tuffs, minor mudf lows and rare intrusive rocks. Minera-

logically the lava flows are very similar and most contain

three phenocrystic phases. These phases are plagioclase,

clinopyroxene and orthopyroxene. In addition, several

have phenocrysts of quartz which are commonly surrounded by

reaction rims of clinopyroxene and glass. Alteration
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products of the flow rocks include calcite, several zeo-

lites, smectite, chlorite, kaolinite, magnetite, celado-

nite, nontronite and very minor sericite. The interbedded

tuffs are composed predominantly of the smectite montino-

rillonite although one contains abundant kaolinite and

another minor clinoptilolite. The John Day Formation is

a thick sequence of layered air fall pyroclastics and an

ignimbrite comprised of two cooling units. This formation

is divided into three members.

The chemical variation diagrams (Harker) as well as

AFM and KCN plots of 60 analyzed samples of Clarno rocks

follow typical caic-alkaline trends. However, when plotted

on a Peacock diagram the rocks of this area are found to

be calcic. This calcic nature is probably due to abundant

plagioclase phenocrysts and alteration effects.

Most of this thesis area lies on the northwestern

flank of the northeast trending

All of the dips in the area are

difficult because of slumping.

the normal type with only minor

trends are recognized with one

east-west.

Sutton Mountain syncline.

gentle with measurements

Faulting in the area is of

displacements. Two fault

north-south and the other
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Geology of a Portion of the Painted Hills Quadrangle,
Wheeler County, North Central Oregon

INTRODUCTION

Location

The area of this investigation is located along the

eastern margin of Wheeler County in north-central Oregon.

This is approximately 12 to 20 km northwest of the town of

Mitchell in the Painted Hills Quadrangle. The mapped area

comprises approximately 64 km2 and includes sections 1-4,

9-16, 21-28 and 33-36, T. 10 S.,, P.. 20 E. (Fig. 1). The

northern boundary of this area is the westward flowing

John Day River, the eastern boundary is the western flank

of Sutton Mountain and the southern boundary is marked by

Painted Hills State Park. No distinctive geographic fea-

ture marks the western boundary.

Geography and Climate

With the exception of the John Day River on the north,

there are only two small perennial streams. Bridge Creek

flows from the southeast corner of the area toward the

northwest, joining the John Day River and Bear Creek flows

toward the northeast joining Bridge Creek (Fig. 1).

These streams are fed by drainage from the Ochoco Mountains

to the south. In addition, there are numerous canyons and

gullies carved by ephemeral streams which contain water

only in the early spring and in the summer following thun-

derstorms.



Figure 1. Location of thesis area, north-central, Oregon.
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The relief of the area is 650 rn. The highest eleva-

tion is 1110 m at the southwest corner of the area and

the lowest elevation is 460 m along the John Day River.

The topography consists of deep, steep-sided valleys, hog-

back ridges with gently dipping dip-slopes, flat-topped

mesas and in many areas gently rolling hills.

Because this area is located approximately 100 km

east of the north-south trending Cascade Range, the climate

is semi-arid. The local vegetation consists mostly of

sagebrush, juniper and range grass.

Accessibility and Exposure

The area can be reached by U.S. Highway 26 which is

the major east-west thoroughfare through this part of

Oregon. Bridge Creek road, which cuts across the thesis

area in a northwesterly direction, forms a junction with

U.S. 26 approximately 6.5 km west of Mitchell. The south-

ern boundary of the thesis area is reached after traveling

9.6 km northward along Bridge Creek road. This is also

the location of Painted Hills State Park. In addition to

Bridge Creek road, there is one other improved but unpaved

road which joins it and leads to Twickenham, a small conmu-

nity along the John Day River about 15 km to the northeast.

Other roads in the area are unimproved or simple jeep paths

and are accessible for the most part only by foux-whee1-

drive vehicles.
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Because of the semi-arid nature of the climate, expo-

sures are excellent throughout the area. The only diff i-

culty in finding exposures occurs in two small areas where

landslides have covered the bedrock.

Purpose and Methods of Investigation

The main purpose of this investigation is to construct

a geologic map and describe in detail the mineralogical and

chemical composition of the rocks in this area. Previously

very little work has been done on the Clarno Formation and

none in the area of this thesis. Several square kilometers

of John Day Formation crop out in this area. Studies by

other writers (Hay l962b, 1963 and Fisher 1966) give ade-

quate descriptions of the John Day Formation in this thesis

area, therefore, the author has concentrated his studies

on the Clarno Formation.

Initially it was believed that an unconformable con-

tact within the Clarno, which has been identified to the

south,would extend into the thesis area and a close study

of this contact was planned. It. was soon discovered, how-

ever, that this unconformity is not present and it is now

thought that the contact will be found further to the south-

east (Taylor, 1977 personal communication). It is hoped

that this study will contribute to a better understanding

of the Clarno Formation. This Formation may become impor-

tant in deciphering the geologic and tectonic history of

the Pacific Northwest during the Eocene and Oligocene periods.



Field work was conducted during the summer of 1976.

Mapping was completed on a 7.5 minute topographic map of

the Painted Hills Quadrangle published by the United States

Geologic Survey in 1968 and with the aid of aerial photos

flown in 1968 by the United States Department of Agricul-

ture. Additional high altitude, Earth Resources Technology

Satellite (ERTS) photos, provided by Dr. R.D. Lawrence, were

examined to help identify large structural features in this

area. The scale of the map is 1:24,000. All contacts and

sample locations were drawn directly on the map while in

the field and all recognizable faults were mapped.

The colors of all samples, both fresh and weathered,

were described according to the Rock Color Chart published

by the Geological Society of America (Goddard, 1970).

Attitudes of beds were measured with a Brunton compass.

Approximately 200 samples were collected and after ex-

amination with a binocular scope about half this number were

examined in greater detail in the laboratory. These studies

included the examination of 85 thin sections in which modal

analysis were performed on phenocrystic phases using 600

counts and groundmass phases using 450 counts. Plagioclase

compositions were determined by the statistical method of

Michael-Levy (Kerr, 1959).

Whole rock chemical analysis was performed on 60 sam-

ples. Weight percentages of FeO (total iron), Ti02, CaO,

K20 and A1203 were determined by x-ray fluorescence spec-



trometry, Na20 and MgO were determined by atomic absorption

spectrometry and Si02 was determined both by x-ray fluorescence

and visible light spectrometry. H20 determinations were not

made since all water was removed from the samples during

their preparation. A brief explanation of procedures fol-

lowed can be found in Appendix A. Although all sample pre-

paration was performed by the author, the analytical runs

were performed by Ruth L. Lightfoot and Dr. E.M. Taylor,

Department of Geology, Oregon State University.

Clay mineral analysis of four tuff beds was performed

using magnesium arid potassium saturation, glycolation and

heating techniques (Harward, 1977). X-ray diffraction pat-

terns were obtained for identification. This method will

be described in detail in a later section. X-ray diffrac-

tion was also used to help in the identification of altera-

tion products of sixteen different flow rocks and one mud-

flow. Again this method will be described in a later section.

Some zeolite identification was also possible using x-ray

diffraction.

The volcanic rocks in this study will be classified on

the basis of weight percent Si02 modified after Nockolds

(1954) as suggested by Taylor (1977, personal communication).

Rocks with an SiO2 content of between 53 and 58 percent will

be classified as basaltic andesite, between 58 and 63 per-

cent as andesites and between 63 and 68 percent as dacite.

Rhyodacites will be defined as those rocks with an Si02
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weight percent greater than 68.

Geologic Setting

This thesis area contains the lower two of a succession

of continentally deposited Cenozoic volcanic and volcaniclas-

tic rocks of north-central Oregon. The earliest of the

Cenozoic formations is the Clarno and this is unconformably

overlain by the John Day Formation. A general stratigraphic

column for the region of north-central Oregon is shown in

Figure 2.

Considered in a regional sense, the Clarno is composed

of lava flows ranging in composition from basalt to rhyo-

lite, minor ash-flow tuffs, large arrunts of tuffs and mud-

flows, minor epiclastic sandstones, breccias, conglomerates,

minor agglomerates and a variety of intrusives including

dikes, sills and small piston intrusions. The intrusions,

as with the lava flows, show a wide range of chemical com-

position. Within a few miles of the thesis area are intru-

sions of melabasalt, andesite and rhyolite. These include

Marshall Butte, White Butte and Sargent Butte (Oles and

Enlows 1971). The regional stratigraphic sequence of the

Clarno Formation is not well known because of the rapid la-

teral variations in the lithologic types. Abundant minor

slumps and faults also complicate the sequence.

In this thesis area the Clarno is composed predominately

of lava flows ranging in composition from basaltic andesite

to rhyodacite. There is also some minor reworked tuff in



Figure 2. Generalized stratigraphic column for the area around
the thesis area in north-central Oregon modified from Rogers and
Novitsky-Evans (1977). Sources for potassium-argon dates as
follows:

Deschutes Fm.

Rattlesnake Fm.

Mascall Fm.

Picture Gorge Basalts

Armstrong and others (1975)
Walker and others (1974)

Davenport (1971)

Davenport (1971)

Watkins and BaJcsai (1969)
Walker and others (1974)

John Day Fm. Evernden and James (1964)
Evernden and others (1964)
Swanson and Robinson (1968)
Walker and others (1974)

Clarno Fm. Evernden and James (1964)
Evernden and others (1964)
Swanson and Robinson (1968)
Enlows and Parker (1972)
Dairymple and Lamphere (1974)
Walker and others (1974)
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small areas between flows and very minor epiclastic sands

and gravels. Except for one small locality (NW¼, Sec.

11) all of the mudflow deposits are found in the extreme

northwest corner of the area (NW¼, Sec. 4). Thick inudf low

deposits can be seen on the north side of the John Day River

just out of this study area. This thesis area shows an

unusual lack of intrusive rocks compared to most areas of

the Clarno with only one small east-west trending andesite

dike.

Oles and Enlows (1971) have divided the Clarno into

two informal members in the Mitchell Quadrangle 8 to 24 km

to the east and southeast, calling them the lower and upper

Clarno. According to this division all of the rocks of

this area would be assigned to the lower Clarno. Much

remains to be learned concerning the unconformity between

the two, however, and because their division has not yet

been formalized, the rocks in this study will be referred

to as the Clarno Formation and not the lower member of the

Clarno group.

All or parts of the John Day Formation in this area

have been studied in some detail (Hay 1962, 1963 and Fisher

1963). Hay (1962) divided this formation into three mem-

bers. The lower member is made up predominately of tuf-

faceous claystones with some intercalated vitric tuffs

and two alkali olivine basalt flows. The middle member

is a rhyolitic ash-flow tuff which serves as the
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basis for the three part division and can be traced over an

extensive area (Fisher 1966). The upper member is composed

of more tuffaceous claystones and tuffs with some tuffaceous

conglomerates and sandstones. In this area the formation

ranges from 300 m to 900 in in thickness.

To the west-northwest the John Day Formation was divided

into nine different members all lying conformably on one

another as is the case in the Painted Hills area (Peck 1964).

This area to the west, between Ashwood and Willowdale, shows

some differences in lithology relative to the Painted Hills

since it is composed mostly of lapilli tuff, numerous ash-

flow tuffs, some flows of trachyandesite and rhyolite and

many alkali olivine basalt flows. The thickness of the John

Day in this area is approximately 1220 in.

Later work has shown that most of the section in the

Ashwood-Willowdale area, up to the lower welded tuff of

Peck's member H, correlates to the lower member described

in the Painted Hills areas (Robinson 1968, 1973). This cor-

relation was possible because of a distinctive soda sanidine

rich layer forming a welded tuff in the west and an air-fall

tuff at Painted Hills (Hay 1963). The middle member welded

tuff at Painted Hills correlates to the basal welded tuff

of member H near Ashwood. Robinson (1968, 1973) has chosen

to refer to the John Day rocks near Ashwood and Willowdale

as the western fades and those in Painted Hills and further

east around Picture Gorge as the eastern facies, retaining
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the original subdivisions of Peck and Hay respectively.

In this paper these subdivisions will also be used.

The structural pattern of the region surrounding

this thesis area consists of a few large scale and several

small scale northeast-southwest trending anticlines and

synclines. In addition there are several large east-west

trending folds, the largest of which is the Ochoco Mountain

anticline. Further to the east the Monument Dike Swarm

shows a northwest-southeast trend (Fisher 1967).

The trend of the fold structures found in and immediat-

ely around this thesis area are northeast-southwest. The

largest of these structures is the Blue Mountain anticline

(Fisher, 1967), the axis of which is found a few kilometers

to the northwest. This structural high appears to have been

present since pre-Clarno time and has greatly influenced the

deposition of most of the formations of this area, especially

the John Day (Hay 1962, Fisher 1967 and Robinson 1968). To-

day this anticline still forms a topographic high. Just to

the south of the thesis area the Cretaceous and Clarno rocks

are strongly deformed into another northeasterly trending

structure, the Mitchell anticline. The Clarno and John Day

rocks found in the thesis area form the limbs of a gently

dipping syncline which plunges to the northeast. This syn-

dine is a continuation of the Sutton Mountain syncline of

Oles and Enlows (1971).

Most of the faulting in this region is normal. A few
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faults, such as the Mitchell fault several kilometers to the

south, have had strike-slip movement of up to 6.7 km (Oles

and Enlows, 1971).

Previous Work

The John Day Formation was originally named by Marsh

(1875). Later, Merriam (1901) used this name to describe

some.of the volcanic strata in the vicinity of Picture Gorge.

Calkins (1902) further studied the petrography of this for-

mation.

In this thesis area, the John Day Formation has been

studied in considerable detail by Hay (1962b, 1963) and

Fisher (1966). In areas to the west aid east some of the

major studies include Coleman (1949), Fisher and Wilcox (1960),

Peck (1961 and 1964), Robinson (1968 and 1973) and Swanson

and Robinson (1968).

The fossil beds of the John Day Formation are world

famous for their mammalian as well as abundant floral fossils.

Because of this many people have studied and published on

the paleontological aspects of this formation and no list-

ing of previous work will be attempted here.

