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About 225 lava flows and ash-flow tuffs of the Deschutes Formation (DF) were mapped at Green Ridge.

The

units fill east-trending paleovalleys which "sky-out"

westward and dip

east;

the eastward dip of the units de-

creases as they are traced eastward. The source of the
units was west of Green Ridge as evidenced by the increase
in the number of ash-flow tuffs and lava flows in the DF

from east to west toward Green

Ridge,

and the presence of

lavas and lag deposits in ash-flow tuffs
on the west flank of Green Ridge. The exposed DF section
at Green Ridge is 1400 feet thick, and consists mainly of
viscous silicic

basaltic andesites with subordinate diktytaxitic basalts,

andesites,

dacites,

aphyric basaltic andesites and ande-

sites rich in Fe and Ti, ash-flow tuffs, and sediments.
The upper 400 feet of the section is devoid of ash-flow
tuffs and dacites. Nine paleomagnetic polarity intervals,
five normal and four reversed, are recognized in the section; tentative correlation of these intervals with the
magnetic time scale suggests that the oldest DF unit
exposed at Green Ridge is 6.5 Ma, and the youngest 4.4 Ma.
The DF units at the crest, and west of Green Ridge

are cut by at least five N- to N13W-trending, down-to-the-

west normal faults in a zone about five miles wide.. These
faults were possibly active as much as 5 Ma; the develop-

ing faults may have provided structural pathways for the
ascent of the mafic lavas in the upper 400 feet of the
The faulting which created the Green Ridge
section.
escarpment was probably finished by 3 Ma, and perhaps
earlier.

The

presence of dense, Fe- and Ti-rich lavas

throughout the DF section implies that magmas had relatively easy access to the surface during DF time (7.6-4.4
Ma), which suggests that the E-W extensional tectonism
that culminated in the formation of the Green Ridge faults

was present throughout deposition of the DF.
The major element chemistry of DF diktytaxitic
basalts, basaltic andesites, and andesites appears to

change regularly with Ti02 content, as shown by decreasing

Fe expressed as FeO) with increasing Ti02, and by decreasing A1203 with increasing Ti02 at
CaO/FeO* (FeO* = total

The basalts and basaltic andesites
constant MgO content.
with the lowest Ti02 contents also have the lowest alkali
These chemical trends appear to be caused by
contents.
plagioclase, with subordinate olivine, fractionation, and
are consistent with the fact that plagioclase and olivine
are virtually the only phenocryst minerals in the mafic DF
rocks.

It is likely that the diktytaxitic basalt with the

a parental magma.
Fractionation may account for the chemical variations

lowest Ti02 content is

within the mafic rock groups considered separately, but
the progression from basalt to andesite appears to be the
result of mixing of silicic and mafic magmas. The chemistry of the rocks, especially the CaO/Al203 ratios, is consistent with such mixing, as is the petrography; opaque

minerals are very late crystallizers in the basalts and
basaltic andesites, and there is increasing evidence for
magma mixing in the series basalt through andesite.

Such

evidence includes multiple plagioclase populations in the
same rock, both of which are resorbed, and resorbed

pyroxenes and amphiboles.
Three flows of plagioclase megacryst-bearing basaltic
andesite occur near the top of the DF section. The
plagioclase megacrysts are up to 5 cm in length, commonly
contain apatite inclusions, and resemble the plagioclase
in anorthosite bodies. Ilmenite megacrysts are also preThe megacrysts and the presence of highly plagiosent.
clase-fractionated aphyric lavas rich in Fe and Ti in the
DF suggest that anorthosite bodies are present beneath the
north-central Oregon Cascade Range.
Two xenoliths of partly melted cordierite-sillimanite-quartz granulite gneiss were found in a DF ash-flow
The xenoliths demonstrate that granulite-grade
tuff.
metamorphism and at least local partial melting of the

lower crust took place beneath the north-central Oregon

Cascades.
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VOLCANIC STRATIGRAPHY OF THE DESCHUTES FORMATION,
GREEN RIDGE TO FLY CREEK, NORTH-CENTRAL OREGON

INTRODUCTION

Definition and Purpose

The purpose of this report is to describe the stratigraphy of the volcanic units of the Deschutes Formation in
their westernmost exposure at Green Ridge, and to infer
from field, petrographic, and chemical data the possible
petrogenetic mechanisms which produced the units.
The Deschutes Formation is a body of volcaniclastic
sediments, ash-flow tuffs, and lava flows which occupies
the Deschutes Basin which is south of the Mutton Mountains, west of the Ochoco Mountains, and east of the
Cascade Mountains. The formation is exposed excellently
in the canyons of the Crooked, Metolius, and Deschutes
The Deschutes
Rivers, and in some of their tributaries.
rocks unconformably overlie all older Tertiary rocks exposed in north-central Oregon: the Columbia River Basalt
and interbedded and overlying Simtustus Formation (Smith
and Hayman, 1983), John Day Formation, and probable Clarno
As determined by K-Ar and Ar-Ar
Formation equivalents.

dating, the age of the Deschutes Formation at the latitude
of Green Ridge is 7.6 to 4.5 million years (Hales, 1975;
Armstrong and others, 1975; Smith and Snee, 1983). The
bulk of the formation was derived from an ancestral Cascade mountain range (Stearns, 1930; Taylor, 1973), and
deposition terminated when the source volcanoes of that
range were downdropped by normal faulting (Hales, 1975;
These relations are seen clearly at
Taylor, 1980, 1981).

the latitude of Green Ridge where the number of ash-flow
tuffs and lava flows contained in, as well as the thick

2

ness of the

formation,

increases westward toward the old

source area.
Location and Access

The area of study is an approximately 75-square-mile
east-west strip between the Metolius and Deschutes Rivers
in north-central Oregon (Figure 1) and comprises portions
of the Round Butte Dam, Fly Creek, Prairie Farm (Advance
print),

and Candle Creek (Advance print) 7 1/2-minute

quadrangles.

The southern boundary of the area is

N.

latitude 44 degrees, 30 minutes. The northern boundary is
complex and overlaps with the study areas of Dill (1985)
and Wendland (MS Thesis in progress). The nearest settle-

ment is the village of Camp Sherman three miles south of
the area in the Metolius River valley. The town of Sisters on Highway 20 is fifteen miles south of the western
part of the area; Madras is ten miles northeast of the
eastern part.
Most of the western half of the study area is in the
Deschutes National

Forest.

During

the summer months, the

Forest Service keeps open a ranger station at Prairie Farm
and sometimes at Fly Lake, and a lookout tower overlooking
the Metolius valley. Much of the land in the eastern half
is part of the Crooked River National Grassland. The Cove
Palisades State Park lies along the eastern boundary.

is present in
the eastern part of the area but did not present an access
Private

land,

some of which is

developed,

Privately owned timberland is common around
Squawback Ridge in the southern part of the area.
problem.

The area is easily accessible from the east via the
Cove Palisades State Park, from the south using all-

weather Forest Service roads north of Sisters and east of
Black Butte, and from the west using the Metolius River
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Figure 1. Index map showing location of the thesis area.

Drafted by Dana lli.l.lis.

From the Metolius valley two Forest Service roads
ascend and cross over the Green Ridge escarpment; one, the
Allingham Cutoff, connects with the roads leading north
Road.

from Sisters, and the other, called here the "Block Road",
leads to Prairie Farm. The east flank of Green Ridge is
covered by a veritable maze of new, used, and abandoned
logging roads. No map shows the complete extent of this
The Forest Service
network, which changes year by year.

maintains many of the older roads for fire access; consequently, an up-to-date fire-road map, if one can be obtained from the Forest Service office in Sisters, is the
Four-wheel drive is not
best source of road information.
required on most of the roads, although some may be
traveled only in a downhill direction in a two-wheel drive
vehicle, particularly those roads which are steep or furnished with deep water-bars. The road network is inaccessible when winter snow covers the crest of Green Ridge.

Methods of Study

120 days were spent in the field during the summers

of 1981 and

1982.

Geology was mapped directly on topo-

Aerial photographs
graphic maps at a scale of 1:24,000.
were used in conjunction with topographic maps solely for
The single contact
"getting a feel" for the landscape.
mapped using aerial photos (excellent low altitude color

photographs loaned by Gary Smith) is the one between the
upper and lower Canadian Bench basalts in the Cove

Palisades State Park.
The east and west flanks of Green Ridge pose two very
dissimilar problems to the field geologist.

Map units are

exposed in plan, and an extensive logging road network
allows easy access on the east flank. Where the roads
were optimally spaced, traverse style mapping in a vehicle

5

allowed coverage of as much as one square mile or slightly
more per day. Even in less optimal circumstances, ease of
access and foot travel on the gently sloping east side

made mapping of one-half square mile per day there a
common occurrence.

In sharp

contrast,

on the west flank

of the ridge units are exposed in cross section, there are

few and usually no logging

roads,

and covered in timber and brush.

and the terrain is steep
At most, only one-sixth

of a square mile was mapped in a day.

The style of map-

ping adopted was to "scour the bushes"; an attempt was
No such
made to examine the entire flank in detail.
attempt could be complete, and there is no doubt that more
units remain to be discovered.
Because the west flank of Green Ridge

is a major

escarpment, and the nearest landmarks of comparable
elevation are ten or so miles west of the scarp (Figure
fault

2), it is virtually impossible to use triangulation to
obtain position and elevation there. Very close attention
to topography and an altimeter are required to locate

oneself with accuracy. The altimeter readings used for
elevations on the west flank are probably only accurate to
within fifty feet.

An attempt was made to establish a paleomagnetic
stratigraphy, and so of the approximately 900 samples
collected while mapping, 600 were taken oriented for that

purpose and later checked against a fluxgate magnetometer.
During the first summer three oriented samples from individual units were taken, but this was found to impede
progress in mapping because of the weight of samples which
had to be transported, and the time involved in sample
selection. Consequently, during the second summer only a
single oriented sample was obtained from most units; the
paleomagnetic polarity of those units is therefore somewhat uncertain.

6

Figure 2.

View of Green Ridge from the air, facing north.

Mt.

Hood is in the far distance. The prominent subsidiary
ridge just below center is the "Lookout Ridge" in

sections 13 and 14.

McDannel.

Photograph courtesy of A. K.

The petrography

of selected samples was studied

use of 165 thin sections, roughly half of
which were made by the author. Plagioclase determinations
were made using Carlsbad-albite, a-normal, and Michel-Levy
through the

techniques in that order of preference; the accuracy of

the values reported is probably no better than plus or
counts were done
minus five An. Where performed, point
with a mechanical stage and counter, and unless indicated
otherwise between 500 and 600 points were counted per
slide. The reliability of modal analyses with counts of
500 to 600 points per slide is 30+4%, 15+3% 6+2% and 2+1%

(Van der Plas and Tobi,
2V angles less than 50 degrees were estimated
1965).
using acute bisectrix interference figures, approximately
centered, on a flat stage. 2V angles greater than 50
degrees were estimted using optic axis interference
at the 95%

confidence level.

figures, approximately centered, on a flat stage. The 2V
determinations probably have an accuracy of + 5 degrees.
Major element chemical analyses of 94 samples were
done using X-ray fluorescence (XRF) and atomic absorption
spectrophotometry (AAS) equipment at Oregon State UniverA roughly five-centimeter-per-side cube of fresh
sity.
lava, or three times that volume of cleaned pumice, was
crushed in a "chipmunk" crusher and then ground to about
one millimeter size fragments in a grinder. Approximately
four to five grams of the ground material was then finely
powdered using a

ballmill,

and dried in an oven for forty

minutes at 600 degrees Centigrade to drive off all volatiles. Two grams of dried rock powder were then mixed
with ten grams of lithium metaborate flux and fused at
1,050 degrees Centigrade in a furnace for one hour. The
molten charge was poured into a mold and allowed to cool.
The resulting glass buttons were faced smoothly on one
side using a 320 grit lapwheel. XRF analysis of the

8

buttons for the elements Si, Al, K, Fe, Ca, and Ti was
performed on a Philips machine with a Cr tube. A set of
seven artificial calc-alkaline laboratory standards prepared using the same methods described above was used to

establish working curves for the analyses, and no matrix
An occasional difficulty was
corrections were applied.
experienced in standardizing for Si, and the few analyses
in which Si02 values are questionable are indicated with a
The analyses are reported volatile free in
question mark.
standard weight percent units, with the total amount of Fe
The precision of the analyses at the 95% confias FeO.
dence limit is plus or minus 1.0, 0.5, 0.2, 0.1, 0.05, and

0.05 weight percent for the elements Si, Al, Fe, Ca, K,
and Ti, respectively. The elements Mg and Na were
analyzed using AAS. Glass buttons from the XRF analyses
were broken and repowdered in a balimill, and 0.15 grams
of the powder was dissolved in 200 milliliters of 0.5 N
Precision of the
The solutions were then analyzed.
HNO3.