The Clarno Formation was named by Merriam (1901) in an

area to the northwest along the John Day River at Clarno

Ferry. The following year Calkins (1902) studied the petro-

graphy of Clarno rocks. Little work was done with the Clarno

Formation until 1942 when E.T. Hodge published the results

of his many years of study of the geology of north-central
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Oregon. A few years later a brief report by Wilkinson (1950)

and an important work by Waters and other (1951) was pub-

lished. More recently the Clarno was studied by Oles and

Enlows (1971). From 1939 to the present many students have

worked in parts of the Clarno Formation. A few of the

theses which deal in part or in whole with the Clarno are

listed below:

Wilkinson (Ph.D.) 1939 Snook (M.S.) 1957
Dobell (M.S.) 1949 Lindsley (Ph.D.) 1960
Taubeneck (M.S.) 1950 Taylor (M.S.) 1960
Dawson (M.S.) 1951 LuJcanuski (M.S.) 1963
Swarbrjck (M.S.) 1953 White (M.S.) 1964
Bowers (M.S.) 1953 Patterson (M.S.) 1965-
McIntyre (M.S.) 1953- Wilson (M.S.) 1973
Bedford (M.S.) 1954_- Novitsky-Evans (M.S.) 1974
Irish (M.S.) 1954 Owen (M.S.) 1977-
Howard (M.S.) l955 Barnes (In Progress)

Paleontological studies involving the Clarno began in 1902

with Knowlton. Since then many papers from various authors

dealing with the flora and fauna have appeared in the lit-

erature. A few of the floral studies include Chaney (1927

and 1952), Arnold (1945), Scott (1954), Hergert (1961),

Gregory (1970) and McKee (1970). Significant faunal assem-

blages were not discovered until 1954 by Lon Hancock which

has limited published work. However, a few include Stirton

(1944), Brogan (1960) and Hansen (1973). These different

fossil assemblages have helped greatly in determining the

age and paleoclimate of the Clarno Formation.

Other geochronologic studies using potassium-argon

dating techniques have been done by Evernden and James (1964)
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and Evernden and others (1964) in which they dated samples

from both the John Day and Clarno Formations in this area

and to the south. More recently Enlows and Parker (1972)

have dated additional Clarno rocks from the Mitchell

Quadrangle adjacent to and south-east of this area.

Geologic maps of this area include a U.S. Geological

Survey reconnaisance map made by Swanson (1969) and a

slightly more detailed map made by Robinson (1975).
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STRAT IGRAPHY

Clarno Formation

Introduction

The Clarno lavas, although found to be chemically

variable, are megascopically very similar. The author was

unable to divide and map the majority of these rocks from

hand sample identification. Therefore, most of these lavas

were mapped as a single inclusive unit.

Laboratory studies show a significant range in compo-

sition of the Clarno lavas with a variation in silica weight

percent of 55 to around 70. These rocks will be described

in three major groups based on their chemistry; basaltic

andesite, andesite and dacite comprise the main divisions.

These lavas cover approximately 44 km2 and encompass close

to 70 percent of this study area. Eighty thin sections

were made for the petrographic study of these rocks.

Distinctive mappable units within the Clarno Formation

include interbedded tuffs, mudf lows and two lava flows.

The lava flows will be given informal names using related

geographic features in accordance with the Code of

Stratigraphic Nomenclature (American Association of Petro-

leum Geologists-1961).

I. Basaltic Andesite

General Statement

The basaltic andesites are found on the northern and



eastern edge of this area, as well as in a

about 2 km2 in sections 11 and 14. The ou

accessibility are found above Bridge Creek

SE¼, Sec. 11, T. 10 S., R. 20 E. and along

River in the NE¼, NW¼, Sec. 2 T. 10 S., R.

These flows are extremely variable in

17

small area of

bcrops of easiest

road in the SW¼,

the John Day

20 E.

thickness,

ranging from 3 m to around 70 m. The thickness appears to

be related to the underlying topography with the thinner

flows deposited upon flat ground and the thicker flows form-

ing in small narrow canyons. Platy fracture predominates

in the basaltic andesite flows but blocky fracture is also

found. In addition columns of varying size and form are

seen in some flows.

On fresh surfaces, the color in these lavas is dark

gray (N3) to medium dark gray (N4) while the weathered sur-

faces show many shades of brown and yellow. Pale yellowish

brown (10 YR 6/2) is the most common color on weathered

surfaces.

Petrography

The basaltic andesite lavas are all porphyritic and

contain two pyroxene phases. The three major phenocrystic

phases include plagioclase, hypersthene and augite. In

addition a few flows contain a small amount of quartz pheno-

crysts. The discussion of the quartz-bearing flows will

be found in the following section dealing with the lavas

of andesitic composition. The groundmass of the basaltic



andesite flows consist of plagioclase, hypersthene, augite

and magnetite. In addition many flows contain biotite,

apatite and glass as primary groundmass phases. Alteration

products include zeolites, clay minerals, hematite, car-

bonate and an unidentified material which is colorless, has

low relief and birefringence and is interstitial to the

groundmass mjcrolites. This material is most likely alkali-

rich feldspar from the last melt to crystallize in the lava

or devitrification products which might include cristobalite

as well as feldspar. A volumetric modal analysis of a few

selected basaltic andesites is presented in Table 1.

Pilotaxitic and glomeroporphyritic texture are very

common although not, ubiquitous in these rocks. Of the 14

samples examined only 20 percent did not have pilotaxitic

and 20 percent did not have glomeroporphyritic textures

although all samples had at least one or the other. Inter-

granular texture is also common with pyroxene and magne-

tite found between the plagioclase microlites (Figure 3).

In a few samples the glomeroporphyritic clumps of pyroxene

and plagioclase show poorly developed ophitic texture.

The plagioclase phenocrysts are found up to 4.0mm in

length, averaging 2.5 mm, and are subhedral to annhedra].

in form with rare crystals which are euhedral. Commonly

these phenocrysts are composed of two or more crystals in

a synneusis relationship. Compositionally they were found

to be calcic labradorite with a range of An59 to 66 and
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Table 1. Volumetric modes of selected Clarno basaltic ande-
site.

Sample* JWH-141 JWH-91 JWH-64 JWH-14 JH-138

Phenocryst Phases:

Labrodorite 12.8 6.0 T T 15.0

Augite 3.8 T T 3.0 3.7

Hypersthene 2.2 T - 1.0 5.7

Quartz - T - T

(T = less than 0.1%)

Groundmass Phases:

Labrodorite 68.9 68.0 63.1 52.2 60.9

Augite 27.8 24.0 16.4 26.7 18.4

Hypersthene - 7.1 6.2 - 12.5

Magnetite 3.1 0.9 11.8 6.5 5.5

Biotite 0.2 - T T

Apatite T T - T T

Glass T - 2.5 - 2.7

Clay T T T 0.2 T

Zeolite T - - 14.4 T

Hematite T - - T

(T = less than 0.2%)

* See Appendix A for chemical analysis and sample location.
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Figure 3. Photomicrograph of basaltic andesite showing inter-
granular and pilotaxitic texture with crossed nicols. Miner-
als include labradorite, augite, hypersthene and magnetite.
Note also abundant interstitial glass. (Sample JWH-64 from

sw¼, SE¼, Sec. 11, T. 10 S., R. 20 E.)
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an average of 63. The abundance in the different flows

differs from a trace to 15 volumetric percent and averages

11 percent.

Several varieties of zoning were observed including

normal, oscillatory and patchy zoning. Patchy zoning was

studied by Vance (1965). He believed this type of zoning

is due to partial resorption of an early formed plagioclase

followed by crystallization of more sodic plagioclase in

the areas of resorption and around the rim. These he cal-

led "included plagioclase" and "rim plagioclase" respectiv-

ely.

Some basaltic andesites as well as other rocks of this

thesis area have this type of zoning. However, the major-

ity of the plagioclase with this partial resorption does

not show the more sodic "included plagioclase" but instead

have pockets of clear glass. This is due to rapid crystal-

lization after extrusion to the surface. In addition)a re-

latively rapid ascent from depth to the surface is indicated

by the fact that resorption is not very complete. These

glass inclusions are very common in volcanic rocks and have

been described by Kuno (1950). The "rim plagioclase" is

found on most of the resorbed phenocrysts in the rocks of

this area. Vance discussed several theories for the cause

of the resorption but favors a decrease in confining pres-

sure on the melt as the leading cause. This requires that

the melt be water deficient which may be contrary to other
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mineralogical evidence (quartz phenocrysts) which is dis-

cussed later. Taylor (1960) stated that the oscillatory

zoning, which is very common in the flows of this area

(Figures 4 and 5), was also due to periodic decreases in

pressure. He believed the decrease was rapid and related

to surface eruptions. These pressure fluctuations cause

fluctuations in the liquidus temperature and thus alter-

nating crystallization of more and then less sodic mater-

ial. A feature in most of these rocks which indicates a

possible mixing of magmas is seen in Figure 6. Three

plagioclase phenocrysts occur together but each shows dif-

ferent degrees of resorption. The middle phenocryst is

very fresh while others less than a millimeter away are

partly and almost completely resorbed.

A feature which seems to be more characteristic of

the basaltic andesites than the other lavas of this area

is the abundant inclusions in the plagioclase phenocrysts.

These inclusions are augite, hypersthene, niagnetite and

minor apatita (Figures 7 and 8).

Twinning is predominately of the albite type in both

the groundmass and phenocrystic plagioclase. Pericline

and Carlsbad twinning are also observed.

The groundmass plagioclase are mostly lath shape euhe-

dral to subhedral crystals. They are sodic labradorite

ranging in composition from An49 to An59 and averaging
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Figure 4. Photomicrograph of oscillatory zoning in andesite
plagioclase phenocryst. (Sample JWH-102 from NE¼, NW¼, Sec.
16, T. 10 S., R. 20 E.)

I

I 1mm I

Figure 5. Photomicrograph of oscillatory zoning in an ande-
site plagioclase phenocryst. Note Carlsbad and albite twins.
(Sample JWH-l03 from SE¼, NE¼, Sec. 16, T. 10 S., R. 20 E.)
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Figure 6. Photomicrograph of plagioclase phenocrysts in
dacite showing varying stages of resorption. (Sample JWH-16

fromNW¼, SE¼, Sec. 2, T. 10 S., R. 20 E.)
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An53. As seen in Table 1, they generally comprise between 50

to 70 volumetric percent of the rock.

The clinopyroxene phenocrysts are found up to 1.7 mm

in diameter and average 1.0 mm. These crystals are euhedral

to anhedral in form. Their colors are neutral to very pale

brown. The 2V of these crystals varies between 50 and 60

degrees. The range of 2V suggests that this clinopyroxene

is probably an augite with slight variations in the amount

of calcium in the crystal structure. As seen in Table 1,

the volumetric modal abundances of the augite phenocrysts

varies from a trace to 3.8 percent. The average from 14

samples was 2.4 percent. In the groundmass, augite is

found from 16.4 to 27.8 percent by volume. Augite is usually

the most abundant pyroxene phase in the groundmass and in

several samples it is the only type. Twinning is common in

many of the clinopyroxene phenocrysts but is rarely seen in

the grouridmass.

The orthopyroxene phenocrysts are faintly to distinct-

ly pleochroic from pale green to pink. The 2V varies from

70 to 80 degrees and is negative, indicating hypersthene

as the variety of orthopyroxene. The hypersthene is found

up to 3.0 mm in length, with an average of 1.2 mm. It is

euhedral to anhedral in form and generally occurs as lath-

shaped crystals. The phenocrysts comprise an average of

2.2 volume percent which varies from a trace to 5.7 percent.

In the grouridntass it can account for up to 12.5 percent
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but in many samples is completely lacking.

Kuno (1936, 1950) noted in the rocks of Hakone Vol-

cano the presence of granular pigeonite surrounding ortho-

pyroxene phenocrysts. In addition, he described the ground-

mass pyroxene as pigeonitic augite. The rocks of this

thesis area also show a granular rim of clinopyroxene sur-

rounding many of the hypersthene phenocrysts but they were

too small to identify with the equipment available to the

author. This is also true of the groundmass clinopyroxene

and for convenience will simply be called augite. Kuno

also illustrated what he believed to be intergrowths of

clinopyroxene in an orthopyroxene host and intergrowths

of orthopyroxene in a clinopyroxene host. This was also

noticed in the rocks of this area (Figures 9 and 10)

although it appears to be more of a reaction relationship

with orthopyroxene changing to clinopyroxene or visa versa.

Late magmatic or deuteric reactions are probably respon-

sible for these changes.

The volumetric percentage of both pyroxene phases to-

gether range from a trace to 9.4 percent. The average

abundance is 4.6 percent.

Magnetite occurs in two ways. It is always found

disseminated throughout the groundmass with euhedral to

subhedral form and is often about the same size everywhere

in the rock. This includes rnagnetite commonly seen as

inclusions in other minerals, especially plagioclase. The
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Figure 9. Photomicrograph of hypersthene changing to augite.
(Sample JWH-15A from middle of Sec. 2, T. 10 S, R. 20 E.)

I

I 1I
Figure 10. Same as Figure 9 above but with crossed nicols.
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second way in which magnetite is found is as irregular

patches and psuedomorphic replacements after pyrQxene.

II. Andesites

General Statement

Outcrops of andesite lavas are found throughout this

thesis area. In a very general sense they seem to be

higher stratigraphically than the basaltic andesites. This

is best observed in the northern part of the area in Sec. 1

and Sec. 2, T. 10 S., R. 20 E. along the John Day River.

At this locality a large north-facing antidip slope composed

of gently dipping flows changes from basaltic andesite

along the river to andesite above and finally the ridge is

capped by a succession of dacite flows.

The andesite flows show a variable thickness similar

to the basaltic andesites. One flow interpreted to have

filled a small canyon reaches a thickness of about 100 m

(Figure 11). This flow can be seen from Bridge Creek Road

and has an unusual mineralogy which will be discussed be-

low. The andesite flows fracture in a platy fashion.

Poorly developed columns and irregular blocks are also

found and two flows have areas of well-formed four- to five-

sided columns. These columns were generally from 10 cm

to 15 cm in diameter.

The andesite flows show a much greater variation in

colors than the basaltic andesites, ranging from grayish
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Figure 11. Thick valley-filling flow of andesite. Location
in NW¼, SW¼, Sec. 11, T. 10 S., R. 20 E.
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black (N2) to yellowish gray (5Y 7/2). Overall the ande-

sites seem to be lighter in color but many flows are the

same as the basaltic andesites.

Petrography

In most respects the mineralogy and textures of the

andesites are very similar to that of the basaltic ande-

sites. Although some flows contain no clinopyroxene pheno-

crysts and others have no orthopyroxene phenocrysts, most

could be called porphyritic two-pyroxene-bearing anclesites.

Only one andesite flow lacks pyroxene phenocrysts alto-

gether. The single most distinctive feature of these lavas

is the common occurrence of quartz phenocrysts. In addi-

tion a few samples contain magnetite crystals that have

developed large enough to be considered a phenocrystic

phase. This was observed in the more siliceous andesites.

The groundmass constituents are the same as those observed

in basaltic andesites with the exception of less common bio-

tite and glass and the rare occurrence of hornblende or

uralite. Although many of these andesite flows are more

altered than basaltic andesites, the alteration products

are very similar. Table 2 shows a volumetric modal analy-

sis of some selected andesites.

The dominant textures are again pilotaxitic and gb-

meroporphyritic. Only rarely does an andesite not show

some pilotaxitic texture and often the microlites form a

swirling pattern around phenocrysts (Figure 12). Although
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Table 2. Volumetric modes of selected Clarno andesites.

Sample* JWH-78 JS-38 H-184 JWH-1I0 H-159 .3WH-102

Phenocrvst Phases:

LabrOdorite 4.7 2.7 10.2 9.3 14.5 7.8

Augite 0.7 0.2 2.2 2.8 5.5 1.0

Hypersthene 0.5 1.1 2.5 2.4 3.3 2.8

Quartz - 0.8 - - -

Groundmass Phases

Labrodorite 66.6 61.1 63.3 62.0 - -

Andesine - - - - 64.9 61.4

Augite 0.6 16.6 19.5 29.0 25.8 16.5

Hypersthene 17.1 11.0 2.7 2.3 - 8.4

Magnetite 2.0 2.4 7.3 4.4 3.]. 3.3

Biotite - - - T T

Apatite - - T - T T

Glass - 8.9 0.3 -

Clay 4.3 T 3.8 2.3 1.0 2.4

Zeolite T T 3.1 T 4.2 5.5

Carbonate 9.4 - - - - -

Hematite T - T T 1.0 0.5

(T = Less than 0.2%)

* See Appendix A for sample location and chemical analysis.
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a smaller percentage of andesites show glomeroporphyritic

texture than basitic andesjtes, those that do have larger

and better developed clumps (Figure 13). Intergranular

texture is less common and no ophitic texture was seen.

The phenocryst phases show the same characteristics

as those described and discussed in the section on basaltic

andesites and only exceptional features will be described

here. The plagioclase phenocrysts are observed up to 5 mm

in length and average 2.3 nun. They range in composition

from An54 to An66 and average An61. In abundance they make

up a trace to 15 percent by volume of the rock. The average

volumetric percent is 7. The clinopyroxene was again deter-

mined to be augite. The colors and form are the same as in

the basaltic andesites but the 2V is consistently around

60 degrees. Augite phenocrysts are sometimes missing but

may account for up to 5.5 percent of the rock and average

only 1.3 percent. With the exception of one very large

(2.8 mm) crystal, the augite reaches a diameter of 1.5 nun

and averages 0.8 mm. The orthopyroxenes show all of the

characteristics of hypersthene described earlier. They are

found up to 2.3 mm in length and average 1.2 mm. Like the

clinopyroxenes they may be missing as a phenocrystic phase

but can form up to 3.3 percent by volume and average 1.6

percent. Together the pyroxenes form a maximum of 8.8 per-

cent and average 2.6 percent.
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Figure 12. Photomicrograph of the flow texture around pheno-
crysts in andesite. Crossed nicols. (Sample JWH-103 from SE¼,
NE¼, Sec. 16, T. 10 S., R. 20 E.)
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Figure 13. Photomicrograph of glomeroporphyritic texture in
andesite. Minerals include labradorite, hypersthene, augite
and magnetite. (Sample JWH-102 from NE¼, NW¼, Sec. 16, T. 10
S., R. 20 E.)
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The groundmass minerals show some slight differences

from the basaltic andesites. The plagioclase is mostly a

calcic andesine except in the low silica andesites, where

it is a sodic labradorite. The composition range is be-

tween An43 to An54 averaging An49. The plagioclase almost

always accounts for over 60 percent of the rock and aver-

ages around 63 percent. There is a slight increase in the

amount of hypersthene relative to augite in the groundmass

which is also true of the phenocryst phases. Both biotite

and magnetite are less abundant in the groundmass of the

andesites compared to the groundmass of the basaltic ande-

sites.

Except for its rare occurrence as a phenocryst, the

iron oxides in the andesites are very similar to those

observed in the basaltic andesites.

The most characteristic feature of the andesites in

this area is the presence of quartz phenocrysts. About 30

percent of the andesites examined under a microscope con-

tained quartz phenocrysts. The largest concentration of

quartz-bearing andesites is in the northwest corner of

this thesis area where a sequence of gently dipping flows

are found. These quartz-bearing andesites are located

along the boundary of Section 3 and Section 4 and extend

into the eastern half of Section 9. Samples collected

from this sequence, from bottom to top include JWH-86, 72,

73, 74 and 93. As can be seen in Appendix A, the
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chemistry in these flows is very similar and for this rea-

son probably represent a series of eruptions from the same

vent or at least from the same magma chamber. Other than

the presence of the quartz phenocrysts, these andesites

have the same features as other andesites in the area.

Volumetrically the largest percent of quartz phenocrysts

in any flow is 3.6 percent. Although most abundant in the

andesites, there are a few flows of basaltic andesite and

one flow of dacite which also contain some quartz pheno-

crysts.

Most of the quartz phenocrysts have similar features

to each other. Figures 14 and 15 show a phenocryst in which

there is a thick reaction rim of glass and many small

clinopyroxene crystals. The clinopyroxene is completely

immersed in glass of two different colors. The brown glass

is always restricted to these reaction rims while the light

gray-colored glass is found scattered throughout the rock,

often with no association with quartz phenocrysts. All of

the quartz phenocrysts in this flOw show this same type of

reaction rim although the thickness of the rim varies

slightly. Figure 16 shows a similar reaction rim although

in this sample there is no associated glass. Also the

clinopyroxene has grown to a much larger size, there is

minor chalcedony and the quartz is not as smoothly rounded.

Not all quartz phenocrysts are surrounded by reaction

products. Figure 17 is a phenocryst from a dacite flow
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Figure 14. Photoinicrograph of quartz pheriocrysts in andesite
with reaction rim of glass and clinopyroxene. Note rounding
and embayment caused by partial resorption. (Sample JHW-38
from SW¼, NE¼, Sec. 11, T. 10 S., R. 20 E.)
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Figure 15. Same as Figure 14 above but with crossed nicols.
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Figure 16. Photoinicrograph of quartz phenocrysts in andesite
with thick reaction rim of large clinopyroxene. Crossed
nicols. (Sample JWH-93 from sw¼, NE¼, Sec. 9, T. 10 S., R.
20 E.)

I 5mm I

Figure 17. Photomicrograph of quartz phenocrysts in dacite
showing corroded edges but no reaction rim. (Sample J-52
from NE¼, SE¼, Sec. 11, T. 10 S., R. 20 E.)
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and shows only embayinent and rounding due to resorption.

There seems to be a gross relationship between the

silica content of the rock and the formation of a reaction

rim on quartz. In general, reaction rims form to a lesser

degree in rocks of higher silica content. This is to be

expected, although there are exceptions in both basic and

siliceous samples.

Figures 18 and 19 show two quartz phenocrysts from the

same flow. In Figure 18 the first reaction was the forma-

tion of hornblende, biotite and larger clinopyroxene. The

concentric organization of these reaction products makes

it possible to infer the order of formation. The outer rim

of clinopyroxenes has largely been altered to chlorite but

the hornblende and biotite remain quite fresh. Th unusual

feature of this phenocryst is that these rings of reaction

products are completely iirimersed in and surrounded by

quartz. The quartz on the outside of these reaction pro-

ducts has formed as a mosaic of interlocking crystals while

the inner part forms one optically continuous crystal.

These relationships may be due to changing magmatic condi-

tions within the magma chamber prior to eruption.

Figure 19 shows a very similar relationship as Figure

18 although there is no formation of hornblende and the bio-

tite is more abundant. As these figures show, almost all

of the phenocrysts are cut by irregular fractures. Inclu-

sions are rare although occasionally a zircon, apatite or
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Figure 18. Photomicrograph of quartz phenocrysts in andesite.
Note inclusions in zonal arrangement where p = clinopyroxene,
b = biotite, h = hornblende. Crossed nicols. (Sample JWH-

74 from NE¼, NE¼, Sec. 9, T. 10 S., R. 20 E.)

I 5mm
Figure 19. Photomicrograph of quartz phenocryst in andesite
with zoned inclusions of clinopyroxene and biotite. (Sample

JWH-74 from NE¼, NE¼, Sec. 9, T. 10 S., R. 20 E.)
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pyroxene crystal can be identified. There is also commonly

a fine dust size material included and may be an iron oxide

although accurate identification was not possible.

There are numerous references to quartz phenocrysts

or quartz "xenocrysts" from caic-alkaline rocks in many

parts of the world. Many of the unpublished masters theses

done in the 1950's and 1960's in areas containing Clarno

flows have reported the occurrence of quartz pheriocrysts.

Despite the relatively common occurrence of this porphyri-

tic quartz phase, its origin is imperfectly understood.

Experimental work indicates that in a granitic melt (NaAl-

Si308 - KA1Si3O8 - Si02 - H20 system) quartz may appear on

the liquidus under condition of high water vapor pressure

(Tuttle and Bowen 1958). This changes the position of the

quartz-feldspar minimum in the simple binary eutectic.

Ewart (1965) has used these results to explain the re-

sorption of quartz phenocrysts found in several igniinbrite

sheets in New Zealand. He believed the resorption was due

to fluctuations in water vapor pressure which would cause

feldspar to appear on the liquidus and the quartz would no

longer be in equilibrium with the melt. However Green and

Ringwood (1968) point out:

... in such a mechanism the release of water vapor
pressure would result in a rise in liquidus temp-
erature and consequently an increase in crystal-
lization. This would be the major effect-any shift
in the eutectic causing feldspar instead of quartz
to crystallize (and hence causing resorption of
quartz) would be a second order feature.

They found from their experimental work that the change in
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load pressure and not water vapor pressure, where P
,

P load, may cause the resorption of quartz. Their results

showed that at high pressure and under dry conditions,

quartz is the crystalline phase in equilibrium with the

melt while at low pressure feldspar becomes the crystal-

line phase. When quartz is no longer on the liquidus, it

will be resorbed because of disequilibrium with the melt.

Therefore, a magma containing quartz phenocrysts ascending

from depth will change the equilibrium relative to quartz

causing the resorption process. Using calculated values of

silica activity, Nicholls and others (1971) calculated the

pressure at which magmas of basaltic andesite composition

would be saturated with quartz. Pressures of about 25

kilobars were found assuming an equilibration temperature

of 1100 C. The presence of garnet phenocrysts rich in

pyrope in some calc-alkaline rocks (Green and Ringwood

1968b) adds support to this depth of origin. Although no

garnet was observed in the rocks of this area, Taylor (1977,

personal communication) found Clarno andesites in the

area of Tony Butte, 16 kin to the east which contain euhedral

pink garnet.

Taylor (1960) in studying Clarno lavas, northwest of

this area, recognized a close association between the em-

bayed quartz phenocrysts and the zeolite heulandite.

Because heulandite is only stable at relatively low temper-

atures, he felt the resorption process may have taken
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place at or near the surface during the "final stages of

cooling." In the lavas studied by the author no associa-

tion was noticed between the quartz phenocrysts and heu-

landite.

An unusual flow located in NW¼, NW¼, Sec. 11, T. 10

S., R. 20 E. is of andesitic composition and contains

epidote phenocrysts. The author identified these pheno-

crysts as epidote because of their yellow-green color

(faint pleochroism), high relief and strong birefringence.

No optic sign was obtained. The textures are very similar

to other andesite flows seen in the area and the rock frac-

tures in an irregular platy fashion. In addition to the

epidote phenocrysts, which make up 1.0 volumetric percent

of the rock, there is 3.7 percent of highly altered plagio-

clase. No pyroxene was seen as a phenocrystic phase. The

alteration of the phagioclase is severe enough that no

composition could be measured. Occasionally the epidote

is found as inclusions within the plagioclase along with

apatite and magnetite. The epidote is granular in appear-

ance and is generally subhedral while reaching 0.6 mm in

diameter. The groundmass is also very altered and appears

to contain minerals similar to other andesites in the area.

III. Dacites

General Statement

The dacites of this area appear to be concentrated in
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the northeast between Bridge Creek and the John Day River

and at the southern end close to Painted Hills State Park

(Plate I). Except for a few locations, the dacite represents

the last phase of volcanism in this area andis located

stratigraphically above the andesites and basaltic andesites.

The flows are relatively thin, up to 20 m, and do not

seem to fill small valleys like

The flow tops are very vesicula:

zones of vesicles are up to 5 m

are similar to those previously

the platy fracture is extremely

sembling slate (Figure 20). In

seen in this area were found in

many of the andesites.

in many areas and these

thick. The fracture patterns

described although commonly

well developed, almost re-

addition the best columns

dacite flows (Figure 21).

The dacites show the widest variation in color of the

flows in this area. Some are as dark as grayish black (N2)

but most are much lighter in color. Light brownish gray

(5 YR 6/1) was found in one flow.