Mg and Na analyses is plus or minus 0.2 weight

percent.

Two trace element analyses of Green Ridge lavas were
performed by Scott Hughes at the OSU Radiation Center with
Ellen Mullen,
instrumental neutron activation analysis.
using the University of Oregon electron microprobe, kindly
provided microprobe analyses of mineral phases in two different pumices.
Explicit mention of the method adopted in interpre-

ting the data gathered seems appropriate here.

As far as

possible, an approach which integrates limited knowledge

of many seemingly disparate disciplines has been used.
Hopefully, the interpretations proposed are consistent
with facts, or inferences, from the study of plutonic
rocks, isotope geochemistry, and phase and trace element
chemistry, as well as with petrography and major element
chemistry.

l
9

K-Ar dates of rocks in the north-central Oregon area
quoted in the text of this report have been recalculated
using new decay constants (Harland and others, 1982;
Fiebelkorn and others, 1982).

Previous and Concurrent Work
THE DESCHUTES FORMATION
Captain C. E. Dutton was apparently the first geoloIn his yearly
gist to write of the Deschutes Formation.

report (Dutton, 1889) he described a trip from the springs
at the head of the Metolius River across the Warm Springs
Indian Reservation on which he observed waterlaid tuff
with interbedded basalt flows. Israel C. Russel, who

explored the geology of central Oregon in the summer of
1903 with an interest in water resources, observed the
Deschutes Formation in the canyons of the Crooked and Des

chutes

Rivers.

He (Russel,

1905)

recognized the rocks,

which he called the "Deschutes Sands", to be of Tertiary

age, and believed that the black basic volcanic sands were
He apparently referred to
deposited by braided streams.
the ash flows present in the formation as "white volcanic
Russel correctly deduced that younger intracanyon
dust".
lavas filled both the Deschutes and Crooked River canyons
after erosion had carved the canyons into the Deschutes

Formation.
The Deschutes Formation was named by Ira A. Williams,

who studied the rocks for the purpose of siting Pelton Dam
on the Deschutes River. Williams (1924) proposed that the
term "Formation" was more applicable than "Sands" because
of the abundance of interbedded basalt flows and other
nonsandy deposits. He also proposed that the thick basalt
unit at the base of the formation be called the Pelton Ba-
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salt, and realized that the Deschutes Formation was unconformable on top of the Columbia River Basalt. Stearns
(1930), also studying possible dam sites on the Deschutes
River, followed the usage of Williams and realized correctly that some interbedded basalt flows were of local
derivation, while the main body of volcaniclastic debris
had a Cascade provenance.

examined floral remains from the Deschutes Formation and concluded that the limited evidence,
Chaney (1938)

only five species, implied an Early or Middle Pliocene
age. He also noted that the Pliocene Deschutes and
Rattlesnake floras of eastern Oregon indicated a much
drier climate than those of the Miocene.
Hodge (1940) ignored the work of Russell, Williams,
and Chaney and renamed the rocks in the Deschutes
Basin the "Madras Formation", which he believed was Late
Pliocene in age. Hodge thought that the uppermost rimrock
basalts.of his "Madras Formation" graded upward into the
supposedly Pleistocene "Cascan" (Cascade Andesite) FormaStearns,

but his cross-section clearly shows (correctly) the
two bodies of rock interfingering. Later, Hodge (1942)
contended that the Dalles Formation of northern Oregon was
equivalent to his "Madras Formation", and because the term
"Dalles" had precedence he called the rocks the "Dalles
He concluded rightly that the "Dallas FormaFormation".
tion" had its source in the Cascade Mountains.
tion,

appears to have been the first to
recognize that the tuffs in the Deschutes Formation were
Williams

(1957)

produced by ash

flows.

He

believed, incorrectly,

that the

ash flows had a single source vent near Broken Top volcano, and accepted the inappropriate usage and age assignment of Hodge (1940). A siting study for the eventual
Round Butte Dam on the Deschutes River included core
drilling of the Deschutes Formation (Smith, 1961). The
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regional geologic map of western Oregon, compiled by Wells
and Peck (1961), used Hodge's (1942) designation "Dalles

Formation", and showed nonexistent Columbia River Basalts
in the Metolius valley. Evernden and James (1964) dated
the Deschutes section, studied by Chaney (1938), with K-Ar
methods as 4.3 to 5.3 million years old.

Wheeler and Coombs (1967) contended that the rimrock
basalts of the Deschutes Formation were part of a single
sheet of lava, the "Mesa Basalt", which erupted in northern Oregon and flowed south and southeast for 600 kilometers into northern California and Nevada. Walker and
Swanson (1968) convincingly disputed their assertion.
Aaron Waters (1968) published a reconnaissance map of the
Madras quadrangle, perpetrating further the poor usage of

Waters reported some chemical analyses of
rocks in the Deschutes Basin, one of which is included in
Peterson and Groh (1970) published a field
this thesis.
Hodge (1942).

trip guide to the Cove Palisades State Park.
The first detailed maps of portions of the Deschutes
Formation were drawn by Stensland (1970) and Hewitt
(1970), both Oregon State University students of Dr. Paul
Stensland (1970) mapped a large area in the
T. Robinson.
south-central part of the Deschutes Basin, and has since
worked northward (Stensland, unpublished mapping) to inHewitt (1970) mapped
clude the Cove Palisades State Park.

the Cove Palisades State Park, the lower Metolius River
canyon, and the Fly Creek drainage, including the eastern

the area of this report. Hewitt's conclusions
appear to have been strongly influenced by Hodge (1940)
and Williams (1957).
A summary of the extant knowledge of Deschutes Basin
geology, including some reconnaissance chemical data, was
portion of

McBirney and others (1974)
provided by Taylor (1973).
contended that volcanism in the central Oregon Cascade
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Range has been episodic with a periodicity of five million
They assigned the Deschutes Formation to the epiyears.
sode lasting from nine to eleven million. years on the
basis of a single K-Ar date on the Pelton Basalt, and

resurrected the term "Mesa Basalt" to include the diktytaxitic rimrocks capping the Deschutes Formation. The
dates they obtained on the "Mesa Basalts" allegedly helped
define an episode of volcanism from four to six million
years ago. Subsequent workers have ignored their nomenclature because the "rimrock" basalts are interbedded

with, and thus an integral part of, the Deschutes
Formation.
In a pioneering reconnaissance study of the Green
Ridge area, which included the western half of the area of

this report, Hales (1975), an Oregon State University
student of Dr. Edward M. Taylor, established that the K-Ar

ages of the rocks at the crest of Green Ridge ranged from
years. He also performed major element
chemical analyses of a large number of Green Ridge lavas
4.5 to 9.2 million

and ash flows, and correctly concluded that the volcanic

units exposed in Green Ridge were confined to east-west
trending paleovalleys which could be traced eastward to
where they interfingered with Deschutes Formation sediThe increase in abundance of lava flows westward
ments.
indicated a Cascade provenance, and the low eastward dips
of individual units suggested to Hales that the units were
still resting on initial paleoslopes.

A comprehensive report on K-Ar dating of Deschutes
Formation and central Oregon Cascade Range rocks, which
included all of Hales' (1975) dates, was provided by
Armstrong and others (1975). Their dates on Deschutes
Formation rocks ranged from 3.3. to 15.9 million years,
with most in the range 4.5 to 5.8; the oldest date reported was for Pelton Basalt.

Peterson and others (1976)
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published a map and description of the geology of Deschutes County which included the southernmost exposures of
Deschutes Formation rocks.

Taylor (1980, 1981) again provided brief summaries of
Deschutes Basin geology, and its relation to the Cascade
Range. He noted that flat-lying rocks with identical
radiometric ages occur both east (Deschutes Formation) and
west (Outerson Formation of Thayer (1937)) of the northcentral High Cascade Range, and concluded that the common
source volcanoes (his "Plio-Cascades") for both formations
are now buried beneath the younger High Cascades.
Farooqui and others (1981) proposed that the Dalles

Formation be elevated to group status, and that the
"Dalles Group" include the Deschutes Formation. Bunker
and others (1982) reported K-Ar ages for Deschutes Formation rocks, some of which were previously dated by
Discrepancies between the
two studies were not reported by Bunker and others (1982).
Samples 5-F and 6-F reported by Bunker and others (10.7
Armstrong and others

(1975).

and 13.2 m.y.) are from the same lava flows as samples M-2
and M-8 reported by Armstrong and others (4.9 and 5.8
million years), respectively.
Financed partially by geothermal research grants from
the State of Oregon, nine graduate students, including the
author, working under the direction of Dr. Edward M. Taylor at Oregon State University, have been or are currently
mapping, describing, and chemically analyzing rocks of the
Deschutes Formation. Jay (1982) and Hayman (1984) report
on adjoining areas north of the Cove Palisades State Park
and east of the Deschutes River. Cannon (1985) is studying
in detail the distribution, chemistry, and mineralogy of
two widespread ash-flow tuffs mapped originally by Stensland (1970). The field areas of Dill (1985) along the
lower Metolius River and Wendland (MS thesis in progress)
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on the north end of Green Ridge adjoin the area of this
report. Yogodzinski (MS thesis in progress) is examining
the Whitewater River canyon northwest of Green Ridge.
McDannel (MS thesis in progress) is studying the Tumalo
quadrangle in the southern Deschutes Basin. A synthesis
of Deschutes Basin geology is the object of Smith (PhD

thesis in progress).
Smith and Hayman (1983) defined the Lake Simtustus
Formation on the north end of the Deschutes Basin to include tuffaceous sediments which had formerly been regarded as Deschutes Formation, but which are interbedded
with and conformably overlie Columbia River Basalt, and
underlie Pelton Basalt with angular unconformity. They

also noted that gentle folding has affected the northern
portion of the Deschutes Formation.

report an Ar-Ar age for the
Pelton Basalt of 7.6 million years, a date consistent with
Smith and Snee

(1983)

the K-Ar dates reported by Evernden and James (1964),
Armstrong and others, with the exception of the Pelton

Basalt (1975), the "Mesa Basalt" dates of McBirney and
others (1974), and the geology of the northern Deschutes
Basin. Smith and Priest (1983) provide an improved field
trip guide to part of the Deschutes Basin.
THE GREEN RIDGE FAULT ZONE

Dutton

(1889)

wondered what caused the Metolius River
west of Green Ridge, when the slope of

to flow northward,
all the surrounding country was west to east.

Hodge

(1938, p.851, and references therein) appears to have been
the first to recognize that Green Ridge was a fault esOn his reconnaissance map, Williams (1957)
carpment.
showed Hodge's fault, which follows the slightly east-ofnorth trend of the Metolius River for twenty miles west of
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and another NNW-trending fault which intersects Hodge's fault and extends along Jefferson Creek
southwest of Bald Peter. Wells and Peck (1961) included
both of the faults shown by Williams on their map, and
extended Hodge's fault southeast nearly to Bend and named
Green Ridge,

it the "Metolius Fault".
Allen (1965) included the "Metolius Fault" as one of
the eastern boundary faults of his Cascade volcano-tectonic depression, which he thought extended along the entire
length of the High Cascade Range in Oregon. As part of a

study of the origin of Metolius Springs, Peterson and Groh
(1972) mapped some faults on the south end of Green Ridge.
In his extensive reconnaissance study, Hales (1975)
mapped the Green Ridge faults in nearly the same way as
Williams (1957). He restricted the term "Metolius Fault"

to the supposed north-trending fault at the foot of Green
Ridge, and used the term "Tumalo Fault" for its alleged
southeast extension towards Bend. Hales showed that the
east-west trending paleovalleys of the Deschutes Formation
"sky-ed out" over the Metolius valley. He concluded that
the source areas which produced the Green Ridge lavas and
the Deschutes Formation were downdropped by the "Metolius
Fault" between 4.5 and 2.1 million years ago, based on the
K-Ar ages of the youngest Green Ridge lava and the oldest
rocks which banked up against the escarpment, respective-

ly.
Lawrence (1976) contended that the main Green Ridge

fault trends N25W, and that it represents the westward

termination of the right lateral Brothers Fault Zone of
central Oregon, to which it is connected by the northwest-trending "Sisters Fault Zone". Hales' (1975) term
"Tumalo" would seem to have precedence over "Sisters".
Taylor

(1980,

1981) summarized the evidence. for

normal faulting at Green

Ridge,

and the evidence for such
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faulting on the eastern border of the Western Cascade
He concluded that the north-central High Cascades
Range.
were confined to a graben which probably formed during the
The work
Pliocene (from five to three million years ago).
of Flaherty (1981) and Avramenko (1981) on the Western
Cascade-High Cascade boundary supports Taylor's conclusion.