Petrography

The dacites show a great deal of similarity to the

other flows in this area in terms of mineralogy. There

are some minor differences, however, and only these will

be discussed here. Except for the less common occurrence

of glomeroporphyritic clumps, the textures are the same as

seen throughout the area including pilotaxitic and inter-

granular.
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Figure 20. Platy fracture in a dacite flow. Location is in
the SW¼, SE¼, Sec. 12, T. 10 S., R. 20 E. along the road to
Twickenham.

I

Figure 21. Top view of a five-sided col.unn formed in dacite
flow located at SW¼, SW¼, Sec. 33, T. 10 S., R. 20 E. Column

approximately one half meter in diameter.
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The plagioclase phenocrysts show a compositional

range of An53 to An64 and average An54, a mid-labrodorite.

In abundance they range from 0.6 to 26.4 volume percent

while averaging 10 percent. They form up to 5.5 mm in

length but average 3.0 mm.

The pyroxene phenocrysts include augite and hypers-

thene. Augite, although commonly missing, comprises an

average of 1.4 percent of the rocks when present and

ranges from a trace to 5.5 percent. The crystals have

formed up to 3.0 mm in diameter, averaging 1.0 mm and always

shown a 2V of 60 degrees. The hypersthene also is occasion-

ally missing but when found it makes up an average 1.2 per-

cent of the rock and ranges from a trace to 2.3 percent.

The hypersthene is generally larger than the augite. It

averages 1.6 mm and reaches a maximum of 3.0 mm. The 2V

of these crystals is usually about 75 degrees. Together

the pyroxenes average about 2.3 volumetric percent ranging

from a trace to 5.5 percent.

A distinctive feature of the dacites is the appear-

ence of magnetite phenocrysts from 0.2 mm to 0.5 mm in

size. They are euhedral to subhedral and are found form-

ing up to 1.0 percent and averaging 0.5 percent of the

rock. Only two flows contain quartz phenocrysts.

The groundmass mineralogy is different from the basal-

tic andesites and andesites (Table 3). The plagioclase

is more sodic with an average composition of An48,
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Table 3. Volumetric modes of selected Clarno dacites.

Sample* JW}-5Q JwH-49 JWH-15B

Phenocryst Phases:

Labradorite 15.6 14.7 11.6 4.6

Augite 1.2 0.8 0.7 0.4

Hypersthene 0.4 0.8 2.0 0.2

Groundinass Phases:

Andesite 43.1 41.1 48.0 58.7

Augite 19.0 13.1 12.0 20.1

Hypersthene 2.1 1.5 - 3.0

Magnetite 4.4 4.4 4.9 3.8

Biotite - T

Apatite T T

Glass 31.4 39.3 25.5 12.9

Clay T T 3.4 1.0

Zeolite - - 6.2 0.5

Carbonate - 0.6 -

Hematite - T

(T = less than 0.2%)

* See Appendix A for sample location and chemical analysis.



showing a wide range of between An59 and An36. The per-

centage of plagioclase in the groundmass is much lower

with an average of 47 percent. This decrease in percent-

age is true for the pyroxenes and biotite as well. The

most distinctive feature of the dacite flows is the very

common occurrence of glass in the groundmass. Many times

the glass accounts for a substantial percentage of the

total rock. In sample JWH-50 (Table 3) the glass, which

is light brown, is so abundant, that the minerals appear

to be floating in it. The texture of this and several

other examples could be called hyalo-ophitic.

IV. Painted Hills Dacite

General Statement

This dacite flow forms a distinctive unit located

within Painted Hills State Park inparts of Sections 25,

35 and 36 which crops out over a total of about one square

kilometer (Plate I). Although it was very difficult to

determine how many flows make up this unit, there are at

least two. These flows form the "pre-John Day Hills" des-

cribed by Hay (1962). He referred to these flows as

"highly porphyritic andesites" although chemical analyses

by the author show these clearly to be dacites (Appendix A,

samples JWH 186 and 187). From these outcrops, Hay deter-

mined that the relief in this vicinity reached 91 m prior
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to the eruption of theverlying John Day tuffs. The con-

tact between these dacite flows and the John Day Formation

is shown in Figure 22. Both of these flows are approxi-

mately 35 m thick. The lower flow forms cliffs and hoodoos

(Figure 23) along Bear Creek with east facing outcrops.

This flow has thick platy to blocky fracture and in places

forms very large, poorly developed columns. On fresh sur-

faces the color is either medium dark gray (N5) or medium

light gray (N6) and on weathered surfaces is varying shades

of red and brown. The upper flow caps the largest of the

"pre-John Day Hills" and is found in the NW¼, SW¼, Sec. 36,

T. 10 S., R. 20 E. It fractures into very thick plates or

large irregular blocks. Pale red (5 R 6/2) is seen on

the freshest surface and grayish red (5 R 4/2) on weathered

surfaces. All samples show some pilotaxitic and

glomeroporphyritic textures. These two dacite flows re-

presents the last phase of volcanism of the Clarno Forma-

tion in this area.

Petrography

Two features make these two dacite flows different

than others in this thesis area. These features are the

large percentage of plagioclase phenocrysts and.the high

degree of alteration. Mineralogically, these two flows

are very similar and, therefore, will be described togther.

The plagioclase phenocrysts compose from 18.0 percent
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Figure 22. Contact between the Painted Hills Dacite and
overlying John Day Formation. Note extreme weathering in
dacites and deep red soil (left foreground) regolith forming
the top of the Clarno Formation in this area. (Location is
SE¼, SE¼, Sec. 35, T. 10 S., R. 20 E.)
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Figure 23. Hoodoo-forming outcrop of Painted Hills Dacite
along Bear Creek. The largest hoodoo in the center of the
picture is about three meters high. (Location is sW¼, sw¼,
Sec. 25, T. 10 S., R. 20 E.)
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to 26.4 percent of the rock by volume. They are sodic

labradorite measured to be approximately An55. The cry-

stals are usually subhedral but euhedral forms are found

and where resorption has occurred, annhedral crystals re-

main. Many are very large forming up to 5.5 inn in length.

The plagioclase in these flows is always very altered and

the cores are often altered completely. The products of

alteration include carbonate, clay minerals and zeolites

including heulandite and chabazite. A greenish mineral

resembling chlorite is also found which is replacing some

of the plagioclase.

The only other phenocrystic phase forms about 3.0 per-

cent of the volume of the rock and was probably a pyroxene

now completely altered to magnetite and chlorite. This

mineral is subhedral to annhedral in form. It forms as

large as 2.1 mm in diameter but most are much smaller,

usually about 0.7 mm. In addition to pyroxene, magnetite

has formed as phenocrysts in one of these flows.

The grou.ndmass minerals are very difficult to iden-

tify. The only original minerals identifiable are plagio-

clase microlites and magnetite. In addition to these, a

few thin sections revealed very abundant lath shaped iron

oxides which may represent psuedomorphs after original

horriblende. One section also shows the same spherical

bodies which are seen and described for the Pass Gulch

Rhyodacite and presumably also represent glass
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devitrification to alkali-rich feldspar and cristobalite.

The alteration products referred to above are also seen

in the groundmass and in addition hematite has formed after

magnetite. Every thin section made show void spaces,

commonly filled with zeolites, which account for approxi-

mately 2.0 percent of the rocks by volume.

V. Pass Gulch Rhyodacite

General Statement

A rhyodacite flow which can be reliably mapped using

characteristics observable in the field is found in the

southwestern most corner of this area in the SW¼, sw¼,

Sec. 33, T. 10 S., R. 20 E. This flow is 46 m thick arid

crops out over only a few hundred meters. It fractures

in large irregular blocks although in many places flow

texture is extremely well developed and banding can be

seen. There are abundant inclusions of andesitic rock

fragments and what appears to be pumice.

fresh surfaces is grayish red purple (5 R

weathered surfaces is pale red (5 R 6/2).

coloration is due to hematite or limonite

is disseminated through the rock.

This flow was called a rhyodacite on

The color on

P 4/2) and on

The reddish

staining which

the basis of its

chemistry (Appendix A, sample JWH 167). The amount of

silica present is a slightly inflated value because of

minor secondary quartz although it did not appear to be

enough to change the naming of the flow. The closest named
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geographical feature to this flow is Pass Gulch which is

one kilometer to the south of this thesis area and this

name was chosen for convenience of description.

Petrography

The only phenocryst phase present is a plagioclase

of undetermined composition. The An content was not deter-

mined because of the scarcity of phenocrysts (2.2 volume

percent) and degree of alteration. These plagioclase

cyrstals occur up to 1.5 mm in length and are subhedral

in form. There are abundant grains and dust of iron oxide

as well as small crystals of apatite included in many of

the plagioclase phenocrysts.

In addition to the plagioclase phenocrysts there are

microphenocrysts of plagioclase and what appears to have

been hornblende. These hornblende crystals are now com-

pletely altered to chlorite and magnetite and form up to

0.5 mm in length and subhedral to annhedral in form.

The groundmass is composed of tiny needles of plagio-

clase, hornblende (?), small grains and dust of magnetite

and abundant clear glass. In addition there are rare apa-

tite crystals which have been stained brown and show a

faint pleochroism. An unusual feature of the groundmass

is numerous small spherical splotches which are colorless

and show low relief and birefringence. These may be areas

where the glass has devitrified to an alkali-rich feldspar

and possibly cristobalite.
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As mentioned earlier, there is some minor secondary

quartz which has filled small fractures and occasional

voids. In addition to this some zeolite of undetermined

type has also filled voids.

VI. Intrusive Rocks

General Statement

This thesis area is unusual relative to the Clarno

rocks in adjacent areas because of the scarcity of intru-

sive rocks. Only one example was found that could be

called intrusive with any degree of confidence. This was

an east-west trending dike of basaltic andesite located in

the NW¼, SW¼, Sec. 3, T. 10 S., R. 20 E. The dike crops

out for approximately 50 m and is only a few meters wide.

Although this is the only intrusive rock within this

thesis area, there are abundant intrusions of andesite

across the John Day River to the north and a small silicic

plug and mafic vent a kilometer to the east (Swanson 1969,

Robinson 1975). There are also numerous intrusive rocks

of different types and a variety of compositions to the

south (Owen 1977, Barnes, 1977 personal communication).

Petrograph

The dike is two-pyroxene basaltic andesite with rare

quartz phenocrysts. Aside from the quartz, there are no

distinctive phenocrystic phases present. The rock is
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relatively equigranular and more coarsely crystalline than

the groundmass in most flows. On fresh surfaces, the color

is medium dark gray (N4) and this weathers to pale brown

(5 YR 5/2). Pilotaxitic as well as intergranular texture

are well developed.

Plagioclase accounts for 64.7 percent of the rock and
N

is a very calcic labradorite (An69). The pyroxene phases

make up 26.4 percent with augite forming 18.0 percent and

hypersthene forming 8.4 percent. Magnetite is dispersed

throughout the rock as small euhedral grains and large

late-forming interstitial masses. The magnetite accounts

for 5.3 percent by volume while brown glass forms 1.7 per-

cent. The remaining percentage is composed of alteration

products including zeolite, clay minerals, hematite and

abundant calcite. Although calcite forms in some flows,

mainly associated with plagioclase phenocrysts, it is far

more abundant in the dike where it is found as interstitial

material between clear, fresh plagioclase laths.

The quartz phenocrysts in this rock are surrounded by

the thickest reaction rims observed in any rock of this

area (Figure 24). In addition this rock has the lowest

silica content (55.1 percent) of any sample containing

quartz pheoncrysts. The rims are composed of radiating

slender clinopyroxene crystals with minor clear and green

glass. On the outside is abundant rnagnetite which is

slightly oxidized to hematite.
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Figure 24. Photomicrograph of thick reaction run surrounding
small quartz phenocrysts in basaltic andesite dike. Note well

developed pilotaxitic and intergranular texture. (Sample

JWH-76 from NW¼, SE¼, Sec. 3, T. 10 S., R. 20 E.)
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vii. Mudf lows

General Statement

Mudf low deposits are found in two locations in this

thesis area. Most of the NW¼ of Sec. 4, T. 10 S., R. 20

E. is composed of mudf lows and another small outcrop is

found in the SE¼, NW¼ of Sec. 11. These deposits are

very poorly sorted with andesite clasts up to about one

meter in diameter which are rounded to subrounded and

are in matrix support. The outcrop in Section 4 has some

crude bedding which is seen more clearly across the John

Day River in a continuation of the same deposit.

Petrography

Only one thin section was made of these mudf low de-

posits because of their minor importance. The clasts are

all mineralogically similar to those rocks described in

previous sections. The matrix is composed of abundant,

broken crystals of labradorite, rock particles (mostly

andesite) and altered pyroxene. There is also some magnetite,

hematite, apatite and, unlike the lavas in this thesis area,

some large unaltered biotite. X-ray analyses indicate

large amounts of smectite clay.



VIII. Tuffs

General Statement

The tuff beds of the Clarno formation in this area

occur sporadically between flows and in minor amounts. All

appear to have been reworked ash falls and deposited lo-

cally as interbeds within the much more extensive lavas.

These tuffs, except for only a few localities, are now

composed almost entirely of mudstone with only minor amounts

of sand size crystals, predominately feldspars. Some

magnetite, hematite and possibly pyroxene is seen with the

aid of a binocular microscope. Thin sections could not be

made of these mudstones because they are poorly indurated,

breaking into thousands of small pieces very easily. A

good example of these tuff beds is in the NW¼, NW¼, Sec.

12, T. 10 S.,, R. 20 E. along the border with Section 11.

Several layers of mudstone of different color are found.

Associated with these are areas of small nonindurated pebble

beds indicating the fluvial nature of the tuffs at this

locality. The rounded pebbles are predominately basaltic

andesite and andesites with occasional dacite. The colors

of the tuff beds at this location are dominantly a grayish

red (5 R 4/2) or pale yellowish brown (10 YR 6/2) although

some show a yellow tint. The thickness of several of the

beds at this locality is about 1.5 m but a few are up to

8.0 in. Most tuff beds in this thesis area are deep shades

of red and very difficult to distinguish from weathered
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flow tops.

Procedures

Since petrographic examination was not possible for

all but one of the tuff beds in this area, the author used

x-ray diffraction analysis to determine the clay mineralogy

of four of these beds. Procedures followed are modified

after those used by Dr. M. Harward of the Department of

Soils Science, Oregon State University. These procedures

will be briefly summarized here.