The lack of recognized normal faulting at the

latitude of Mt. Jefferson, both east (Yogodzinski, MS
thesis in progress) and west (Rollins, 1976) of the High
Cascades, suggests that the graben ends northward there.
Interestingly, the abundant lavas in the Deschutes Formation also terminate northward at the same latitude (Smith,
PhD thesis in progress). The southward extent of the
graben is more problematic.
Magill and others (1982) proposed a tectonic model

for the Pacific Northwest in which Basin and Range
extension caused the rotation of a large rigid block (the

"Willamette Plate") which includes the Western Cascade

Range and the Coast Ranges of Oregon and Washington. They
view the High Cascades as a tectonic boundary between the

Basin and Range and the rigid plate, and postulate that
triangular grabens form along the High Cascades to
The triangular
accomodate differential motion of the two.
shape of the grabens in their model is due apparently to
the misconception of Lawrence (1976) that the Green Ridge
fault trends N25W.

Conrey and others (1983) suggested that the Pliocene
north-central Cascade graben is the result of strong heat-

ing of the crust beneath the Basin and Range in southern
Oregon, leading to the age progression of rhyolite domes
and ignimbrites there from ten to four million years ago
In Conrey and others model,
(MacLeod and others, 1976).
crustal heating induces rapid extension south of the
Brothers Fault Zone, which is accomodated by graben
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formation

along the

north-central Cascades.

Regional Geology

Green Ridge is near the intersection of five of the
major physiographic provinces of Oregon: the Cascade
Range, Deschutes-Umatilla Plateau, Blue-Ochoco Mountains,
High Lava Plains, and Basin and Range (Baldwin, 1976,
p.5). Therefore, understanding the geology of Green Ridge

will require a knowledge of the geology of most of the
State of Oregon (Figure 3), which is summarized below.
According to a recent summary of Cordilleran geology,
Oregon is underlain by allochthonous material accreted to
North America during the Paleozoic and Mesozoic (Davis and
others, 1974, p.2). This interpretation is supported by
the Tethyan

(Asian)

affinity of the fossil assemblages

contained in the sparse outcrops of Mid-to-Late Paleozoic
limestone, sandstone, conglomerate, chert, and mudstone
exposed near Suplee in central Oregon, the oldest rocks in
the state (Merriam and Berthiaume, 1943). The lack of

Sr87/Sr86 ratios higher than 0.706 in igneous rocks of
many different types and ages in the state suggests that
Precambrian crust is absent beneath Oregon (Armstrong and
others, 1977).

Pre-Tertiary rocks are exposed, with the exception of
the Pueblo Mountains in southeast Oregon and along Hay

Creek in central Oregon, only in the northeast and southwest parts of the state. In the northeast Oregon Blue
Mountains Province the Pre-Tertiary rocks are divided into
four terranes that trend east-west to northeast (Brooks
and Vallier,

1978; Dickinson and Thayer, 1978).

The

southernmost of these terranes is the "Huntington Arc", a
Late Triassic assemblage of andesitic agglomerates, lavas,
and tuffs interbedded with volcaniclastic breccia, con-
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glomerate, and finer-grained sediments.

Limestone is

present in small amounts (Brooks and Vallier, 1978).
Rocks similar to those of the "Huntington Arc", but
with a wider range in age from Early Permian to Late
Triassic, comprise the most northerly of the four terIn
ranes, the "Wallowa-Seven Devils Arc" (Vallier, 1977).
deep exposures in the Snake River canyon, rocks of the
"Seven Devils Arc" are seen to overlie metamorphosed gabbro, quartz diorite, basalt, and diabase, along with amThe "Arc"
phibolite, schist, mylonite, and phyllite.
rocks are in turn overlain by Late Triassic to Late
Jurassic limestone and mudstone formations.
South and west of the Wallowa-Seven Devils rocks a
"central melange" terrane contains a-rgillite and chert

with minor limestone lenses, tuff, and basalt, and their
metamorphic equivalents: quartz phyllite, phyllitic quart-

greenschist,

Large masses
of ophiolitic rocks are also part of the "melange" terzite,

greenstone, and marble.

Serpentinite, peridotite, pyroxenite, gabbro,
diabase, quartz diorite, plagiogranite, and flows of
rane.

quartz keratophyre are all present (Brooks and Vallier,
1978).
The ophiolitic rocks are believed to be Permian to
Late Triassic (Ave Lallemant and others, 1980). The
"central melange" terrane is considered to represent a
Permo-Triassic subduction zone (Vallier and others, 1977),
an interpretation supported by the presence of Triassic
blueschist near Mitchell, Oregon (Swanson, 1969; Hotz and
others, 1977).

Late Triassic through Late Jurassic volcaniclastic
sediments laying between the "melange" terrane and the
"Huntington Arc" are referred to collectively as the
"Jurassic flysch" terrane (Brooks and Vallier, 1978;
Cretaceous conglomerate,
Dickinson and Thayer, 1978).
sandstone, and mudstone, of Albian-Cenomanian age near
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Mitchell (Wilkinson and Oles, 1968), locally overlie rocks
of the older terranes.

Plutonic rocks of Late Jurassic age (Armstong and
others, 1977) intrude. all of the terranes. The plutons
are largely tonalite or granodiorite, but a range from
norite to granite is present (Taubeneck, 1957; Moore,
Paleomagnetic evidence suggests that the plutons
have been rotated sixty degrees clockwise relative to
1959).

cratonic North America since their formation (Wilson and
Cox, 1980).
The Klamath Mountains Province of southwest Oregon

contains virtually the same rock types as the Blue
Mountains Province. The major difference in the two
provinces is in the zonal arrangement of the rocks. In
the Klamath Mountains arcuate, roughly concentric belts of
rock, which are progressively younger from east to west,
are separated from each other by east-dipping thrust
faults (Irwin, 1966). The eastern Klamath and central
metamorphic belts, containing rocks ranging in age from
Ordovician through Jurassic, are only exposed in northern
California.

The large Western Paleozoic and Triassic belt is
found in both Oregon and California and is subdivided into
The eastern and westernmost terranes are
three terranes.
dominantly ophiolitic; the central one is andesitic
(Irwin, 1972).

Fossils are rare in the terranes, but all

three contain evidence of Permian through Jurassic faunas
The eastern terrane contains
(Irwin and others, 1977).
Triassic blueschist (Hotz and others, 1977).
The western Jurassic belt is composed of a hanging
wall of Jurassic volcanic rocks and volcaniclastic sediments thrust over schist regarded as metamorphosed Franciscan Formation (Irwin, 1966; Blake and others, 1974).
High-grade blueschist blocks of Late Jurassic age are
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present in Franciscan Formation rocks, or their equivalents, west of the western Jurassic belt (Coleman and
Lanphere, 1971). The latest Jurassic through lower
Tertiary Franciscan Formation contains coherent units
composed either of graywacke and metagraywacke with minor
chert and greenstone, or of arkosic sandstone and shale

with rare chert and greenstone (Blake and others, 1974).
Also present in the Franciscan are melanges with blocks of

resistant rock of the types noted above, or their metamorphic equivalents, within a matrix of sheared shale.
All of the above belts, with the exception of the
western Jurassic belt schists and the Franciscan Formation, are intruded by plutonic rocks. As in the Blue
Mountains, the dominant pluton volume is tonalitegranodiorite, the plutons are mainly Late Jurassic, and
there is a range in composition from gabbro to granite
(Irwin, 1966). However, a number of plutonic bodies, both
mafic and ultramafic, as well as apparently coeval volcanic rocks in the Klamaths are rich in clinopyroxene (Snoke
The author is not aware of similar
and others, 1982).
rocks in the Blue Mountains.

It is probably that rocks equivalent in part to those
exposed in the Klamath and Blue Mountains underlie central
Oregon, including the Green Ridge area. In the closest
exposures to Green Ridge, Klamath Province rocks strike
northeast, and Blue Mountain Province rocks strike west,
toward central Oregon. Triassic(?) mudstone crops out
along Hay Creek only forty miles east of Green Ridge in

the core of the Blue Mountain anticline (Swanson, 1969b).
Crude extrapolation of the trend of the Klamath Province
belts might best suggest that Franciscan Formation
equivalents underlie the north-central Oregon Cascade
Range.

Cropping out over a wide area in northeast Oregon is
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a sequence of interbedded andesite flows, mudflows, tuffaceous sediments, and breccias of Middle(?) Eocene to
Early Oligocene(?) age, referred to as the Clarno Formation (Swanson, 1969b; Taylor, 1977). The formation is
quite variable from place to place, and includes both
flows and intrusions ranging from melabasalt to rhyolite
(Oles and Enlows, 1971). Folding of the Blue Mountain

anticline in east-central Oregon appears to have begun in
Clarno time as Clarno intrusive rocks are elongate NE-SW
parallel to the fold axis, and angular unconformities
occur within the sequence (Oles and Enlows, 1971; Taylor,
1977).

Armstrong (1978)

refers to the broad field of volcan-

ism and plutonism which extended from western Montana to

central Oregon in Early Tertiary time as the "Challis epiThe Clarno Formation is probably best understood
when placed in that context. Cross and Pilger (1978),
among others, ascribe the wide field of volcanism to a
shallow subduction angle. Clarno lavas have low K
contents (Rogers and Novitsky-Evans, 1977) in comparison
to the Absaroka rocks (Lipman and others, 1972) in western
sode".

Montana.

The westernmost exposed Clarno rocks are in the
Mutton Mountains of north-central Oregon (Waters, 1968).

Kipukas of andesitic rock, possibly of Clarno age, but
more likely of John Day vintage (E.M. Taylor, pers.
comm.), are found in the Deschutes Basin (Stensland,
In the southern Oregon Basin and Range, rocks of
1970).
Clarno age are known to occur near Paisley south of Summer
Lake (C. W. Field, unpublished K-Ar dating ). The
scarcity of deep exposures in the Oregon Basin and Range
may be responsible for the limited outcrop area of such
rocks there; however, in the Pueblo Mountains, John Day
age rocks overlie PreTertiary rocks. Rocks of Late Eocene
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age are widespread in northern Nevada and southern Idaho
(Armstrong, 1978; Cross and Pilger, 1978).
Paleomagnetic data obtained from the Clarno Formation

near Mitchell indicates that little, if any, rotation of
the formation has occurred (Beck and others, 1978).
Some prior historical summaries (e.g. McBirney, 1978)
of the volcanic evolution of Oregon have assumed a relationship between Eocene alkalic and tholeiitic volcanism
in the Oregon Coast Range (Snavely and others, 1968) and
inland cale-alkaline volcanism. However, evidence from
many sources now strongly suggests that the Coast Range is
an allochthonous terrane, probably accreted to Oregon in
Late Eocene time. K-Ar (Duncan, 1983) and paleontologic
(McWilliams,,1980) dating of Coast Range basement volcanic

rocks both demonstrate a regular increase in basement age
with distance from the Columbia River in Oregon and
This regular pattern, and the similarity of
Washington.
the basement rocks to oceanic island rocks, suggests the
Coast Range was produced at a spreading ridge (Duncan,
An allochthon1983), and hence cannot be autochthonous.
ous origin would help explain the up to 75 degrees of
rotation of the basement and cover rocks demonstrated by

paleomagnetic data

(Simpson and Cox, 1977).

The andesitic Clarno Formation was succeeded by the
The
bimodal John Day Formation in east-central Oregon.
K-Ar and paleontologic ages of John Day rocks range from

36 to 18 million years (Robinson and Brem, 1981). During
John Day time, a well established Western Cascade Range
erupted a large volume of andesitic and silicic material
(Peck and others, 1964), and was probably the source for

most of the airfall ash preserved in the John Day FormaEast of the Blue Mountain
tion (Robinson and Brem, 1981).
anticline the formation is composed mainly of such ash,
with some local basalt flows, dikes (Taylor, 1981b), and
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ignimbrites.

Folding of the John Day Formation was prob-

ably contemporaneous with its deposition (Rogers, 1966;
Fisher, 1967; Taylor, 1981b); the fold axes were coincident with the axes about which the older Clarno Formation

and younger Columbia River Basalts were folded. The
uppermost rocks of the "eastern facies" of the John Day
Formation were derived from uplift and erosion of earlier
John Day rocks (Fisher, 1967; Robinson and Brem, 1981).

West of the Blue Mountain anticline the John Day
Formation is made up of rhyolitic ash-flow tuffs and
interbedded titania-rich, alkali-olivine basalts
Kipukas of
(Robinson, 1969; Robinson and Brem, 1981).
suspected John Day rhyolite domes are found in the
Deschutes Basin (Stensland, 1970); examples include Cline
Buttes and Juniper Butte. An extensive rhyodacite
ash-flow tuff at the base of the Western Cascade sequence

in southern Oregon has the sanidine and quartz phenocrysts
characteristic of John Day ash-flow tuffs (Smith, 1977),

but also contains biotite.

and Range of southern Oregon, rhyolite
domes and ignimbrites, andesite lavas, and tuffaceous sediment of John Day age are widespread but poorly exposed
In the Basin

due to younger cover (Wells, 1979; Noble and others, 1974;
Hook, 1982).
The fundamentally tensional character of faulting in
the Oregon Basin and Range, which merges into the Cascade
Range in southern

Oregon, has long been known

(Fuller and

Excellent reviews of Basin and Range
tectonics have since been published by Hamilton and Myers
The generally
(1966), Stewart (1978) and Eaton (1982).
Waters, 1929).

NNE-striking Basin and Range faults in southern Oregon
imply extension in a WNW direction. NNE-striking extensional faulting is not present in northeast Oregon, and it
has been proposed that a zone of right-lateral strike-slip
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faulting separates the Basin and Range and Ochoco-Blue
Mountains Provinces (Lawrence, 1976). The proposed

strike-slip zone is referred to as the Brothers Fault Zone
(Higgins and Waters, 1967), and is marked by the presence
of numerous short en-echelon normal faults that extend in
a N60W direction from Steens Mountain to Newberry Volcano.
The zone is also a pronounced topographic low, and abundant young volcanic vents are scattered along or near it
At Newberry Volcano, the zone
(Stewart and others, 1975).
the northappears to intersect two other fault zones:
west-trending Tumalo, and the southwest-trending Walker
Rim (MacLeod and others, 1981).
A huge outpouring of basalt concentrated near the

position of modern Steens Mountain took place in the
Middle Miocene (Watkins and Baksi, 1974), coeval with the

Basaltic volcanism was
very common throughout southern Oregon during the Late

eruption of Columbia River
Miocene and Pliocene

Basalt.

(Waters,

1962; McKee and others,

Rhyolitic ignimbrites and domes were also widespread, but were confined to specific areas at any given
The K-Ar ages of the rhyolitic rocks define an age
time.
1983).

progression from ten to four million years between Steens
Mountain and Newberry Volcano (MacLeod and others, 1976).
Quaternary volcanism, mostly basaltic, has been restricted

to areas along

or close to the Brothers Fault Zone.

A commonly held view, apparently derived from an
influential paper by Christiansen and Lipman (1972), is

that Basin and Range extension began twenty million years
ago, when bimodal basalt-rhyolite volcanism became domin-

This view is not supported by the evidence
provided by Basin and Range structures. Because tilting

ant in

Nevada.

of Basin and Range fault blocks is virtually universal
(e.g. Stewart, 1980), it has been suspected for over

twenty years that Basin and Range faults flatten at depth,
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or, in other

words,

are listric-normal in style (Moore,

Recent detailed mapping and seismic refraction
work in Nevada and Utah demonstrates that many of the
faults are indeed listric (Proffett, 1977; Effimoff and
Pinezich, 1981; Gans and Miller, 1983; Allmendinger and
1960).

A characteristic feature of deposition
concurrent with listric normal faulting (or any type of
"tilt-block" faulting) is an increasing dip with age of
the deposited unit (e.g. Gilbert and Reynolds, 1973;
The strike of the deposited units
Proffett, 1977).

others, 1983).

remains constant.

Applying these principles to the Basin and Range Province of southern Oregon, Conrey and others (1983) con-

clude that faulting is at least

of twenty-five million,

and probably of about forty million years duration there.
Increasing dip with age, with constant strike, is seen at
Abert Rim (Wells, 1979), and
Steens Mountain (Hook, 1982). Just south of the Oregon
border the same relations are found in the Warner Mountains (Powers, 1932, MacDonald, 1966), and in the Northern
Pine Forest Range, where the basal Tertiary sediments dip
sixty degrees (Graichen, 1972). Conrey and others (1983)
contend that the Brothers Fault Zone is a major fault zone
with a long history. Long term strain (Wilcox and others,
Winter Rim (Travis,

1977),

1973) associated with the right-lateral zone can account
for the approximately forty million years of recurrent
folding about the Blue Mountain anticline axis.
The antiquity of the Basin and Range is less surprising when viewed in the context of the regional
"Challis episode" of Early Tertiary volcanism defined by
Armstrong (1978). The Challis volcanics in central Idaho
were deposited in basins produced by contemporaneous
block-faulting (Armstrong, 1978). The Eocene Sanpoil
volcanics in northeast Washington have an identical
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Suspected Clarno Formation
equivalents in northeast Oregon have a bimodal chemistry
and are confined to fault block basins (Neil Elfrink,
pers. comm.). In the Great Basin of Nevada and Utah

history (Staatz,

1964).

Oligocene ignimbrites are nearly always underlain by
hundreds of feet of locally derived conglomerate (e.g.
Mackin, 1960; Proffett, 1977; Gans and Miller, 1983).

The

ignimbrites are commonly very thick and interbedded with
conglomerate and lacustrine sediment (e.g. Mackin. 1960;
Hook, 1982).

These relations are easily explicable if

fault blocks

were present before eruption of, the ignim-

brites

(G. M. Yogodzinski, pers. comm.).

The Middle-to-Late Miocene

River Basalt
in northern Oregon,

Columbia

Group, of widespread distribution

represents a gigantic outpouring of basaltic magma in a
very short time period (Baksi and Watkins, 1973). A large
feeder dike swarm is present in northeast Oregon (Taubeneck,

and another in east-central Oregon (Merriam,
Fruchter and Baldwin, 1975). The basalt sequence

1970),

1901;

has been subdivided into stratigraphic units which have
distinctive chemistries (Waters, 1961; Wright and others,
1973;

Nathan and Fruchter, 1974; Uppuluri, 1974; Swanson

and others, 1979).

Generally,

the basalts become more

evolved chemically with position upwards in the formation.
The basalts have been extensively and in many places
strongly folded since they were deposited (Thayer and
Brown,

1966; Newcomb, 1969; Walker, 1979).

The northern

Deschutes Basin is underlain by the distinctive high P205
Prineville chemical type (Uppuluri, 1974) of Columbia
River Basalt (Jay, 1982; Hayman,

1984).

of Prineville type are yet identified.

No source dikes

The Cascade Range in Oregon has been divided into an
older Western Cascades and a younger High Cascades to the
east (Callaghan, 1933). K-Ar dates on the older rocks
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range from about five to 41.5 million years

(Sutter. 1978;

Rocks with dates less than about ten million
years are largely restricted in occurrence to the easternmost part of the Western Cascades. On the western side of
the older belt in northern Oregon, the volcanic rocks
Lux, 1982).

In
interfinger westward with marine sedimentary rocks.
southern Oregon the Western Cascade rocks overlie continental sedimentary deposits, at least locally (Smith,

1977).
The structure of the Western Cascades in southern
Oregon is simple. The rocks dip east and northeast away
from the Klamath Mountains, with the dip decreasing upsection, and only minor folding is present (Williams,
Most of the section con1942; Peck and others, 1964).
sists of andesite with associated basalt, dacite, and

tuff

breccia, ignimbrite, and interbedded
volcaniclastic sediments (Williams, 1942; Smith, 1977).
Intrusive plugs and dikes are common (Wells and Waters,
rhyolite,

1935;

Buddington and Callaghan, 1936).

The structure and lithology of the Western Cascades
in northern Oregon is more complex. A north-trending belt
of younger rocks about 25 miles wide is bordered on both
sides by belts of older rock (Peck and others, 1964).
Folding is common (Thayer, 1936). Fossil and radiometric
ages of the central younger belt, which is referred to as
the "Sardine Formation", indicate a Middle Miocene age
(Peck and others, 1964; Sutter, 1978). Andesite lava is
the dominant lithology of the Sardine Formation (White,
The bordering older belts, known as the "Breiten1980).
bush Formation", consist mainly of dacitic and andesitic

tuff

breccia.

The upper part of the

contains a sequence

Breitenbush Formation

lava flows rich in Fe and
Ca, and Mg, called the Scorpion Mountof aphyric

Ti, and poor in Al,
ain laves (White, 1980).

K-Ar dates

on the Scorpion

Mountain

rocks range from 18 to 25 million years

(Sutter,

Conrey and others (1983) suggest that
1978; White, 1980).
the central "Sardine" belt occupies a graben which formed

about twenty million years ago.
Shallow intrusive rocks, mostly pyroxene diorites but
including dacite porphyries, granodiorites,

and granites,

are common in the northern Western Cascades (Buddington
The intrusives have contact
and Callaghan, 1936).
aureoles, often containing epidote and tourmaline, which
are up to one-half mile in width.
White and McBirney (1978) contend that the amount of
Na has increased with time, and the amount of Rb has decreased, in basalts of the northern Oregon Cascades. They
also note a general increase in the relative abundance of
basalt with time.
Magill and Cox (1981) present paleomagnetic evidence
which indicates a 25 + 20 degree rotation of rocks with
K-Ar ages of 20 to 30 million years in the Western Cascade
Range. Magill and Cox sampled one locality in the north-

ern Cascades, and one in the southern, and assumed that

both localities rotated together. The author has recalculated their data without making that assumption. Their
northern site has rotated 25 + 22 degrees, while their
The data
southern site has rotated(?) 26 + 28 degrees.
for the southern site are too scattered to signify

rotation at the 95 percent confidence level.
McBirney and others (1974) asserted that volcanism
the Cascade Range, as well as the entire circum-Pacific

in

has been episodic, with a five million year
periodicity, since twenty million years ago. Recent work
region,

has not supported their hypothesis, which fails to take
into account the structural history of the range (e.g.
The graben which formed during the
Taylor, 1981).
Pliocene along the north-central High Cascade axis
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presumably contains rocks of Pliocene age at depth.

The

probable presence of such rocks eliminates any need for
the hypothesis that volcanism occurred in two episodes,

years ago and the other in the past

one five million

million years.
During Late Miocene

time,

the axis of Cascade volcan-

ism shifted eastward to the site of the present

High Cas-

cades (Taylor, 1980). The range of volcanoes which produced the Deschutes Formation and equivalent age rocks to

the west of the north-central High Cascades (Flaherty,
1981; Avramenko, 1981), is now mostly buried beneath the
present range. Locally, however, Deschutes age dikes are
still present in abundance just west of the High Cascades
(Avramenko, 1981).

Some rocks of Deschutes age west of

the High Cascades have a rather alkalic chemistry
(Flaherty,

1981).

The High Cascades are composed of a "mafic platform"
of diktytaxitic basalt flows and overlapping basaltic
andesite shield volcanoes (Thayer, 1937; Williams, 1942;
Taylor, 1965, 1981), interbedded in its upper part with
Some of the stratocones
stratovolcanoes of various types.

are andesite like Mt. Hood and Mt. Jefferson (Wise, 1969;
Sutton, 1975).
Washington,

Others, including Three Fingered Jack, Mt.

and North Sister, are basaltic andesite

Still others
(Davie, 1980; E. M. Taylor, pers. comm.).
are compositionally diverse, such as the Middle and South

Sisters (Wozniak, 1982; E.M. Taylor,

pers. comm.).

East of, and probably coeval in development with, the

mafic platform at the latitude of Bend is a large "silicic
highland" with dacite and rhyodacite domes and flows predominant, covered with a thin carapace of basaltic laves
and cones (Taylor, 1978, 1980). The silicic highland is
apparently an unusual structure in comparison to the re-

mainder of the High Cascade Range.
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Andesite petrogenesis
Andesites have been the subject of geologic study for
over one hundred years, but no successful general theory
has yet been formulated for their petrogenesis. In part,
this failure must be due to the complexities involved in
Another contributing factor, howandesite generation.
ever, has been the approach adopted by geologists in
studying andesitic rocks: many studies have been based
upon chemical or isotopic analysis of essentially random,
and usually few, samples (references too numerous and
embarrassing to cite); comparatively few studies have
emphasized the careful collection of detailed field and
petrographic data (e.g., Taylor, 1978; Bacon, 1983). The
theory of andesite genesis will remain nebulous until
thorough investigations which integrate field, petrographic, chemical, phase equilibria, and isotopic information
Yet a third factor is certainly the inare performed.
fluence of the sometimes erroneous conclusions reached by
previous workers (esp. Bowen, 1928, but many others could
be cited); these have served to "straightjacket" the
This problem is found
thinking of modern investigators.
in all scientific (human) disciplines, but it appears
particularly well entrenched in igneous petrology. Yoder
(1976, p. iv) expresses similar views in the preface to
his book, Generation of Basaltic Magma:

"The reader will gain an impression of
the tenuous nature of the evidence on
which major concepts about magmas in
the earth are based.

The postulated

models have become accepted as the

reality instead of the lattice of
assumptions they are. Authoritarianism dominates the field, and a very
critical analysis of each argument is
to be encouraged. The structure of
facts is minimal - the reader should

32

continuously ask, 'What is the

evidence?'"
Before proceeding to a very brief and by no means

impartial review of andesite genesis, it is necessary to
define what the author means by the term "andesite", as
there is no widely accepted agreement even on this point

(cf.