A clay concentrate is first obtained by disaggregating

the sample and passing it through a 40-size wet sieve.

This 40-size fraction is then dispersed in distilled water

and centrifuged for a few minutes at 750 rpm which leaves

only the clay (less than 2i) size material in suspension.

This suspension is poured off and centrifuged for 10 min-

utes at 6,000 rpm which pulls the clay fraction out of

suspension. Each of the clay residues is then split into

two parts. One half is saturated with magnesium by re-

peated washing and centrifuging with iN MgC12 solution and

the second half is saturated with potassium by repeated

washing with iN KC1. One slide of each, or two slides per

sample is then prepared by smearing the clay residue. The

magnesium-saturated samples are allowed to air dry while

the potassium-saturated samples are dried at 105 C.

The magnesium-saturated slides were allowed to



equilibrate in a 54 percent relative humidity dessicator

and then analyzed with x-rays keeping the humidity close

to 54 percent throughout the run. Following this, these

slides were placed in a dessicator with ethylene glycol,

a vacuum was drawn and they were heated at 65C for three

hours. After cooling for 12 hours the slides were again

analyzed. In this run the humidity was also controlled

at 54 percent.

The potassium-saturated slides were first analyzed

under a controlled humidity of about zero percent. They

were then placed in the 54 percent dessicator, allowed to

equilibrate and again analyzed but with the humidity con-

trolled at 54 percent. The last x-ray on these slides

was run after heating the slide at 550C for three hours

and with a humidity of close to zero percent.

These samples are, therefore, analyzed five times

following different treatments and under varying condi-

tions. This is necessary to obtain a reliable analysis of

clays in the sample.

Discussion

Three of the four samples analyzed for clay minerals

are composed predominately of the smectite montmorillonite.

The diffraction peaks formed on the x-ray chart in two of

these samples are narrow and well defined indicating the

montmorillonite is fairly well crystallized. The third

sample has a much broader peak and is probably poorly
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crystallized. Two of the samples also have peaks indi-

cating very minor, poorly crystallized kaolinite. In all

three of these samples the possibility of the presence of

a chlorite intergrade could not be ruled out. The last

sample has only kaolinite as its clay mineral component.

This sample is dark reddish brown (10 R 3/4) in color.

As noted in a following section on rock alteration, the

predominant clay mineral found in paleosoils on weathered

flow tops is kaolinite and this sample may represent mater-

ial from an altered flow. However, in the field it great-

ly resembled interbedded tuff. Further detailed study be-

tween proven altered flow tops and tuff beds may show that

the presence of large amounts of kaolinite could serve to

distinguish paj.eosoi.ls and tuff beds.

An irtterbedded tuff located in the SW¼, NW¼, Sec. 33,

T. 10 S. , R. 20 E. was indurated enough for a thin section

to be made. In addition, x-ray analysis was performed fol-

lowing the procedures outlined in the section on rock al-

teration. From the petrographic and x-ray examination of

the sample, it was found to be altered to smectite and

the zeolite clinoptilolite (Figure 25). Presumably the

original tuff was composed predominately of vitric mater-

ial since only very minor original minerals can be identi-

fied in thin section. These are zircon, apatite, rflagne-

tite and possibly some pyroxene.
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Figure 25. Photomicrograph of tuff altered to siriectite and

clinoptilolite. Crossed nicols. (Sample JWH-160 from SW¼,

NW¼, Sec. 33, T. 10 S., R. 20 E.)
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IX. Alteration of Clarno Lavas

General Statement

The rocks of this area all show some degree of alter-

ation. The phenocryst phases which show alteration are

thought by the author to be deuteric in origin with further

change caused by exposure after extrusion and surficial

weathering. Most of the groundmass minerals are thought

to have altered because of surficial weathering and ground-

water activity. During the field work for this study, an

attempt was made by the author to collect rocks with vary-

ing degrees of alteration with the intention of performing

a detailed petrographic examination. For this purpose,

20 samples were collected and thin sections made. Although

many alteration minerals were identified with the aid of

the microscope, there were several in which identification

with confidence was not possible. Following the sugges-

tion of Dr. Harold Enlows of the Geology Department at

Oregon State University, several of the samples were- anal-

yzed with x-ray diffraction to help with the identification

of the clay alteration products. The procedure followed

is not the same as that described for the analysis of the

tuff beds and is much less reliable. However, these

analyses give a general idea of what clays are present

and helped to support the Detrographic interpretations.

In this respect, the diffraction patterns are a real

assistance.
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Thirteen samples were analyzed using x-ray diffrac-

tion. These samples were prepared by first gently crush-

ing a small amount of the rock in a mortar and pestal.

The crushed sample was then mixed with distilled water and

stirred, dispersing as much of the clay fraction as possi-

ble. After allowing the coarser grained material to set-

tle, some of the water with the clays in suspension was

poured onto a glass slide. After about twelve hours the

water evaporated and an x-ray diffraction pattern was ob-

tained. Several samples had strong, well defined peaks

with a d-spacing of between 15.0 and 15.3 angstroms. The

samples with these spacings were glycolated following the

procedures for glycolation described in the section dealing

with tuff. Again diffraction patterns were obtained to

see if any expansion of the clay structure had occurred.

Expansion did occur in several samples indicating the pre-

sence of smectite clays or possibly smectite interlayered

with other clay minerals such as vermiculite or mica.

Discussion

The plagioclase phenocrysts altered to a wider variety

of products than any other mineral in this area. Many of

these plagioclase crystals were not in equilibrium with

the melt when it was extruded. The effect of this des-

equilibrium was discussed earlier when describing patchy

zoning. The changes caused by these conditions increased

the deuteric and possibly the surficial weathering effects
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on the plagioclase phenocrysts. Figure 26 shows a plagio-

clase phenocryst composed of several crystals in a syn-

neusis relationship which has been resorbed and later par-

tially altered to a greenish-yellow to brown, highly bire-

fringent material. This material appears to be a smectite

clay based on evidence seen in diffraction patterns. The

optical properties suggest that it may be nontronite. It

is faintly pleochroic. The plagioclase phenocryst in Fig-

ure 27 shows almost complete alteration to smectite and

some zeolite. Only a narrow rim of late crystallizing

plagioclase remains unaltered which is true of most of the

groundrnass microlites. Other alteration products of plaglo-

clase not already mentioned include carbonate (probably

calcite), the zeolites heulandite and possible analcite or

chabazite, minor chlorite and very minor sericite. One

x-ray pattern showed a sharp peak at 7 angstroms indicating

kaolinite. In thin section, this material appears as a

brownish milky mass usually associated with plagioclase

although sometimes it appears to be filling vesicles.

The pyroxene phenocrysts are generally altered to

only two principle minerals. Figures 28 and 29 show a

hypersthene phenocryst which is almost completely altered

to chlorite and minor magnetite. At times magnetite will

form pseudomorphs after pyroxene. Augite is also observed

to alter to chlorite and magnetite. These are not the only
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Figure 26. Photomicrograph of plagioclase altering to sinec-

tite in a dacite flow. (Sample JWH-99 from NE¼, SW¼, Sec. 10,

T. 10 S., R. 20 E.)

I 1mm I

Figure 27. Photomi.crograph of plagiociase phenocryst in an

andesite showing almost complete alteration. (Sample .JWti-72

from NW¼, sw¼, Sec. 3, T. 10 S., R. 20 E.)
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Figure 28. Photomicrograph of 'nypersthene phenocryst in a

basaltic andesite altering to chlorite. (Sample JWH-l13 from

NE¼, NE¼, Sec. 15, T. 10 S., R. 20 E.)

Figure 29. Same as Figure 28 above but with crossed nicols.
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products of pyroxene alteration. Figure 30 shows a pyrox-

ene phenocryst altered to a variety of different products.

These include a light bluish green material believed by

the author to be celadonite, small amounts of magnetite and

minor carbonate. In addition to these is a brownish mater-

ial which could not be identified although it is probably

a smectite clay. Figure 31 shows a pyroxene phenocryst

which is completely altered to chlorite, calcite and the

smectite nontronite.

Many of the flows in this area are covered by a flow-

top breccia which is usually extremely altered and dis-

tinctive in the field. A few of these breccias greatly

resemble thin mudf low deposits although they can usually

be observed grading downward into an unbrecciated flow.

These breccias often contain abundant void spaces which were

found to be partially or completely filled with secondary

material. Figure 32 shows one of these breccias in which

the void spaces have been partially filled with zeolités

and chlorite. Flows in this thesis area are also commonly

vesicular and these voids also are filled occasionally with

secondary products, including a variety of zeolites. X-ray

diffraction indicates the possibility of heulandite and

natrolite and petrographic evidence further indicates the

possibility of chabazite or analcite. Many vesicles are

also filled with chlorite as shown by Figure 33.

The upper flow in the Painted Hills Dacite is the
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Figure 30. Photomicrograph of completely altered pyroxene
phenocryst in an andesite. (Sample JWH-77 from sW¼, SE¼, Sec.

3, T. 10 S., R. 20 E..)

I 1mm I

Figure 31. Photomicrograph of completely altered pyroxene in

a dacite. Crossed nicols. (Sample JWH-155A from SE¼, NW¼,

Sec. 27, T. 10 S., R. 20 E.)
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Figure 32. Photomicrograph of zeolite and chlorite forming
in void spaces of a flow top breccia. (Sample JWH-169 from

NE¼, sW¼, Sec. 33, T. 10 S., R. 20 E..)

I I

Figure 33. Photoxnicrograph of chlorite filling vesicles.
(Sample JWH-124 from NE¼, NW¼, Sec. 21, T. 10 S., R. 20 E.)
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youngest flow in the Clarno rocks of this area and its

weathered surface forms the contact between the Clarno

and John Day formations. Because of the unconformable

relation of the contact this flow may have been exposed

at the surface for a greater length of time than any in

the area. Five samples, which encompass the least altered

to the most altered, were collected from this flow and all

were examined for clay minerals, using x-ray diffraction.

It was found that the freshest sample showed no evidence

for kaolinite while each of the other samples of increasing

alteration showed a kaolinite peak of consistently greater

intensity and definition. This may indicate a gradual

increase in abundance of kaolinite and its degree of crys-

tallinity with increasing alteration. In addition to the

kaolinite peak each sample showed a small, poorly defined

peak which may be minor poorly crystallized smectite or

chlorite-intergrades.
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X. Geochemistry of the Clarno Lavas

The lavas of the Clarno Formation in this thesis area

range in composition from basaltic andesite, with 55 weight

percent Si02, to rhyodacite with approximately 70 weight

percent Si02. The chemical analyses for these rocks can

be found in Appendix A. The rhyodacites are rare while the

basaltic andesites, andesites and dacites occur in about

the same abundances.

When plotted on variation diagrams (see Appendix B),

patterned after those of Harker, the major element oxides

all show typical changes with increasing silica weight

percent. With increasing silica content, the alkali con-

centrations increase while the concentrations of A1203,

FeO, MgO, CaO and Tb2 all decrease in varying degrees.

The sodium and aluminum plots both show a great deal of

scatter although a general trend can be identified. In

the iron diagram the low point at 58 percent Si02 is

believed to be caused by an analytical error and is pro-

bably about two weight percent greater. The other three

abnormally low points are believed to be accurate and re-

present low iron lavas. The calcium variation shows the

lowest degree of scatter giving a well defined variation

which is characteristic of Clarno lavas (Taylor, 1977

personal communication).
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The volcanic rocks of this area are calcic when plot-
ted on a Peacock (1931) alkali-lime index giving an
index value of 62 (Fig. 34). This calcic character is
found in other areas with Clarno rocks as well (Owen
1977, Taylor, 1977 personal coirimuriication, Barnes, 1977

personal communication) biit may be due to alteration ef-

fects. These rocks have been described as true caic-alkaline
by others (Wilson 1973, Novitsky and Rogers 1973,

Novitsky-Evans 1974, Rogers and others 1975).

Most of the flows in this area have relatively high
alumina values. All but two, which have 14 weight percent,

contain between 15 and 18. weight percent alumina. Figure

34 shows the high alumina field of Kuno (1968) and it can
be seen that most of the rocks in this area plot within
this field or on the boundary between the tholeiitic and
high alumina fields. This was also found to be true by
Wilson (1973), Novitsky-Evans (1974), and Owen (1977).

The volcanics of this area may be calcic but when
plotted on AFM and KCN diagrams (Figs. 35 and 36) of

Nockolds and Allen (1953) they show distinctive caic-
alkaline trends and compare closely to other recognized
caic-alkaline series (Best 1969, Carmichael and others
1974). Figure 35 also shows the area of Kuno's (1968)

hypersthenic series and it can be seen that the rocks of
this area fall mostly within this series. These diagrams

agree closely with data by Wilson (1973), Novitsky-Evans

(1974) and Owen (1977) .



7.0 Figure 34. Peacock diagram for Clarno Rocks.
Dots represent CaO and X's represent K 0 +
Na 0. Dashed line outlines Kuno's (l96) field
of2high-alumina basalt series.
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Figure 36.KCN diagram, after Nockolds and Allen (1953),
for Clarno Rocks.
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John Day Formation

Introduction

The John Day Formation comprises approximately 11 km2

in this thesis area. The entire sequence lies within the

eastern facies of the formation (Robinson 1968, 1973).

Figures 37 and 38 illustrate how the John Day Formation crops

out in this thesis area.

The author has completed only field mapping of the

John Day Formation. Because the Clarno Formation was the

area of primary study for this project, the following re-

presents a summary of previous work on the John Day rocks

of this area. This summary incorporates the work of Hay

(1962b, 1963) and Fisher (l966b) . The subdivisions of

Hay (1962b) will be used. He divides these rocks into a

lower, middle and upper member.

I. Lower Member

General Statement

The lower member is slightly over 335 in thick and is

composed predominately of tuffaceous mudstone with minor

thin layers of vitric tuff. The lower 100 in of this mem-

ber is red while the remaining is mostly yellow to cream

in color with small areas of light green and brown. Many

of these beds contain abundant, well preserved leaf fos-
sils (Chaney 1924, 1948).