Gill, 1981).

In the following discussion, and in

"andesite" shall be used to refer to those
rocks of intermediate chemistry, usually between 58 and 63
this

thesis,

wt. percent Si02, that are commonly found,in, but not restricted in occurrence to, island and continental margin
The term "basaltic andesite" is used for rocks with
arcs.
These divisions
Si02 contents of 53 to 58 wt. percent.
are wholly arbitrary as there are rocks which are gradational in all respects from basalt to basaltic andesite,

and from the latter to andesite (emphasized by Bowen,
1928).

The most widely quoted theory of andesite genesis is
that fractional crystallization of basaltic magma leads to

the formation of successively more differentiated rocks in

the series:

basalt - basaltic andesite

-

andesite -

dacite - rhyolite (Bowen, 1928). The principal objection
to this theory is that all known natural examples of

basalt fractionation are characterized by differentiation
toward Fe-rich (and also Ti-rich) compositions (Fenner,
1929; Wager and Brown, 1967; Kuno, 1965; Kushiro, 1979),

and typical andesites are not enriched in Fe. Despite
this fact, several modifications of Bowen's theory have
been proposed in which Fe-rich phases are fractionated to
counter the trend of Fe-enrichment. The most enduring of
these is the proposal by Osborn (1959) that small amounts
of magnetite fractionate from calc-alkaline basalts.
Osborn (1969) hypothesized that magnetite would crystal-

lize in basalts under conditions of

high,

constant oxygen
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fugacity in water-rich orogenic belts, but it would not be
stable in dry magmas in non-orogenic regions.

Many

subsequent workers have accepted Osborn's hypothesis
(e.g., Miyashiro and Shido, 1975; Gill, 1981). However,

several others have objected to it strongly on the grounds
that: one, magnetite is not a phenocryst phase in many
basalts found in association with andesites, and is in
fact a very late crystallizing mineral in those basalts
(Anderson and Gottfried, 1971); two, the V contents of
andesites and their associated basalts are nearly equal,
an observation inconsistent with the fractionation of
magnetite because V is strongly concentrated in that
mineral (Taylor and others, 1969); and three, the oxygen
fugacity required to bring magnetite onto the liquidus of
natural basalt compositions is unrealistically high (cf.
Grove and others, 1982).

Because of the difficulties with Osborne's hypothesis, several authors have suggested amphibole fractionation
instead (or in addition to) as a means of preventing Fe,
and also Ti, enrichment (e.g., Boettcher, 1973; Cawthorn
and O'Hara, 1976; Anderson, 1980; Arculus and Wills,
1980). The principal objection to this hypothesis is the
extreme rarity of amphibole as a phenocryst phase in basalts associated with andesites (Ewart, 1976). In order
to circumvent this objection, Stewart (1975) proposed that
crystal clots in andesites were the result of the breakdown of high-pressure amphiboles. However, Stewart's
suggestion has been discounted thoroughly by several
others (cf. Garcia and Jacobson, 1979). The amphibole

fractionation hypothesis receives its greatest support
from the Lesser Antilles island arc; in several places
apparently cumulate blocks containing Fe- and Ti-rich
amphiboles have been erupted there (Wager, 1962; Baker,
1968; Lewis, 1973; Arculus and Wills, 1980). The blocks
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often contain thin films of interstitial glass which resembles basalt; the blocks are therefore regarded as
cumulates derived from the basalt present in the films.
However, it should be kept in mind that the amphibole in
the blocks is often a.late crystallizing mineral which
surrounds olivine and augite (Lewis, 1973), and that may
therefore be the cause of its Fe and Ti enrichment. Also,
amphibole is not present as a phenocryst phase in basalts
from the Lesser Antilles are (Arculus and Wills, 1980),
and the texture of many of the "cumulate" blocks indicates
a significant degree of probable metamorphic deformation
(Lewis, 1973).
The fractional crystallization theory may explain the

distinction between "tholeiitic" and "talc-alkaline" andesite suites (Miyashiro, 1974). Miyashiro and Shibo (1975)
state that the "calc-alkaline" trend is produced by
magnetite fractionation, while the "tholeiitic" trend is
not.

Kuno (1959) believed that his "pigeonitic rock

series" (containing pigeonite as the only groundmass
pyroxene) represented the "tholeiitic" trend of
Fe-enrichment, while his "hypersthenic rock series"
As shown by
represented the "calc-alkaline" trend.
Miyashiro (1974), such a relationship cannot be established in all cases, and there is a continuous
gradation in the chemistry of suites of rocks between
"calc-alkaline" and "tholeiitic"; the distinction between
the two is completely arbitrary. Miyashiro (1974) also
andesites tend to occur in arcs
showed that "tholeiitic"
with a thin crust, while "talc-alkaline" andesites are
more typical in areas underlain by thicker crust. Kay and
others (1982) have demonstrated in the Aleutian arc that
"tholeiitic" rocks are erupted at large volcanic
structures where magmas apparently reach the surface
easily, while "calc-alkaline" andesites are erupted from
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smaller volcanoes whose magmas have presumably had a more
Kay and others also note that the
difficult transit.
"tholeiitic" and "calc-alkaline" suites have the same

parent

basalt.

Miyashiro (1974)

The observations of Kay and

are not inconsistent

others and

with each other:

may retard magma ascent and lead to "calcalkaline" andesites.
Another long standing theory of andesite genesis is
thicker crust

crustal contamination of parental basalt magma (Tilley,
Kuno (1950) proposed that his "hypersthenic rock
1951).
series" was due to the incorporation of granitic material
Wilcox (1954) showed that the chemiinto basaltic melt.

cal variations of the 1944 to 1952 eruption of Paricutin
could be explained by a combination of fractionation of

phases present, and assimilation of the
silicic country rock inclusions found in all stages of
partial melting in the lava. Examples of assimilation are
common in many igneous rocks, including rocks of "calcalkaline" composition (see McBirney, 1979 for a review).
the phenocryst

Recently, sophisticated

mathematical models which consider

the effects of combined

wallrock

assimilation and frac-

tional crystallization have been presented (Taylor, 1980;
DePaolo, 1981). The combined treatment of the two effects
is required

because assimilation must lead

to cooling and

crystallization of the initial magma (Bowen, 1928).
Watson (1982) has demonstrated that selective contamination of basalt, particularly with K, may occur if the

basalt is in contact with liquid rhyolite. The contamination is selective because of the variations in two-liquid
diffusion equilibria between elements.
Probably the oldest hypothesis of andesite genesis
mixing of basalt and rhyolite magmas, first proposed by

is

Bunsen in 1851 (see Hibbard, 1981 for a summary and references). Numerous, well documented field examples of in-
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termingled basalt and rhyolite liquids are known from both
volcanic (Eichelberger, 1975; Walker and Skelhorn, 1966;
Wilcox, 1944) and plutonic (Wager and Bailey, 1953;
Eichelberger and Gooley, 1977) terranes. Yoder (1973) has
demonstrated that many natural basalt and rhyolite liquids
are completely miscible in all proportions. He also notes
that the primary evidence for former liquid-liquid

contacts is the existence of a chilled border in the
basalt where

Because the liquidus

it abuts rhyolite.

temperatures of basalt and rhyolite

cooling of
liquid is inevitable.

300 to 400 degrees,

with rhyolite

differ by as much as
basalt in intimate contact

Coeruption or intermingling of two separate liquids
does not by itself prove that basalt and rhyolite magmas
could be or were mixed completely to form a new hybrid
(Anderson,'1976). However, many andesites contain multiple, discrete populations of single phenocryst minerals,
or phenocryst minerals in reaction with their host rock
which contain glass inclusions of either more mafic or
felsic composition than the host (e.g., Larsen and others,
1938;

MacDonald and Katsura, 1965;

Anderson, 1976,

Sakuyama,

1979, 1981;

Eichelberger, 1978; Gerlach and Grove,

if two populations of a single phenocryst
phase are present, only the outermost rims of the crystals
of each population are in equilibrium with the groundmass
of the lava; the cores of the crystals often display
textures indicative of resorption or reaction. The
simplest way to explain these occurrences is by the mixing
of two (or more) magmas, each of which contained its own
1982).

Usually,

phenocryst population (Larsen and

others,

1938).

Assimilation of foreign rock fragments is an unlikely
explanation because of the uniformity in phenocryst compositions, and because whole, undigested fragments of such
rock are not present. Gerlach and Grove (1982) contend
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that the end members of such mixing are "high-alumina
basalt" and rhyolite at Medicine Lake volcano, but
Sakuyama (1981) has demonstrated that there are various
end members (e.g., basalt and dacite) at Myoko and
Kurohimo volcanoes in Japan.
The adherents of magma mixing (e.g., Eichelberger,
1978; Grove and others, 1982) usually point out that

basalt is the product of peridotite melting in the mantle
(Yoder, 1976), and rhyolite is the product of partial
melting of the crust (Tuttle and Bowen, 1958; Presnall and
The injection of basalt into the crust is
Bateman, 1973).
believed to be responsible for elevating crustal temperaThe close
tures to the range required for melting.
spatial proximity implied by this hypothesis is thought to
It has also
lead inevitably to mixing of the two liquids.
been proposed that the injection of basaltic magma into
silicic magma is responsible for triggering large eruptThe
ions (Lidstrom, 1972; Sparks and others, 1977).
addition of heat to a silicic magma leads to a reduced

solubility of volatiles, and therefore to rapid vesiculation and increasing pressure.
Another hypothesis of andesite genesis contends that
partial melting of peridotite (Hamilton, 1964) or eclogite
(which represents subducted oceanic crust) can lead to the
formation of primary andesite.

Green and Ringwood (1966)

and Ringwood (1974) proposed that "calc-alkaline" andesite
was the result of partial melting of quartz eclogite,
while peridotite melting led to the generation of "tholeiLopez-Escobar and others (1977) proposed
itic" andesite.
that amphibole-bearing andesites in northern Chile were
produced by partial melting of garnet peridotite or ecloHowever, Gill (1981) discounts all of these "primary andesite" claims on the basis of trace element and
Hughes (1983) suggests that
phase equilibria constraints.
gite.
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basaltic andesite in the High Cascade range is produced by
partial melting of LREE enriched spinel lherzolite or
Katsui and,
plagioclase peridotite in the lower crust.
others (1979) and Aoki and Fujimaki (1982) have recently
reported on andesitic rocks from northwest Japan which
contain xenocrysts and xenoliths of ultramafic material,
Aoki and Fujimaki
presumably derived from the mantle.
contend that andesite (and basaltic andesite) is produced
by partial melting of hydrous peridotite, while basalt
results from melting anhydrous peridotite. The andesites
from northwest Japan are unusually rich in K and are assoKuroda and others
ciated with alkali-olivine basalt.
(1978) suggest that boninite (plagioclase-free, Mg-rich
andesite) is a primary magma, and that andesites and
dacites may be produced from it by fractionation.
Evidence from phase equilibrium studies has a bearing
on the various proposals for andesite genesis. Wyllie and
others (1976) summarized much of the experimental work,
and concluded that andesite liquids could not be generated
by partial melting of peridotite because olivine is not a

near-liquidus mineral in andesite, even at high pressures,
and the degree of water saturation required (10 to 20
percent) for andesite liquids in equilibrium with peridoWyllie and others note that
tite is unrealistically high.
the high pressure liquidus mineralogy of andesite is consistent with a possible derivation from partial melting of
quartz eclogite, but that the liquidus temperatures of

andesites would be 1300 to 1400 degrees; the measured
eruption temperatures of andesite liquids are much lower.
Wyllie and others also state that andesite may be generasuch

ted by extensive partial melting of the lower crust, but
the temperature required is approximately 1100 degrees;
such a temperature is much higher than those inferred to
occur during high-grade regional metamorphism. The con-

elusions of Wyllie and others are consistent with the
hypotheses of assimilation and magma mixing.
In a systematic series of melting experiments on
rocks of andesite composition from the Wallowa Batholith,
Piwinskii and Wyllie (1968, 1970) showed that calcic
plagioclase, hornblende, and opaque minerals were present
in abundance in such rocks up to temperatures of 900
degrees and greater. The "granitic" components of the
rocks (K-spar, quartz, and sodic plagioclase) were completely melted at temperatures 150 to 200 degrees lower.
These results suggest that andesites either consist of a
granitic melt containing a "mush" of unrelated high temperature crystals, or they are produced by hybridism of
gabbroic and rhyolitic components. White and Chappell
(1977) suggest that the high temperature crystal fraction
is a "restite" remaining from the incomplete partial
melting of lower crustal material; the "restite" is simply
At least one field
example of such restite material in a dacite lava is known
carried along by the granitic melt.

(Zeck, 1970); in that occurrence, however, the volume of
the restite material, which is very Al-rich, is only one
percent of the whole.
Studies of the isotopes of Pb,

Sr, and Nd in

contin-

ental volcanic rocks in recent years have indicated that
their isotopic compositions can only be explained by
"contamination" of mantle-derived material with crustal
material (e.g., Allegre and Othman, 1980; Carter and
Detailed isotopic studies of andesitic
others, 1978).
rocks have yet to be performed; however, preliminary
,

results from the Cascade Range and Medicine Lake volcano
are consistent with a hybrid origin for andesite. The
Sr87/Sr86 ratios in rocks at Medicine Lake vary directly
with Si02 content (Peterman and others, 1970; Mertzman,
1979; Grove and others, 1982), an observation consistent
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only with the magma mixing or assimilation hypotheses for
Elsewhere in the Cascade Range, a
andesite genesis.
similar relationship is present at Glacier Peak, Mt.
Rainier, Mt. St. Helens, Crater Lake, and Mt. Lassen
However, some data
(Church and Tilton, 1973, Table 1).
for Cascade volcanoes do not show this progression, and
even at Medicine Lake, where the trend is best established, some basalts have higher Sr87/Sr86 ratios than
Measurements of Pb isotopes (Church,
some andesites.
1976; Church and Tilton, 1973) also support a hybrid
origin for andesites: the most radiogenic Pb in the
Cascades is found in rhyolites, the least radiogenic in
There are only small differences in the isotopic
basalts.
measurements of rhyolite and basalt in the Cascade chain;
this is presumably due to the lack of PreCambrian crust

beneath the range.
Trace element studies of basalts and rhyolites suggest that they are derived from partial melting of the
mantle and crust, respectively (Hart and Allegre, 1980).
However, while the major element chemistry of andesite is
consistent with basalt-rhyolite mixing (Fenner, 1929;
Eichelberger, 1975), the trace element chemistry is more
difficult to interpret. Taylor and White (1965) concluded
that the trace element contents of andesite were inconsistent with "hybridism" (either assimilation, contamination, or mixing) of basalt and continental material or
rhyolite. However, their conclusion was based on the

simplest of assumptions concerning the hybridizing
process: one-to-one mixing. DePaolo (1981, p.201) states:
"...a process may appear to be incompatible with a particular data set
when its trace element signature is
modelled in the simplest way, but a
variant of that process may be in fact
quite plausible in the context of more

sophisticated models."
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The model suggested by DePaolo is combined assimilation
(the "assimilant" may be assumed to be liquid rhyolite)
and fractionation.

The contents of several trace elements

(especially Rb) in andesites at Medicine Lake have been
shown to be consistent with a basalt-rhyolite mixing
model, and not consistent with a fractionation model, but
some elements (especially Sr) still elude explanation
(Grove and others, 1982).
Last, but not least in importance, the field relationships of andesites are inconsistent with the frac-

tional crystallization hypothesis, and instead support the
"hybrid" or primary magma hypotheses. In many volcanic
(Taylor and White, 1965) and plutonic (e.g., Larsen, 1948;
Taubeneck, 1957) terranes, the volume of andesitic rocks
is much too large to be derived by fractional crystal-

lization of the associated basalts and gabbros.
In summary, when considering the full range of
evidence available from various sources, including field,
petrographic, chemical, phase equilibrium, and isotopic
data, the best hypotheses of andesite genesis are those
involving assimilation and magma mixing. Fractional
crystallization may play a subsidiary, but as yet undefined, role.
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STRATIGRAPHY
The Old Volcano

Exposed along Green Ridge at the northern end of the
study area is a faulted and deeply dissected older volcano
surrounded and partly buried by younger Deschutes FormaHales (1975) mapped the core of the
tion units (Plate 1).
volcano as an eruptive center with quaquaversal dips, and
The core of the old volcano
thought it was a cinder cone.
is composed of ash-and lapilli-sized fragments with

occasional and locally abundant scoriaceous blocks in beds
which vary in thickness from centimeters to meters (Figure
The bedding dips radially away from a point (marked
4).
"v" on Plate 1) at 4080 feet elevation in the center of

the NW 1/4 of section 30. At that point the dip of the
bedding reaches 50 degrees, decreasing rapidly with distance. Aprupt changes in dip angle suggest that
unconformities are present in the bedded pile, and one
unconformity is well exposed near the uppermost part, just
north of the central vent. At least six dikes, varying in
width from one to three meters, are present near the
Most are roughly planar, but one is highly
central vent.
The dikes have baked
irregular in shape and thickness.
the surrounding material, which is normally a light brown,
red brown, or black, a deep orange up to three meters from
their chilled margins. Some of the dikes end abruptly
(Figure 4), while others continue up through the entire
pile.

Small

lava flows

are locally interbedded within the

pile.

Above an irregular contact zone at the top of the
pyroclastic core of the volcano is a zone of flow breccias
containing thin seams of solid lava and occasional thicker
solid flows.

The zone of flow breccias reaches a maximum
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Figure 4.

Dikes and layering in the core of the old volcano at
elevation 4050 feet, NW 1/4 section 30, T. 11 S., R. 10
Layers dip north 50 degrees; dikes are approximately
E.
one meter wide. Note baked zones (e.g., left-center)
adjacent to dike margins.
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thickness of 250 feet, and is particularly well exposed on
the ridge at the boundary of sections 19 and 30. Above

it, solid lava flows with less flow breccia predominate.
One of the lava flows is 200 feet thick, with flow breccia
at its base, then a 20-foot zone of solid material with
few joints overlain by the main body with platy joints.
This thick flow has been K-Ar dated by Hales (1975, sample
as 9.4 + 0.6 million years old.
Based on two chemical analyses by Hales, which are
quoted in Table 5, the old volcano is basaltic andesite in
WR-248)

In hand specimen all of the material, including scoria, dikes, and lavas, is identical and contains three to five percent of fine-grained olivine
phenocrysts and one percent or less of olivine and plagioclase glomerocrysts up to four millimeters in diameter.
composition.

The specimens from the core and the flow breccia zone

appear to contain slightly more and larger olivine than
the upper flows, which seem to contain slightly greater
amounts of glomerocrysts, but additional study is needed
One sample from the dated flow
contains an apparent xenocryst of plagioclase eight
millimeters in diameter. Some of the upper flows display
flow banding defined by variations in groundmass color

to establish this.

from light to dark gray.

A major down-to-the-west north-trending normal fault

zone cuts the old volcano near its
displacement on the

zone,

center.

The minimum

which is about 100 meters wide

and consists of at least three separate faults, is 300
feet, based on the offset of a distinctively altered lava
flow in the core. A younger north-trending diktytaxitic
basalt dike was intruded along the fault zone. Another
north-trending fault, of displacement probably less than
100 feet, offsets rocks of the old volcano in the SE 1/4
section 19 and is responsible for the odd shape of the
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hill at the crest of the ridge

MS thesis in
progress).
In addition, a small vertical shear zone, with
a trend of N40E to N50E and a down-to-the-northwest offset
of less than a meter, cuts a dike 100 meters northwest of
(Wendland,

the central vent.
Twenty-five oriented samples of old volcano rocks
yielded reversed paleomagnetic polarity. Sampling was

except at the top of the structure. Two dikes
which appear to be radial to the center of the old volcano
thorough

in the SW 1/4 of section 19 are also reversed (Wendland,
MS thesis in progress). Four samples yielded discrepant

all located at the base of the pyroelastic core, or in the SE 1/4 of section 24, or in the NE
The radial dikes west of the large
1/4 of section 25.
or normal

polarities,

normal fault are reversed.

The bulk of the material in the old volcano is still
quite fresh, but alteration, particularly of olivine, is
evident in some flows. The distinctive flow offset by

faulting noted above contains olivine apparently altered
to

hematite.

In thin

section,

olivine in

the thick dated

flow has been altered to unidentified material resembling
"bowlingite". A correlation is evident between degree of
alteration and paleomagnetic polarity. All of the discrepant and normal polarity samples are altered
pervasively, while the reversed ones are fresh.
Judging by the mapped extent of its lavas, the manner
in which the younger Deschutes Formation units curl around
it (Plate 1), and the presence of probable radial dikes,
the old volcano was at least four miles in diameter. The
minimum relief of the structure was 1400 feet. Basaltic
andesite volcanoes four to five miles in diameter and 1300
to 3000 feet high are common in the central Oregon Cascades. Examples include Squawback Ridge, Black Butte,
Belknap Crater, and Mt. Washington (E. M. Taylor, pers.
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The gradient of the eastern slope of lavas exposed in section 29 is 1000 to 1200 feet per mile, which is
intermediate between the 700 feet/mile gradient of Squawcomm.).

back Ridge and the 2000 feet/mile one of Black Butte,
suggesting that the relief of the old volcano was about
2000 feet. The pyroclastic core of the old volcano, which
was succeeded by less explosive effusion of lava, is comparable to the structure of the extensively eroded Husband
basaltic andesite volcano in the Three Sisters region (E.
M. Taylor, pers. comm.), except that a large plug was
intruded into the core of The Husband.
Limited petrographic study of the old volcano (samples RC-596, 604, and Z1) reveals that its lavas are tex-

turally and mineralogically similar to the lavas of Squawback Ridge volcano, and to some Deschutes Formation lavas.
Briefly, plagioclase (An69-74), olivine, ortho- and clinopyroxene, and opaque oxide grains are present in that
order, with a seriate range in size up to one millimeter.
Apatite is an accessory, and a silica mineral may occur in

Glomerocrysts of plagioclase and olivine are
void spaces.
A discussion of the possible petrogenesis of the
present.
lavas is given in the section on basaltic andesites.
The old volcano unconformably underlies Deschutes
Formation lavas and ash-flow tuffs (Plate 1), and the radiometric age (9.4 m.y.) of the volcano predates the Pelton
Basalt (7.6 m.y.) at the base of the Deschutes Formation
(Smith and Snee, 1983). Therefore, the old volcano is not
presently assigned to any formally recognized formation.
According to Harland and others (1982), during the period
from 9.0 to 10.3 million years ago the magnetic pole was
nearly always normal, but was mainly reversed from 8.2 to
The reversed polarity of the old volcano would be
9.0.
more consistent with an age less than 9.0 million years,
which would still be within the standard deviation of
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Hales'

(1975) date.

However, Hales' dates are somewhat

inconsistent because material from the old volcano appears
to overlie hornblende andesite dated by Hales at 7.5 to
8.3 million years old (Wendland, MS thesis in progress).
The hornblende andesite appears to be part of a large
volcano which had a central vent on the northern end of
Green Ridge (Hales, 1975; Wendland, MS in progress).
Deschutes Formation
VOLCANIC STRATIGRAPHY

In the canyons of the Crooked and Deschutes Rivers in
north-central Oregon, the Deschutes Formation consists of
volcaniclastic sediments with subordinate interbedded ash
As the Desflow tuffs and lava flows (Stensland, 1970).
chutes Formation is traced toward Green Ridge, however,
the number of lava flows and ash-flow tuffs increases, and
the volume of sediments decreases markedly (Hales, 1975;
In the area of this report, approxDill, 1985; Plate 1).
imately 225 separate volcanic units were mapped (Appendix
2); the poorly exposed and volumetrically minor sedimentary interbeds were virtually ignored. The best exposures
of sediments in the field area are in roadcuts on the
Squawback Ridge Road along Meadow Creek in sections 22 and
23, and in roadcuts on the Fly Creek highway grade. Sometimes, thick deposits of well rounded river cobbles are
found beneath lava flows, for example, the RC-394 flow in
section 18, T.

12 S., R.

11 E., and the "Gunsight flow" in

section 31, T.

11 S., R.

11

E.

The exposed section of Deschutes Formation rocks on
the west flank of Green Ridge is 1200 to 1400 feet thick.
The section consists mainly of basaltic andesite and andesite lava flows, with subordinate basalts, dacites, aphyric lavas rich in Fe and Ti, ash-flow tuffs, and sedi-
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The upper 400 feet or so of the section
is devoid of ash-flow tuffs and dacites, and appears to
contain more basalt flows than the lower part of the sec-

ments (Plate

tion.

1).

The exposed Deschutes section in Fly Creek canyon

is only 600 feet thick, and consists of roughly equal proportions of sediments, ash-flow tuffs, and lava flows,
most of which are either basalts or aphyric lavas rich in
Fe and Ti. It is obvious from these thicknesses and from
the map patterns of the units that nearly all of the
volcanic units "pinch-out" or end eastward.
From radiometric dating and paleomagnetic correlations, it appears likely that the oldest Deschutes Formation rock exposed at Green Ridge is approximately 6.5
million years old, and the youngest about 4.5 million
years (see Paleomagnetic

Stratigraphy).

If this is so,

then the accumulation rate at Green Ridge was approxi-

mately 700 to 800 feet of section per million years.
(This assumes that no hiatus occurs in the section; there
is no evidence for one.) In the Cove Palisades State
Park, the rate of accumulation of the roughly 1000 feet of
Deschutes section was probably 350-400 feet/million years.