Figure 37. Painted Hills State Park. Light colored units of
the lower member capped by the cuesta forming ignimbrite mid-
dle member of the John Day Formation.

Figure 38. Standing on top of cuesta shown in Figure 37 above
looking north. All three members shown dipping below Picture
Gorge Basalts of Sutton Mountain at right.
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Lithology

The mudstone beds are usually massive in character

and have a vitroclastic texture. Pumice fragments and

shards are ubiquitous throughout the entire lower member

except in a few of the red mudstones. In addition to the

glassy materials, now mostly altered, many beds contain

minor amounts of plagioclase crystals with some sanidine

and rare quartz. Andesine is the dominant feldspar; how-

ever, oligoclase and labradorite are common and in some

layers predominate. Occasionally, lithic fragments of

volcanic rock ranging in composition from basaltic to

rhyolitic are found. Alteration products include mont-

morillonite and orthoclase after plagioclase, montmoril-

lonite after glass and vermiculite after biotite. The

yellow mudstones contain only montmorillonite as their

clay alteration product. The red mudstones, which get

their color from large amounts of hematite and lirnonite

relative to other layers, have montmorillonite as well as

varying amounts of kaolinite.

to the green mudstones.

Celadonite is restricted

The vitric tuffs range in thickness from several

centimeters to a few meters but in some places fluvial

processes have formed thicknesses of up to 25 m. These

tuffs are usually white except on fresh surfaces where

they are light shades of gray. Montmorillonite and clino-

ptilolite form the matrix of these tuffs although
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montmorillonite is much more common. Pumice fragments and

glass shards were the dominant constituents of the original

unaltered tuffs and although fresh glass is still present,

most has been altered. Mineral components include sanidine,

oligoclase and sodic andesine with minor quartz and rare

pyroxene. The percentages of these minerals in the differ-

ent beds vary but together they rarely account for more

than 10 percent of any given unit.

One sanidine-rich layer found in the lower member is

important because it is believed to correlate to the lower

ignimbrite of Pecks (1964) member H found in the western

facies (Hay 1963 and Robinson 1968, 1973). This layer is

from zero to one meter in thickness and is found from 150 m

to 250 m above the base of the formation. Sanidine crys-

tals are characterized by mantles of myrmekitic intergrowths

of quartz and are from one to four mm in diameter with a com-

position of Or43Ab54An3.

Deposition

The lower member at Painted Hills appears to have been

deposited predominantly by pyroclastic air-fall with minor

reworking by sheet-wash and fluvial processes. Hay (l962b)

states:

Size distribution of the crystals and rock frag-
ments indicates that the ash fell directly from
eruptive clouds, rather than being eroded from
the surface elsewhere and transported by wind be-
fore finally being deposited as suggested by
Fisher and Wilcox (1960) for the bulk of the
John Day near Monument, 40 miles east-northeast.



The wind-transported mineral grains of dimes and
blanketlike deposits such as bess are well sorted,
whereas the crystals and rock fragments of most
samples from the John Day Formation are graded
rather evenly throughout a considerable range in
size - commonly from coarse silt to medium sand.

In a later paper, Fisher (1966d) confirmed an air-fall on-

gin with a study of the textural characteristics of John

Day siltstone in the Monument and Kimberly quadrangles. In

this study, he determined and plotted median diameters and

sorting coefficients of the sjjtstone. These were similar

to both volcanic ash and bess but plots using the ratio of

these two parameters show that these rocks most likely have

an air-fall origin. The lack of structures, such as finely

stratified beds, which are expected in air-fall tuffs is

explained as follows by Hay (1962):

The massive poorly defined bedding of most
claystones is attributed to reworking and weather-
ing of the surface layers of ash. Reworking of
the surficial ash by roots, burrowing organisms
(particularly earthworms), and sheet wash probably
eliminated the initial stratification and mixed
the pyroclastic detritus, thus explaining the
wide range of feldspar composition commonly obser-
ved in single samples.

Desiccation cracks, mudstone breccias and possible

clay-filled root markings in the lower 100 m of the mem-

ber all indicate a rather slow deposition rate for the lower

member tuffs. Hay (1962) believes that accumulation was

slow enough to convert most vitnic material to montmoril-

bonite prior to burial. Potassium-argon dates in the upper

300 m of the lower member indicate a period of deposition



lasting approximately 7 million years which gives an accum-

ulation rate of 5 cm/l00 yrs.

The climate during deposition was warm-temperate to

sub-tropical with abundant rain fall (Chaney 1927, 1952;

Wolf and Hopkins 1967). Therefore, there would have been

plenty of time for weathering to have take place at or

near the surface (Hay 1960).

The reddish coloration of the tuffs is confined to the

lower third of this member. This coloration may be caused

by the contamination of underlying deeply weathered Clarno

rocks which are a deep red where exposed in this area.

Clay analysis by Hay (1963) shows that kaolinite is the

dominant mineral in the weathered profile and x-ray analy-

sis performed by the present author confirm this. The red

tuffs in the overlying John Day are the only ones to con-

tain kaolinite and it is most probable that their red color-

ation is due to contamination from Clarno soil. Hay states:

The red claystones can be explained best as
deposits of sheet wash, small streams, and
possible thin, soupy rnudflows, most of which
originated on the upper slopes of the larger
hills, where sheet erosion slowly removed and
mixed the juvenile ash with the older, kaoli-
nitic soils.

These hills of Clarno rock would slowly be covered and this

may account for the gradual decrease in red colored beds

from the base of the lower member upward (Hay 1962; Fisher

and Wilcox 1960).

Fisher (1968), however, compares the tuffs in the



lower member to laterites found developing on tholeiitic

rocks in Hawaii. Chemically the tuffs and laterites show

similar trends and Fisher suggests that the red color is

due to conditions (Eh and pH) present during alteration of

the tuffs in situ.

II. Middle Member

General Statement

Fisher (1966b, c) has completed a comprehensive regional

study on the ash-flow tuff middle member in which he named

it the Picture Gorge Ignimbrite from exposures to the east.

This igninibrite sequence is composed of two separate cool-

ing units which are divided into six zones following the

terminology described by Smith (1960b) (Figure 39). The

lower cooling unit is divided into four zones. From the

base upward they are: the lower zone of no welding, the

zone of dense welding, the vapor-phase zone and the upper

zone of no welding. The upper cooling unit is divided into

a zone of partial welding at the base and a zone of no weld-

ing above. Immediately above and below the ignimbrite se-

quence are thin layers of finely laminated air-fall tuff.

Lithologic descriptions of the two cooling units are sum-

maries from Fisher (1966) and Hay (1963). Chemical analy-

ses performed by several different authors indicate this

ash-flow tuff to be rhyolitic in composition (Table 4). In
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Table 4. Chemical analyses of John Day Ash-Flow Tuff.

Sample 1 2 3 4 5 6 7

Hay Hay Hay Hay Fisher Fisher Peck

1962 1963 1963 1963 1966 1966 1964

Si02 73.56 71.36 70.85 75.20 70.40 70.68 72.2

A1203 12.78 11.57 11.90 12.49 13.65 12.49 11.40

Fe203 2.07 1.06 1.12 0.33 1.18 1.58 1.40

FeO 0.09 1.74 1.69 nil 1.81 1.36 0.66

MnO tr 0.05 0.05 tr 0.04 0.04 0.08

MgO 0.24 0.17 0.27 0.06 0.07 0.09 0.33

CaO 0.66 0.71 0.91 0.66 1.58 1.46 0.61

Na20 3.89 3.09 3.61 2.73 3.76 3.85 2.90

K20 3.86 4.85 3.99 5.93 3.90 3.44 3.40

Ti02 0.38 0.30 0.30 0.44 0.21 0.20 0.16

P205 0.10 0.07 0.10 0.14 0.06 0.16 0.01

H20 1.97 4.52 4.71 1.52 4.03 5.06 6.00

Co2 0.05 - - 0.03 - - 0.07

Total 99.65 99.49 99.50 99.53 100.69 100.41 99.22

1 Densely welded tuff near base of ignimbrite, NW¼, SW¼, Sec.
31, T. 10 S., R. 21 E. (Whole rock analysis).

2 Black densely welded vitric tuff from lower part of ignim-

brite, center N½, SW¼, Sec. 31, T. 10 S., R. 21 E. (Glass

analysis).

3 Pale gray densely welded vitric tuff near base of ignim-
brite, SW corner, Sec. 1, T. 10 S., R. 22 E. (Whole rock

analysis).

4 Semiwelded devitrified tuff near base of ignimbrite, NW¼,
NE¼, Sec. 36, T. 10 S., R. 20 E. (Whole rock analysis).

5 Vitrophyre from zone of dense welding - zone 2. (Whole

rock analysis).

6 Vitrophyre from zone of dense welding - zone 2. (Whole
rock analysis).

7 Welded ash flow, member H, Sec. 20, T. 9 S., R. 15 E.

(Whole rock analysis).



this thesis area, the sequence forms a gently dipping hog-

back ridge and is approximately 30 m thick. A potassium-

argon age of 25.3 m.y. was determined for the ignimbrite

(Evernden and others 1964).

Litho logy

Cooling Unit 1:

The lower zone of no welding is a light-colored tuff

which grades upward into the zone of dense welding. This

tuff is composed dominantly of glass shards and pumice frag-

ments mostly devitrified to alkali feldspar and cristobalite

or altered to clinoptilolite and minor montmorillonite.

This zone shows a slight fissility due to the partial flat-

tening of the glass shards. Crystals, which together ac-

count for less than ten percent of the rock, include oh-

goclase, albite and ferroaugite with accessory amount of

augite, hypersthene, quartz, oxyhornblende, zircon, magne-

tite and apatite. Lithic fragments in minor amounts

also occur.

The zone of dense welding and the vapor-phase zone are

composed essentially of the same minerals and lithic frag-

ments as the lower zone of no welding, although quantities

of the various phases differ slightly. Welded glass shards

and collapsed pumice fragments are the dominant materials

and give the more densely welded zones a poorly developed

eutaxitic texture. Devitrification and vapor phase
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crystallization to alkali feldspar and cristobalite with

minor tridymite has occurred.

The upper zone of no welding, which grades downward

into the vapor-phase zone, is the thickest zone of cooling

unit 1. Again the same minerals and lithic fragments are

present but the proportions of several are markedly dif-

ferent from the nonwelded zone at the base of the unit.

Crystals of zoned feldspar, andesine in particular, are

much more abundant and much larger than the feldspars in

the lower nonwelded zone. Rounded and erabayed quartz is

more common arid augite increases in abundance relative to

ferroaugite. In addition there is a higher percentage of

oxyhornblende in the upper zone. The greatest contrast is

shown by the magnetite content which is 10 times that of

the lower zone. In some areas the sizes of pumice frag-

ments in the upper zone show grading with the largest frag-

ments at the base. Overall they are much larger than in

the lower zone. The alteration products found in the upper

zone of no welding consist of celadonite, nontronite and

clinoptilolite which are slightly different from those of

the lower zone.

Cooling Unit 2:

The contact between cooling unit 1 and cooling unit 2

is transitional over a short distance with no observable

break. The two zones, the zone of partial welding and



overlying zone of no welding, forming this unit also show

a transitional contact.

The minerals of unit 2 are different in many respects

to those of cooling unit 1. Zoned andesine is more abun-

dant than oligoclase and the amounts of oxyhornblende,

apatite and augite are greater in unit 2. Mafic minerals

such as iddingsite (after olivine?), enstatite, epidote

and clinozoisite are found in trace amounts while in unit

1 they are not found.

The pumice and lithic fragments in cooling unit 2 are

in general smaller than in unit 1. Alteration of the shards

and pumice is similar to that described for the upper zone

of no welding in cooling unit 1 although fresh glass is

common.

Deposition

These tuff units show many of the characteristics now

recognized and described for tuffs of ash-flow origin

(Smith 1960a, b; Ross and Smith 1961; Peterson 1970; Fisher

1966c; Walker 1972; Sparks and others 1973). Fisher (l966c)

described a possible mechanism for the deposition of the

Picture Gorge Ignimbrite. He uses the boundary layer con-

cept of fluid mechanics to explain the changes in mineral

size and abundance and the lack of sorting in pumice and

lithic fragments away from the source.

With the use of isopach maps Fisher found a decrease



in thickness in the two cooling units from west to east.

He also found decreases in the sizes of pumice, lithic

fragments and in the weight percent of heavy minerals

(magnetite and clinopyroxene) from west to east. Finally,

the abundance of magnetite decreased faster than feldspar

in the same direction. All of this evidence indicates a

source for these ash-flow tuffs somewhere to the west.

Noted, however, is the fact that the sizes of the feldspar

crystals remain fairly constant throughout the extent of

the ignimbrite. Fisher states, "these relationships re-

quire a transporting system where coarse and fine-grained

fragments may be simultaneously deposited without a marked

decrease in forward velocity of the main flow." The

mechanism envisaged relates to the boundary layer in which

there is a lack of turbulent motion. Fisher further

states:

and:

Turbulent motion in a flow results in nearly
random movement for a given suspended particle de-
pending upon (1) the velocity, energy and directions
of current eddies, (2) the settling velocity of the
particles, (3) the energy of possible gasses escap-
ing from the particles, and (4) the interference of
other particles. Thus, it is probable that particles
enter the boundary zone at random irrespective of
the forward velocity of the main flow. Particles of
highest settling velocities tend to enter the boundary
zone more often than particles of low settling velo-
cities, but both may be deposited simultaneously.

The chance for deposition of a small light-
weight particle is nearly as great as for a large
and relatively heavy particle; therefore, develop-
ment of layering is inhibited, and deposits tend
to be poorly sorted at any particular locality.



Because of this type of deposition, the ignimbrite layer

will gradually increase in thickness at any point as the

flow is moving by. These depositional processes lead to

interesting vertical and lateral relationships as des-

cribed by Fisher:

At any one vertical section, the stratigraphically
higher portions of the ignimbrite are the youngest,
but vertical sections far away from the ignimbrite
source are younger than vertical sections near the
source because laterally equivalent lithologic
zones are not time equivalent.

Fisher (l966b) suggests that the two cooling units,

representing two distinct ash-flow events, are formed

from the same eruptive episode. These flows were preceeded

by a small volume of air-fall material which was also co-

magmatic. From the study of mineral relationships in the

different zones of the two cooling units, particularly the

upper and lower zones of no welding of unit 1, Fisher con-

cluded that the zones represented varying levels within the

magma chamber. The basal air-fall zone is representative

of the upper parts of the chamber and each zone above this

represents successively deeper levels within the magma

chamber. Evidence for this is the increase in An content

of the feldspars and the increased percentage of magnesium-

rich clinopyroxene in the upper zones, both of which indi-

cate higher temperatures of formation. Additional evidence

is found in the two zones of cooling unit 2 in which minor

amounts of euhedral olivine, enstatite and labradorite and
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some anhedral clinozoisite and epidote occur. These two

zones while stratigraphically the highest should represent

the lowest levels to be erupted from the magma chamber.

The mineral proportions tend to support this conclusion.

The higher percentage of magnetite, the increase of augite

relative to ferroaugite and the greater percentage of oxy-

hornblende in the upper stratigraphic levels of the ignim-

brite indicate an increase in the partial pressure of oxy-

gen with depth in the magma chamber.

III. Upper Member

General Statement

The upper member forms only a thin unit in this thesis

area although immediately to the east it reaches a thick-

ness of about 300 in. It is composed of Light-colored mas-

sive tuffaceous mudstone and tuff, some of which have been

reworked by fluvial processes. In appearance these tuffs

greatly resemble those in the upper part of the lower mem-

ber.

Lithology

The bulk of these beds is composed of glass pumice

shards and pumice with from 5-10 percent of feldspar crystals

(primarily andesine) and fragments of silicic lava. Some

clinopyroxene and magnetite with minor ilmenite, hornblende

and biotite is also found. Refractive index measurements on
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the glass indicate a silicic composition (Hay 1963). Un-

like many of the tuffs of the lower member there is a

complete lack of sariidine. In addition, the upper member

contains abundant fresh glass while the glass in the lower

member is mostly altered to zeolites and clay.

Deposition

The tuffs and tuffaceous mudstone of the upper member

were initially deposited by air-fall processes. Upon depo-

sition many were reworked by fluvial action or disturbed by

organisms and plants as was the lower member.

IV. Age and Source

Potassium-argon ages for the John Day Formation have

been published by many authors from different areas and

range from 23.3 to 36.1 rn.y. Following the divisions of

Harland and others (1964) this would fall between the lower

Oligocene and the lower Miocene. Paleontological evidence

based on leaf and mammal fossils give ages which range

from middle Oligocene to lower Miocene (Chaney 1927, 1948,

1952; Rensberger 1965).

Several writers feel that the John Day rocks represent

deposition from two different source areas (Hay 1963; Peck

1964). The ash-flow tuffs are predominatly rhyolitic in

composition and are believed to have come from a local

source. Although no detailed chemical comparisons have been
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made, these ash-flow tuffs may have originated from the

numerous small silicic intrusives and domes found through-

out this region and a short distance to the west. Hay

(1962b) suggests the air-fall tuffs are commonly andesitic

and dacitic as well as rhyolitic in composition. He bases

these conclusions on mineralogical evidence. These air-fall

tuffs may be correlative to volcanic material of similar

composition found in the western Cascades 150 km to the

west, and described by Peck (1960). A similar time span

is represented by John Day and Western Cascade rocks.

this possibility was first suggested by Hodge (1932) and

later supported by Hay (1962b, 1963) and Peck (1964).
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Quaternary Deposits

Quaternary deposits in the area are of three types.

The most extensive are landslide deposits. There are

three mappable landslides, two of which are very large and

together cover approximately 3 km2. The largest of these

covers most of Section 4 and part of Section 9, T. 10 S.,

R. 20 E. Clarno tuff beds are usually associated with

these landslides and are probably responsible in large part

for them. As described earlier, most of the tuff beds are

composed predominately of expanding smectite clays and

these would make the ground very unstable.

The second most extensive deposit is stream alluvium.

This is found in varying thicknesses in all of the canyon

bottoms but is most abundant along Bridge and Bear Creek.

These deposits are unconsolidated, poorly sorted deposits

usually dumped rather rapidly in association with rainfall

during sunmier thund3rstorms.

The last type of deposit is the result of small local-

ized slumps. These slumps are usually small blocks of flow

rock which has slipped downslope without breaking into a

jumbled mass of rock as seen in the landslide. These are

also associated with tuff beds and weathering profiles from

underlying flows.

In some areas a white lense-shaped ash deposit is

found which accumulated in the canyons and valleys. The
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thickest accumulation of this material is found in the

NW¼ of Section 1 and is about two meters thick. These

deposits are only identified in the northern half of the

thesis area. This is believed by the author to be Mazama

ash which has been reworked.



S TRUCTURE

General Statement

The structural relations in this thesis area are dif-

ficult to define because of the nature of the rocks in the

Clarno Formation. The flows are rarely widespread or sheet-

like and although faulting and erosion can be demonstrated

to be the cause of some of this, most is probably due to

conditions of deposition. Many flows originally were short

and stubby or long and narrow. In addition to this, re-

cent slumping and sliding has created a great deal of con-

fusion in the attitudes of the flows. In contrast, relia-

ble attitudes are obtained for the John Day Formation be-

cause the middle ignimbrite layer and its structures are

clearly visible.

Folds

As mentioned above, the attitudes of the Clarno rocks

are difficult to determine but it appears most of this

thesis area lies on the northwest limb of the Sutton Moun-

tain syncline (Plate I). The axis of this fold runs through

the southeast corner of the area trending northeast-southwest

and plunging gently to the northeast. This structure can

be seen in the Picture Gorge Basalts of Sutton Mountain

and is easily recognizable. This fold was mapped by Hay

(1962) and later shown by Rodgers (1966), Fisher (1967),

Swanson (1969), Enlows and Oles (1971) and Robinson (1975).
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It forms one of a series of northeasterly trending fold

structures in this part of Oregon. The largest of these

is the Blue Mountain anticlinorium lying a few kilometers

to the northwest of this thesis area. Fisher (1967) be-

lieves this trend has been dominant for a long period of

time, possibly originating before deposition of the Clarno

Formation.

Faults

All of the faults which have been recognized in this

area are small and have a simple normal component. Offsets

vary from a few meters up to 20 m. In two localities hinge

faults are recognized. In the SE¼, Sec. 2, T. 10 S., R. 20

E., a hinge fault with maximum displacment of 20 in is

found. Displacement was difficult to determine on another

hinge fault in the NW¼, Sec. 34, T. 10 S.,R. 20 E.

The faults in the northeast part of the thesis area

trend mostly east-west while those in the southwest trend

dominately north-south.



GEOLOGIC HISTORY

The rocks of this area represent two major episodes of

volcanic activity. The Clarno Formation was deposited be-

tween middle-late Eocene to early Oligocene time. The erup-

tions of these lavas, mudf lows and pyroclastics were proba-

bly separated by relatively long periods of quiesence since

many flows show extensive weathering at their surfaces,

many canyons were carved which were later filled with lava

and all the pyroclastics have been reworked by fluvial pro-

cesses. In this area the eruptions seem to have gradually

increased in silica content through time since most of the

basaltic andesites are found at or close to the base of

the section and these change to andesite and then to dacite

in the upper part of the section. Following the Clarno

volcanism was a long period of inactivity during which

erosion and weathering created mild local relief and exten-

sive soil formation. During this time mild structural

deformation occurred which slightly tilted many of these

flows.

The John Day Formation was deposited unconformably

upon the Clarno Formation during Late Oligocene time. The

John Day eruptions extruded distinctly different material

from the Clarno including more abundant air-fall tuffs and

areally extensive ash-flow tuffs. These deposits probably

represent two different source areas with the ash-flow

tuffs coming from local vents and the air-fall material



being blown in from the west (Hodge 1932, Hay 1962, 1963,

Peck 1964). Following John Day time the area was again

subjected to stresses which gently folded and tilted the

rocks into a broad syncline.

During recent times the area has been subjected to

extensive stream erosion and mass wasting. ALl of the

faults in this area are believed to have formed during

the Quaternary period.

The Clarno rocks of this area are probably surface

manifestations of subduction tectonics. The geochemistry

of these rocks compares closely with rocks in areas where

subduction processes are believed to have occurrred. In

particular the trend of K20 versus Si02 (see Appendix B)

agrees with trends found by other writers in areas where

subduction is occurring (Hatherton and Dickinson 1969,

Lipman and others 1972, Dickinson 1975).

Wilson (1973) suggests the value found for K20 weight

percent of Ciarno rocks is too low for these rocks to be

associated with a north-south trending subduction zone

several hundred kilometers to the west. The present author

finds the K20 content to be higher than that suggested by

Wilson agreeing exactly with the value given by Lipmari and

others (1972). This value is still low when compared to

contemporaneous rocks of the Cascade range (Peck 1964).

As Wilson (1973) has pointed out, this may be caused by an

east-northeast trending subduction zone during Clarno time
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instead of a north-south trend as suggested by Li.pman and

others (1972), Novitsky and Rogers (1973), Novitsky-Evans

(1974), and Rogers and Novitsky-Evans (1977). Although much

more work is needed, there is evidence which suggests there

may indeed have been an easterly trending subduction zone

during Eocene-Oligocene time in Oregon (Moore 1959, Lovell

1969, Atwater 1970, McWilliams 1972).

The fact that this area is composed completely of caic-

alkaline type volcanism indicates these rocks developed on

a continental type crust (Miyashiro 1974). Novitsky-Evans

(1974) suggests the Clarno Formation formed on poorly devel-

oped continental crust such as that found in the Aluetian

Island volcanic chain today. As pointed out by Rogers and

Novitsky-Evans (1977), the Clarno Formation is unlike island

arc assemblages because it is entirely subaerial. However,

the petrography and chemistry is so similar to island arc

volcanics they concluded that the Clarno rocks represent

an intermediate association between intraoceanic and con-

tinental volcanism. The present author agrees with this

conclusion.
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Appendix A

Chemical Analysis of Clarno Igneous Rocks

Procedures

The samples were first slabbed and all visible alter-

ation was trimmed away. They were then passed through a

crusher, pulverizer and finally small amounts of each sam-

ple were reduced to powder in a ball mill. The samples were

then heated at 650C for about 45 minutes to render them an-

hydrous. They were then mixed with an anhydrous lithium

metaborate (LiBO2) flux in proportions of 3 to 1 (flux to

sample). This mixture was placed into an oven for approx-

imately one hour at llOOC and fused. The melt was cast in-

to a small glass button and after cooling one side was

ground down to a smooth surface. The buttons were used in

an x-ray florescence spectrometer to determine weight per-

cent of Ti02, CaO, K20, A1203 and total iron as FeO. The

buttons were powdered again and the powders were taken into

solution and used to determine Na20 and MgO weight percent

by atomic absorption spectrophotometry. Finally, values for

Si02 were determined from the same solution using a visible

light spectrophotometer. The weight percentages were deter-

mined with the following calculated accuracies:

FeO + 0.1 K20 ± 0.05

CaO + 0.1 MgO + 0.1

A1203 + 0.1 Na20 ± 0.1

Ti02 + 0.05 Si02 -4- 05
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Appendix A. Chemical analysis of Clarno igneous rocks.

Sample JWH-2 JWH-6 JWH-7 J'WH-l0 JWH-13 JWH-14

Si02 66.2 64.3 63.3 62.0 59.0 57.5

A1203 16.8 16.1 16.2 17.7 16.9 17.0

FeO 4.5 5.6 5.9 5.1 6.8 7.7

CaO 3.5 5.2 5.1 6.0 6.8 6.8

MgO 0.5 2.9 2.0 1.1 3.5 3.9

K20 3.00 1.80 1.75 1.65 1.05 1.00

Na02 3.7 4.1 3.8 4.1 3.9 3.8

Ti02 0.75 0.80 1.00 0.80 1.00 1.00

Total 98.95 100.80 99.05 98.45 99.15 98.70

JWH-2 Dacite: elevation 1,800 ft., NE¼,SE¼, Sec. 1, T. 10
S., R. 20 E.

JW1-6 Dacite: elevation 2,000 ft., middle Sec. 1, T. 10 S.,
R. 20 E.

JWH-7 Porphyritic two-pyroxene bearing dacite: elevation
2,400 ft., middle SW¼, Sec. 1, T. 10 S., R. 20 E.

JWH-10 Andesite: elevation 1,720 ft., SE¼, NE¼, Sec. 1, T.
10 S., R. 20 E.

JWH-13 Two-pyroxene bearing andesite: elevation 1,560 ft.,
NE¼, NE¼, Sec. 2, T. 10 S., R. 20 E.

JWH-14 Two-pyroxene bearing basaltic andesite: elevation
1,560 ft., NE¼, NW¼, Sec. 2, T. 10 S., R. 20 E.
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Sample JWH-15A JWH-15B JWH-16 JWH-17 JWH-18 JWH-38

Si02 58.2 65.2 65.2 63.9 64.3 58.7

A1203 16.3 16.4 16.0 15.9 16.0 16.8

FeO 8.1 4.8 5.1 5.3 5.3 7.2

CaO 6.4 4.8 4.9 5.2 5.2 8.0

MgO 3.3 1.3 2.1 2.0 2.0 3.5

1(20 1.25 1.90 1.90 1.80 1.80 0.80

Na20 4.0 4.3 4.1 4.3 3.9 3.1

Ti02 1.30 0.75 0.70 0.80 0.75 1.20

Total 98.85 99.45 100.00 99.20 99.25 99.30

JWH-15A Two-pyroxene bearing andesite: elevation 1,600 ft.,
middle Sec. 2, T. 10 S.,, R. 20 E.

JHW-15B Porphyritic two-pyroxene bearing dacite: elevation
2,000 ft., NW¼, SE¼, Sec. 2, T. 10 S., R. 20 E.

JWH-16 Porphyritic two-pyroxene bearing dacite: elevation
2,100 ft., NW¼, SE¼, Sec. 2, T. 10 S., R 20 E.