The double rate at Green Ridge is a reflection of its
nearness to the source area (see

below),

and is presumably

responsible for its higher elevation.
Hales (1975) concluded that the volcanic units in the
Deschutes Formation at Green Ridge were confined to east
trending paleovalleys, a conclusion amply supported by the

east-west elongate map patterns of all of the units on the
east flank of Green Ridge displayed in Plate 1. The west
flank of Green Ridge exposes the east-trending valleys in
a north-south cross-section, thus explaining the short

lateral extent of the units in a north-south direction.
At several places on the west flank of Green Ridge, cutand-fill relationships are exposed (Figure 5), where ash-
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Figure 5.

Cut-and-fill relationship on the west flank of Green
The RC-464 ash-flow tuff fills a N75E-trending
Ridge.
channel cut into the RC-462 ash-flow tuff. The prominent horizontal ledge is due to a flow-unit contact in
the latter. A thin deposit of alluvial sediments
separates the two tuffs.

flow tuffs or lava flows fill channels out into underlying

tuffaceous sediments or other ash-flow tuffs. The channel
axes strike from N50E to S70E; the channel sides are as
steep as 40 degrees, but usually less. On the east flank
of Green Ridge, cross-sections of paleovalleys are rarely
exposed because the modern streams parallel the trend of
the old valleys, an obvious example of inverted topograGood examples are present, however, in the NE 1/4 of
phy.
section 13, T. 12 S., R. 10 E. along Prairie Farm Creek,
and in section 36, T. 11 S., R. 10 E. beneath the
"Gunsight flow".

Not all of the volcanic units, especially the lava
flows on the west flank of Green Ridge, were confined to
paleovalleys; some appear to have resulted from the piling
up of lavas due to the construction of nearby volcanoes.

The best example of this is found in the upper part of the
section in sections 30 and 21, T. 11 S., R. 10 E., and
section 36, T. 11 S., R. 9 E.; the olivine-bearing basaltic andesites exposed there appear to represent the eastern flank of a shield volcano.

Where they are best expos-

ed in cross-section, on the "Block Road" grade between
3800 and 4200 feet elevation in section 36, the flows
consist of thin seams of massive lava interbedded with
This relationship, along
thick piles of flow breccia.
with the 400 feet minimum thickness of the pile of flows,
and their 400 feet/mile gradient, suggests that they are
If the flows
very near to the vent which produced them.

represent the preserved remnant of the eastern flank of a
volcano, the central vent for the volcano was at most one
or two miles west of the crest of Green Ridge. Another
"flow pile" which could represent the eastern flank of a

volcano is
Lavas).

the thick "mixed lava"

sequence (see Mixed

Other possible examples are the basaltic andesite

flow and flow breccia sequences from which the RC588B and
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Irregardless of whether lava
RC-804 samples were taken.
flows were confined to paleovalleys or were simply erupted
from nearby sources to the west in large piles, the paleoslope dipped gently eastward during the accumulation of
the Green Ridge section, as evidenced by the eastward dip
and trend of the map units.
The present eastward gradient of the units in the
field area

increases

from

east to west (Plate 1).

The

gradient of the Fly Lake Basalt east of Fly Creek is
approximately 80 feet/mile; the average gradient of the
units exposed in the Fly Creek canyon area is 100-130
feet/mile; the average gradient of units midway between
the crest of Green Ridge and Fly Creek canyon is about 250
feet/mile; the average gradient along the crest of Green
Ridge is 300-450 feet/mile. The steepest gradients are in
the uppermost part of the section in the northwest portion

of the field area. Because all of these gradients are so
low, and because the westward increase in gradient resembles a typical concave-upward stream profile, it seems

doubtful that tectonism has affected the eastward dip of
the units in the field area in any significant way
The present elevation of Green Ridge is
(Taylor, 1980).
therefore due to processes of deposition rather than
tilting or folding.
The base of the Deschutes Formation is not exposed at

Green Ridge except on its northern end, where Deschutes
lava flows uncomformably overlie, and partly bury, the old

volcano (Plate 1). The old volcano was a topographic high
during Deschutes time, as evidenced by the way in which
the Deschutes units are diverted around, and "fill in behind" the east flank of the structure (Plate 1). Deposition of the Deschutes Formation at Green Ridge appears to

have ended because of the development of large down-tothe-west normal faults which downdropped the Deschutes
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source volcanoes at least 3000 feet (Hales, 1975; Taylor,
The possibility should be kept in mind, however,

1981).

that the lava flows exposed in the upper 400 feet of the
Green Ridge section were erupted from structural avenues
produced by the initiation of normal faulting, and that
continued faulting eventually produced west-facing escarpments which prevented any more lava flows from "escaping"
As discussed
eastward down the east flank of Green Ridge.
earlier, the vent for the olivine-bearing basaltic andesite shield volcano in the uppermost part of the section
was probably close to Green Ridge; possibly the vent was
located over the trace of a developing normal fault.
It is obvious from the map patterns of the units in
Plate
that the source of the Deschutes Formation in the
1

field area was west of Green Ridge; many lava flows and
ash-flow tuffs can be correlated, or walked, across the
crest of Green Ridge, and traced physically to their eastIn addition to this, a western source
ward termination.
area is indicated by the westward increase in the number
of lava flows and ash-flow tuffs, and in the gradient of
the mapped units; and by the presence of highly viscous
dacite and rhyodacite lavas, and the "near-vent" appearance of many of the ash-flow tuffs, on the west flank of
The 'near-vent" character is due to the
Green Ridge.
common occurrence of "lag" deposits of cobble- and
boulder-size lithic fragments at the base of, or at flowunit contacts within, ash-flow tuffs on the west flank,
and the absence of such deposits on the east flank. It is
possible that some of the Green Ridge flows vented along,
However, there are
or east of, the crest of Green Ridge.
only two likely candidates: the RC-66 diktytaxitic basalt,
which appears to dip slightly westward, and the RC-415
diktytaxitic basalt, which has not been found on the west
flank of Green Ridge (possibly because of poor exposure in
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section 36).
The Green Ridge section appears to be mainly a random

assortment of all types of lavas and ash-flow tuffs, probably derived from many different source volcanoes.

Most

of the known stratigraphic relations are displayed in
Figures 6, 7, 8, 9, and 10. A stratigraphic discussion of
every individual unit mapped at Green Ridge would be long,
boring, and probably fruitless, even if the relative time
relations of each unit were known precisely with respect

to all other units, which they are not. Because of the
short north-south extent of the units, the relative time
relations of units far apart in a north-south direction
can not be established in many cases. Fortunately, a few
key marker horizons serve to establish rough time controls

for the bulk of the section.
The best marker horizons recognized so far are, in
order of decreasing age: (1) the Fly Creek Tuff, which
serves as a time plane for the lower part of the section
over an extensive amount of the eastern portion of the
area; (2) a band of "andesitic" ash-flow tuffs, recognized over a considerable north-south distance on the west
flank of Green Ridge, and over a large area on the east
flank. The band consists of at least three separate
tuffs, and so is not a perfect time horizon; (3) a band of
"black-knocker" ash-flow tuffs, which includes the Six
Creek Tuff. The band is not a perfect time plane, but its

distribution is similar to the band of

"andesitic"

tuffs;

(4) the "mixed lava" sequence, which extends over virtually the entire north-south exposure of Deschutes rocks on
the west flank of Green Ridge; and (5) the Fly Lake Basalt, which ties the uppermost part of the section at the
crest of Green Ridge to the rimrock basalts which cap the
section at the Cove Palisades State Park.
In addition to the marker horizons, correlations of
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several individual units from the west to the east flank

of Green Ridge have been made, and these establish time
controls in some parts of the section. Examples include
Hales' banded lava, the RC-53 and RC-271 lavas, and the
RC-559 megacryst-bearing lava.
Several other potential time horizons

are suspected,

but not proven, on the west flank of Green Ridge.

For ex-

ample, in the field the RC-452 dacite is indistinguisable
from the RC-635 dacite, and the RC-632 andesite is apparently identical to the RC-204 andesite.
The elevation of a unit appears to be a good indicator of its stratigraphic height in the Deschutes section.
Obviously, the eastward dip and decrease in dip of the
unit must be taken into account when using the elevation,
and therefore it is really the elevation of a unit in a
north-south cross-section that is important. There does
not appear to be any original north-south dip component in

the units at Green Ridge, except on the sides of paleovalleys or the flanks of possible shield volcanoes.

The

paleomagnetic intervals recognized in the section are
horizontal in a north-south sense except where they are
(see Paleomagnetic Stratigraphy).
These observations suggest that: one, there has been no
tilted by faulting

tilting of the section in a north-south direction, and
two, the section was built up by a series of roughly
planar additions.

Construction of the section in a

"planar" manner is not surprising; if any large valleys or
topographic lows had existed during the time of deposition, they would naturally have been filled in. It is
fair to conclude, then, that while indiviudal units were
deposited in an irregular way in paleovalleys or by piling
up near vents, the section as a whole was built up in a

regular manner.
Brief descriptions of all of the individual strati-
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More detailed
descriptions of the various types of lava flows and ashflow tuffs in the Deschutes Formation, and of some individual units, can be found in chapters 4 and 5.

graphic units can be found in Appendix 2.

PALEOMAGNETIC STRATIGRAPHY

Much time was invested in the collection of oriented
samples during the course of the field work in the hope of
establishing a paleomagnetic stratigraphy. That hope was
fulfilled, and the stratigraphy is displayed in Figures 6,
7, 8, 9, and 10. Before discussing the stratigraphy,
however, the reader is cautioned that the results
presented in Figures 6 through 10 are in a large sense
tentative and preliminary, and may contain many small
errors or even major misinterpretations. This is because

of the frustating nature of work with a flux-gate
magnetometer; multiple samples of single volcanic units
often yield conflicting results, and single samples can
therefore not be fully trusted. Only those magnetic
polarity intervals which were presistent over a large
vertical or horizontal distance were accepted as "real".
Some individual units, therefore, do not fit the present
stratigraphy, for example, the RC-643 andesite (Figure 7).
The best results were obtained on the west flank of Green
Ridge where nine magnetic intervals, five normal and four

Accurate extrapolation of all
of those intervals east of Green Ridge is extremely
difficult (note the many question marks in Figures 8, 9,
reversed, were recognized.

and 10)

because some intervals are very thin, and

volcanic units "pinch-out"

eastward.

all

Correlation of the

Green Ridge section with the Deschutes Formation

magnetostratigraphy established by Dill (1985) in the
lower Metolius River canyon area has been accomplished via
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overlapping volcanic stratigraphy (Figure 11).
The oldest rocks in the Deschutes Formation on the
west flank of Green Ridge are apparently the two basaltic
andesites of the N1 magnetic interval (Figure 6). These
rocks are exposed in gullies near the base of the "Lookout
Ridge" at an elevation of 3100 feet.
The R1 interval is 100 to 150 feet thick on the west
flank of Green Ridge, and consists mainly of basaltic
andesites and possibly one "silicic" ash-flow tuff there
the use of

(Figure 6).

The stratigraphic position of the "silicic"

tuff and the lavas which overlie it (RC-733 through
RC-737) is not certain, however; those units may fill a
East
narrow valley which was cut down to the R1 level.

of
Green Ridge, the R1 interval almost certainly contains the
Fly Creek Tuff; although the tuff is not exposed on the
west flank of Green Ridge, extrapolation of its stratigraphic position to the west flank would place it within
the R1 interval.

on the west
flank of Green Ridge, and contains a diverse assemblage of
mostly basaltic andesites, andesite,s, and dacites (Figure
6). Some of the rocks are very plagioclase porphyritic,
and many are strongly magnetized. Some units extend for
north-south distances of as much as one mile and, except
The N2 interval is about 450 feet thick

where affected by faulting, appear to be horizontal in
The N2 interval is poorly rethat direction (Plate 1).

presented east of Green Ridge (Figures
probably

8,

9, and 10),

because it includes a fairly large amount of vis-

cous dacites and andesites, and near-vent basaltic
andesites (e.g., RC-588).
The R2 interval averages 150 feet in thickness on the

west flank, but in the southern part of the area it is represented only by a thin band of lava flows at approximately the 3950 feet elevation. The R2 interval contains
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most of the "andesitic" ash-flow tuffs on the west flank
(Figures 6 and 7); on the east flank the position of the
"andesitic" tuffs is not certain, but most of the tuffs
appear to be in the R2 and N2 intervals (Figures 8, 9, and
10).