JWH-17 Augite bearing dacite: elevation 2,200 ft., NW¼,
SE¼, Sec. 2, T. 10 S., R. 20 E.

JWH-18 Porphyritic two-pyroxene bearing dacite: elevation
2,360 ft., NW¼, SE¼, Sec. 2, T. 10 S., R. 20 E.

JWH-38 Quartz bearing andesite: elevation 1,950 ft., SW¼,
NE¼, Sec. 11, T. 10 S., R. 20 E.
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Sample JWH-39 JSTh4-40 JWH-41 JWH-46 JWH-49 .JWH-50

Si02 56.3 64.5 57.5 64.6 64.9 63.3

A1203 18.0 15.8 18.0 16.3 16.3 16.7

FeO 7.3 5.5 7.3 57 55 57

CaO 7.8 4.4 7.5 4.7 4.6 5.0

MgO 4.5 1.7 4.3 1.6 1.5 1.7

K20 0.65 1.90 0.95 1.95 1.85 2.30

Na20 4.0 4.3 3.7 4.4 4.5 3.8

Ti02 1.10 1.00 1.10 1.00 1.00 1.00

Total 99.65 99.10 100.35 100.25 100.15 99.50

JWH-39 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 2,000 ft., NE¼, SE¼, Sec. 11, T. 10 S.,
R. 20 E.

JWH-40 Porphyritic two-pyroxene bearing dacite: elevation
2,100 ft., NE¼, SE¼, Sec. 11, T. 10 S., R. 20 E.

JWH-41 Porphyritic two-pyroxene bearing andesite: eleva-
tion 2,140 ft., NE¼, SE¼, Sec. 11, T. 10 S., R. 20 E.

JWH-46 Porphyritic two-pyroxene bearing dacite: elevation
2,120 ft., SW¼, SE¼, Sec. 1, T. 10 S., R. 20 E.

JWH-49 Porphyritic two-pyroxene bearing dacite: elevation
2,320 ft., SW¼, NW¼, Sec. 12, T. 10 S., R. 20 E.

JWH-50 Porphyritic two-pyroxene bearing dacite: elevation
2,360 ft., SW¼, NW¼, Sec. 12, T. 10 S., R. 20 E.
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Sample JWH-52 JWH-56 JWH-64 JWH-68 JWH-70 JWH-72

Si02 64.2 64.2 57.2 63.3 56.9 60.5

A1203 16.8 17.2 16.8 15.9 17.5 15.7

FeO 4.0 5.5 8.7 5.2 7.3 5.8

CaO 5.2 5.0 8.1 5.4 7.4 6.0

MgO 1.8 1.5 3.5 3.2 4.5 3.8

1(20 1.80 1.65 0.80 1.60 0.95 1.55

Na20 4.5 4.6 3.5 4.1 4.0 3.9

Ti02 0.70 1.00 1.20 0.70 1.05 0.75

Total 99.00 100.65 99.80 99.40 99.60 98.00

JWH-52 Porphyritic quartz bearing dacite: elevation 2,200
ft., NE¼, SE¼, Sec. 11, T. 10 S., R. 20 E.

JWH-56 Porphyritic two-pyroxene bearing dacite elevation
1,880 ft., SE¼, NW¼, Sec. 13, T. 10 S., R. 20 E.

JW}I-64 Basaltic andesite: elevation 1,840 ft., SW¼, SE¼,
Sec. 11, T. 10 S., R. 20 E.

JWH-68 Porphyritic quartz bearing dacite: elevation 2,100
ft., center SeC. 14, T. 10 S., R. 20 E.

JWH-70 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 2,450 ft., NW¼, SW¼, Sec 14, T. 10 S.,
R. 20 E.

JWH-72 Porphyritic quartz bearing andesite: elevation
2,000 ft., NW¼, SW¼, Sec. 3, T. 10 S., R. 20 E.
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Sample JWH-73 SWH-74 1Jwfl-76 JWH-77 JWH-78 JWH-80

SiC2 59.3 58.0 55.1 59.3 58.5 58.0

A1203 15.8 16.8 14.9 15.9 16.8 16.9

FeO 6.2 4.9 7.6 5.3 7.4 7.4

CaO 6.1 7.0 8.9 6.1 8.1 7.9

MgO 4.3 4.2 6.7 4.5 3.9 3.7

1(20 1.35 1.50 0.90 1.25 0.70 1.00

Na20 3.9 3.6 3.2 3.8 3.6 3.8

Ti02 0.80 0.85 0.95 0.85 1.00 1.00

Total 97.75 96.85 98.25 97.00 100.00 99.70

JWH-73 Porphyritic quartz bearing aridesite: elevation
2,050 ft.,, SW¼, SW¼, Sec. 3, T. 10 S., R. 20 E.

JWH-74 Porphyritic quartz bearing andesite: elevation
2,350 ft.,, NE¼, NE¼, Sec. 9, T. 10 S., R. 20 E.

JWH-76 Two-pyroxene basaltic andesite dike: elevation
1,900 ft., SW¼, SE¼, Sec. 3, T. 10 S., R. 20 E.

JWH-77 Porphyritic quartz bearing andesite: elevation
1,900 ft., SW¼, SE¼, Sec. 3, T. 10 S., R. 20 E.

JWH-78 Porphyritic two-pyroxene bearing andesite: ele-
vation 1,850 ft., SW¼, SE¼, Sec. 3, T. 10 S., R.
20 E.

JWH-80 Porphyritic two-pyroxene bearing andesite: ele-
vation 1,800 ft., SW¼, NW¼, Sec. 3, T. 10 S., R.
20 E.
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Sample JWH-81 JWH-83 JWH-86 JWH-90 JWH-91 JWH-93

Si02 60.8 56.7 61.2 55.0 56.7 58.8

A1203 15.4 16.9 16.1 16.1 15.9 17.6

FeO 6.5 7.7 6.0 8.7 6.9 6.4

CaO 6.0 6.7 5.9 7.5 7.6 7.0

MgO 3.8 3.5 3.9 4.7 5.1 4.1

20 1.60 1.00 1.45 0.75 1.50 1.55

Na20 4.0 4.0 3.8 4.3 3.7 3.7

Ti02 0.80 1.00 0.75 1.15 0.90 0.90

Total 98.90 97.50 99.10 98.20 98.30 100.05

JWH-81 Andesite: elevation 1,540 ft., NE¼, NW¼I Sec. 3, T.
10 S., R. 20 E.

JWH-83 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 1,560 ft., NW¼, NE¼, Sec. 3, T. 10 S., R.
20 E.

JWH-86 Porphyritic hypersthene and quartz bearing andesite:
elevation 1,840 ft., SE¼, NE¼, Sec. 4, T. 10 S., R.
20 E.

JWH-90 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 2,600 ft., SW¼, NW¼, Sec. 9, T. 10 S., R.
20 E.

JWH-91 Porphyritic basaltic andesite: elevation 2,800 ft.,
NW¼, SW¼, Sec. 9, T. 10 S., R. 20 E.

JWH-93 Porphyritic augite and quartz bearing andesite: ele-
vation 2,750 ft., SW¼, NE¼, Sec. 9, T. 10 S., R. 20
E.
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Sample JWH-99 JWH-100 JwH-102 JWH-103 JWH-105 JWH-l10

Si02 65.8 62.4 61.7 60.5 61.3 60.0

A1203 16.4 16.4 16.4 17.4 16.2 17.7

Fe0 3.5 6.0 5.2 5.9 5.7 4.2

CaO 4.3 5.2 5.6 6.0 5.4 7.0

MgO 1.3 3.0 2.8 2.3 1.9 4.3

K20 1.95 2.05 1.60 1.40 1.75 1.10

Na20 4.6 3.7 3.9 4.5 4.3 39

Ti02 0.85 0.70 0.90 1.15 0.80 1.10

Total 98.70 99.45 98.10 99.15 97.35 99.30

JWH-99 Porphyritic hypersthene bearing dacite: elevation
2,400 ft., NE¼, SW¼, Sec. 10, T. 10 S., R. 20 E.

JWH-100 Porphyritic quartz and augite bearing andesite:
elevation 2,400 ft.,, NE¼, SE¼, Sec. 9, T. 10 S.,
R. 20 E.

JWH-102 Porphyritic two-pyroxene bearing andesite: eleva-
tion 3,100 ft., NE¼, NW¼, Sec. 16, T. 10 S., R. 20

E.

JWH-103 Porphyritic hypersthene bearing andesite: eleva-
tion 3,100 ft., SE¼, NE¼, Sec. 16, T. 10 S., R. 20

E.

JWH-105 Epidote bearing andesite: elevation 1,800 ft.,
NW¼, SW¼, Sec. 11, T. 10 S., R. 20 E.

JWH-llO Porphyritic two-pyroxene bearing andesite: eleva-
tion 2,800 ft., SE¼, SE¼, Sec. 15, T. 10 S., R. 20

E.



Sample JWH-113 JH-119 JWH-123 JWH-134 JWR-138 JWH-140

Si02 56.4 57.9 60.5 57.8 57.5 62.5

A1203 17.3 17.3 17.2 17.8 16.8 15.5

FeO 7.6 8.2 6.0 6.1 7.6 7.8

CaO 7.5 6.6 6.2 7.5 7.0 4.7

MgO 4.3 3.9 2.8 4.3 4.6 1.7

1(20 1.00 1.00 0.65 1.00 1.00 2.20

Na20 3.7 4.3 4.2 4.0 3.8 3.7

Ti02 1.10 1.40 1.15 1.10 1.05 1.10

Total 98.90 100.60 98.70 99.60 99.35 99.20

JWH-113 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 2,200 ft., NE¼,NE¼, Sec. 15, T. 10 S.,
R. 20 E.

JWH-119 Porphyritic augite arid quartz bearing basaltic
andesite: elevation 2,760 ft.., SW¼, SE¼, Sec. 21,
T. 10 S., R. 20 E.

JWH-123 Porphyritic two-pyroxene bearing andesite: ele-
vation 3,000 ft., NE¼, SE¼, Sec. 21, T. 10 S., R.

20 E.

JWH-134 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 3,100 ft., SE¼, SW¼, Sec. 21, T. 10 S.,

R. 20 E.

JWH-138 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 2,800 ft., SW, NW¼, Sec. 28, T. 10 S.,

R. 20 E.

JWH-l40 Porphyritic two-pyroxene bearing andesite: eleva-

tion 2,960 ft.., SE¼, NW¼, Sec. 28, T. 10 S., R. 20

E.



120

Sample JWH-141 JWH-147 JWH-148 JWH'-152 JWH-159 JWH-163

Si02 56.5 64.5 65.0 56.8 60.8 65.5

A1203 17.2 15.8 16.4 16.5 16.2 15.8

FeO 7.7 5.7 4.8 7.9 6.4 5.0

CaO 7.1 4.8 4.0 8.1 6.4 4.2

MgO 4.6 1.7 1.3 5.0 4.1 0.9

50 0.95 1.85 1.90 0.85 1.30 2.15

Na20 3.9 3.9 4.3 3.6 3.9 4.5

Ti02 1.10 1.00 1.00 1.25 0.85 0.85

Total 99.05 99.25 98.70 100.00 99.95 98.90

JWH-141 Porphyritic two-pyroxene bearing basaltic andesite:
elevation 3,180 ft., Nw¼, SW¼, Sec. 28, T. 10 S.,

R. 20 E.

JWH-147 Porphyritic two-pyroxene bearing dacite: elevation
2,700 ft., NE¼, SE¼, Sec. 28, T. 10 S.1 R. 20 E.

JWH-148 Porphyritic augite bearing dacite: elevation
2,650 ft., NE¼, SE¼, Sec. 28, T. 10 S., R. 20 E.

JWH-152 Porphyritic quartz bearing basaltic andesite:
elevation 1,760 ft., NW¼, SE¼, Sec. 11, T. 10 S.,

R. 20 E.

JWH-159 Porphyritic two-pyroxene bearing andesite: ele-
vation 3,600 ft., SE¼, NE¼, Sec. 32, T. 10 S., R.

20 E.

JWH-163 Porphyritic augite bearing dacite: elevation
2,850 ft., NW¼, NW¼, Sec. 34, T. 10 S., R. 20 E.
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Sample JWH-166 JWH-167 JWH-174 JWH-184 JWH-186 JWH-187

Si02 64.6 70.0* 61.6 59.2 71.3** 67.5

A1203 16.0 14.0 15.5 17.6 14.0. 16.1

FeO 5.2 3.8 8.0 6.8 3.8 4.4

CaO 4.9 2.2 5.4 6.5 2.2 2.2

MgO 2.4 0.2 2.1 3.3 0.4 0.4

1(20 1.75 3.08 1.70 1.20 3.20 3.90

Na20 3.9 4.8 4.1 3.9 44 3.9

Ti02 0.85 0.60 1.45 1.05 0.50 0.50

Total 99.60 98.65 99.85 99.55 99.85 98.90

JWH-166 Porphyritic two-pyroxene bearing dacite: eleva-
tion 3,600 ft., SW¼, SW¼, Sec. 33, T. 10 S., R. 20
E.

JWH-167 Rhyodacite: elevation 3,400 ft., SW¼, SW¼, Sec.
33, T. 10 S., R. 20 E.

JWU-174 Porphyritic two-pyroxene bearing andesite: ele-
vation 2,360 ft., NW¼, SW¼, Sec. 23, T. 10 S., R.
20 E.

JWIi-184 Porphyritic two-pyroxene bearing andesite: ele-

vation 1,820 ft., SW¼, NW¼, Sec. 25, T. 10 S., R.
20 E.

JWH-186 Porphyritic pyroxene bearing dacite: elevation
2,000 ft., NE¼, NE¼, Sec. 35, T. 10 S., R. 20 E.

JWH-187 Porphyritic pyroxene bearing dacite: elevation
2,200 ft., NW¼, SW¼, Sec. 36, T. 10 S., R. 20 E.

* minor secondary quartz
** large amounts of secondary quartz - should be

similar to JWH-187
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Appendix B

Harker variation diagrams for the Clarno rocks. In-

cludes SIC2, FeC, MgO, CaC, A1203, TiC2, Na20 and K20.

(Compiled from data in Appendix A).
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