The N3 interval is only 100 feet thick on the west
Its presence
flank of Green Ridge, and is discontinuous.
in the "Lookout Ridge" section, and in several areas between the band of "andesitic" tuffs and the band of "black
knocker" tuffs, are the strongest proofs of its existence.
The only two units on the east flank of Green Ridge which
are probably members of the N3 interval are the RC-46
basaltic andesite and the RC-303 "silicic" ash-flow tuff.
The R3 interval varies in thickness from 300 to 600
feet, and averages 450 feet, on the west flank of Green
This interval includes the Six Creek Tuff and
Ridge.
several other "black knocker" tuffs, Hales' banded lava,
the "mixed lava" series, and many other units as well.
The variation in thickness of the interval appears to be
caused by the "mixed lava" sequence; the R3 interval is
thickest where the "mixed lava" pile is thickest. The N4,
R4, and N5 magnetic intervals appear to be "banked up"
against the "mixed lava" pile from both the north and the
south (Figures 6 and 7); the "mixed lava" sequence was
probably a topographic high during post-R3 time. These
data support the interpretation that the "mixed lava"
series was erupted from a common source, which built up a
large shield volcano whose central vent was probably not
far west of Green Ridge (see Mixed Lavas).
One problem with the extrapolation of the R3 interval
eastward in the southern part of the field area is whether
the "black knocker" tuff exposed in the Meadow Creek
drainage is the Six Creek Tuff (Plate 1). Because the
normal polarity RC-46 basaltic andesite lies between the

63

"Meadow Creek" tuff
"Meadow Creek" tuff

and the mixed lava sequence,
appears to be slightly lower

and the

in eleva-

tion.than the Six Creek Tuff, the present interpretation
is that the two tuffs are different. The "Meadow Creek"
tuff is assigned to the R2 interval.

The N4 interval is only about 50 feet thick on the
This interval contains the
west flank of Green Ridge.
RC-560 and RC-659 diktytaxitic basalts, which are inferred
to be correlative with the Fly Lake and Canadian Bench

Basalts, respectively (see Diktytaxitic Basalts).
The R4 interval is at least 100 feet thick, and as
much as 400 feet thick, on the west flank of Green Ridge.
This interval contains many of the lava flows which are

exposed in plan in the western half of the field area.
The

olivine-bearing

basaltic

andesites and the glomero-

porphyritic basaltic andesites are the most prominent
constituents of this interval (Figures 6 and 7; Plate 1).
The N5 interval is present in only two areas at the

top of the section, one on the south end of the area, and
the other between the apparent topographic highs created
by the R3 "mixed lava" volcano and, the R4

olivine-bearing

basaltic andesite volcano (Plate 1).
The magnetostratigraphic intervals on the west flank
of Green Ridge are virtually horizontal in a north-south

direction in the southern portion of the area (Figure 6),
but the intervals are tilted 3 to 4 degrees down to the
north in the northern portion of the area (Figures 6 and
The tilting is due to faulting; the amount of offset
across the faults which displace the magnetic intervals
7).

increases as the faults
Structure).

are traced northward (see
The amount of offset is known accurately from

the displacement of particular units; the rate of increase
in the offset suggests that the fault blocks west of the
faults are tilted northward 3 or 4 degrees (Figure 12), in
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agreement with the tilt of the magnetic intervals.

Because some volcanic units in the Deschutes
Formation have been K-Ar or Ar-Ar dated, a tentative correlation of the magnetostratigraphic intervals recognized

at Green

Ridge,

and in the lower Metolius River

canyon

(Dill, 1985), with the magnetic time scale (Harland and

others,

1982)

has been attempted (Figure

11).

The R4

interval contains two rocks K-Ar dated by Hales (1975) as
4.6 + 0.4 and 5.3 + 0.1 Ma, the WR-189 glomeroporphyritic
basaltic andesite (extrapolated from Wizard Ridge), and
The N4 interthe WR-102 aphyric andesite, respectively.
val contains the Canadian Bench Basalt, K-Ar dated by ArmThe Deschutes
strong and others (1975) as 5.0 + 0.5 Ma.
Formation section along the lower Metolius River contains

nine magnetostratigraphic intervals (Dill, 1985), and
overlies the normal polarity Pelton Basalt (Jay, 1982),
0.3 Ma by Ar-Ar methods
These dates serve to tie the

which has been dated as 7.6
(Smith and Snee,

1983).

+

Deschutes magnetic intervals to the magnetic time scale in

the period from approximately 4.5 to 8 million years ago.
The detailed correlation of the magnetic time scale
with the Deschutes magnetic intervals proposed in Figure
11 is based on the stratigraphic thicknesses of the varThe length of the intervals portrayed in
ious intervals.
Figure 11 is proportional to the thickness of the sections

which the lengths represent. There is a general agreement
in the thicknesses of the magnetic intervals in the Deschutes Formation and the lengths of the intervals in the
magnetic time scale, which suggests that the Deschutes
Formation accumulated at a roughly constant rate. The
accumulation rate was not always constant, however; Dill
(1985) suggests that deposition of the Deschutes Formation
in the lower Metolius River area was much slower during
the DR4 (R3) and DN5 (N4) intervals than during the pre

Time E Iceland
(Ma)

W. Iceland

Magnetic

(Beseastedea) (BorgarfJordur) Time Scale

4.OT

a

Deschutes Formation Paleomagnetic Intervals
Lower Metolius
River (Dill, 1985)

M

N5

4.6±0.4; 5.3±A1

144 ....... 5,0±0.5

4.51
-DNS
DR4

5.0+

K- Ar and
'Ar - Ar dates

West Flank
Green Ridge

R3

DN4

N3
R2

&51

DR3

N2

6.0"

DN3

RI
N1

DR2

6.5 I

7.0"

DN2
DR1

DN1

7.5
Pelton Basalt

............. ....

7.640.3

6.0-'Figure 11.

Interval lengths in the Deschutes Formation are
Paleonagnetic correlation chart.
proportional to the thickness of the sections represented by the intervals. See
constants.
text for references. K-Ar ages have been recalculated using new decay
Drafted by Dana Willis.
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ceding .intervals (see Structure). This suggestion is
consistent with the correlations proposed in Figure 11.
The most notable disagreement in the proposed correlation is between the N3 interval and the magnetic time
scale between 5.4 and 5.7 Ma; the N3 interval appears to
be much too short.

In defense of the correlation, it is

notable that magnetic time scales constructed using magnetostratigraphic thicknesses and K-Ar dates at two
localities in Iceland both indicate that the younger
normal polarity interval is much shorter than the older
normal polarity interval in the period from 5.0 to 6.0 Ma
(Figure 11; McDougall and others, 1976, 1977). The brevity
of the R2 and N3 intervals presumably accounts for the
lack of their recognition in the lower Metolius River

section. The reasons for the disparity between the landbased magnetic time scales established in Iceland and the
mainly ocean-based (using marine magnetic anomalies)

magnetic time scale are not clear.
Pliocene fault-related sediments
A few roadcut exposures along the "Block Road" reveal
Pliocene sediment deposited as a result of motion on one
The sediments include conof the Green Ridge faults.
glomerate, cross-bedded sandstone, tuffaceous mudstone,
The total thickness is at least twenty
and diatomite.
meters. The sediments rest upon a distinctive porphyritic

olivine basalt which has been downdropped about 1600 feet

by a fault just east of the sediment exposures (Plate 1).
A two-meter-thick layer of diatomite occurs just west
of a large gully in the NE 1/4 SW 1/4 NW 1/4 of section 1,
T. 12 S., R. 9 E. at an elevation of 3180 feet. This
layer is interbedded with crossbedded sandstone, much
thinner diatomite layers', and mudstone with ripple struc-
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tures characteristic of lacustrine deposition (G. A.
Smith, pers. comm.). The attitude of the thick diatomite
layer is N10E 12E, while below it, in the rippled layers,
steeper dips up to twenty degrees east are present. The
average dip of the sediment pile here appears to be about
eleven degrees,

with a strike slightly east

of north.

Diatoms from the thick layer were examined by J. Platt
Bradbury of the USGS (sample collected by G. A. Smith),
who reports that they are similar to diatoms of the Yonna
Formation of southern Oregon near Chiloquin, radiometrically dated as two million years old (G. A. Smith, pers.
comm.).

diatomite, and nearly
to the gully in the center of the NW 1/4 of section 1,
oddly disrupted layers of tuffaceous sediment are exposed.
The layers appear to have been pulled apart and slightly
One hundred meters north

of the

jostled vertically relative to one

another.

The average

dip of these layers appears to be eight degrees to the
east.
Tuffaceous mudstone is poorly exposed where the
"Block Road" crosses the large gully on the boundary of
sections
and 36. Just north of the gully, conglomerate
with wellrounded clasts of basaltic andesite, up to one
meter or more in diameter, is exposed.
The Pliocene age of the sediments is inferred from
1

relations and the radiometrically determined age
of faulting at Green Ridge (Hales, 1975). The sediments
are obviously younger than the lava flow they rest on, and
the disrupted and tilted (with a strike parallel to the
strike of the fault immediately east) bedding strongly
the field

suggest they were deposited contemporaneously

with fault-

ing. The lacustrine and alluvial sediment facies are consistent with such a history. The sediments were probably
deposited because of the ponding of originally eastward-
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flowing drainage by the development of down-to-the-west
faulting;

later motion.on the faults presumably downdrop-

ped the sediments to their present location.

The sedi-

ments can not be Quaternary as the fault they are associated with was not active in the Quaternary. Tilting of
beds toward, as in this case, rather than away from, large
normal faults is known as "reverse drag" (Hamblin, 1965).
Hamblin demonstrates that rever-se drag forms contemporaneously with normal faulting, and is associated with
faults where the dip of the fault plane toward the
reversely dragged sediments decreases with depth.
Ponding of originally eastward-flowing drainage in
Deschutes time by the development of down-to-the-west

Green Ridge faults would appear capable of producing a
much larger volume of lacustrine sediment than found in

The lack of large
exposed volumes may be due to the ease of erosion of such
Perhaps a great deal of similar material undersediment.

the limited "Block

Road" exposures.

lies the younger High Cascade rocks west of Green Ridge,
thus accounting for the broad gravity low west of the
Metolius River (Braman, 1981; Dick Couch, pers. comm.)
Squawback Ridge volcano

The northern portion of a large basaltic andesite
shield volcano known as Squawback Ridge overlies units of
the Deschutes Formation in the southern part of the study
area (Plate 1). The shield is approximately four and one
half miles in diameter and 1300 to 1400 feet high. K-Ar
dating of the shield indicates an age of 3.0 + 0.2 million
years (Armstrong and others, 1975), in agreement with its
stratigraphic position above the Deschutes Formation.
The contact between Squawback volcano and the Des
chutes units is complex in detail (Plate 1). The earlier
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Squawback flows appearto have been more fluid and travel-

ed farther than the later ones, which piled up on top of
This relationship is well displayed in the SW 1/4
them.
of section 17. A possible subsidiary vent, samples from
which resemble the earlier flows in hand specimen, is
indicated on Plate at the boundary of sections 19 and
30. The presence of the vent is suspected for reasons of
The remainder of the shield is probably montopography.
otonous, and exposure is virtually non-existent (E. M.
Taylor, pers. comm.). Only a single "exposure", and that
from the suspected subsidiary vent, was judged suitable
1

for paleomagnetic sampling. The few good exposures of
Squawback lavas are in sections 23 and 26 along the rim of
upper Fly Creek canyon, the course of which has obviously
been determined by Squawback volcano.
Hand specimens of the earlier lavas contain a few

percent of olivine up to three millimeters in size, and
have a porous texture resembling diktytaxitic basalt.

The

later lavas contain smaller olivine on average and always
have one or two percent of plagioclase and olivine glomerocrysts up to five millimeters in diameter. All gradations between the two types are present, precluding an
attempt to map their distributions. The earlier lavas
(RC-358, 360) are found along the south rim of Fly Creek
canyon, while the later ones (RC-SB) comprise the bulk of
the float found on the flanks of the shield.
Chemical analyses of four Squawback Ridge lava flows

show them to be basaltic andesite (see Table 5). One of
the reported analyses was provided by Aaron Waters (E. M.
Taylor,

pers.

comm.).

In thin

section,

the analyzed

samples are all similar to each other and to rocks of the
old volcano and some Deschutes Formation lavas. A seriate
framework of fine-grained plagioclase (An68-74) makes up
the bulk of the rocks, with lesser two pyroxenes, olivine,

To

opaque oxides, brown glass, and accessory apatite.

The

earlier flows contain a few percent of olivine phenocrysts, and clinopyroxene predominates while glomerocrysts
The later flows contain more abundant glomeroare rare.
crysts of plagioclase and olivine or just plagioclase
alone, and orthopyroxene is more abundant. The average
size of individual glomerocryst grains is roughly twice
that of seriate framework grains, and glomerocryst olivine
often subophitically encloses plagioclase. Likely petrogenetic mechanisms are discussed in the section on
basaltic andesites.
Samples of the earlier flows exposed along Fly Creek
The somewhat dubious exposure
rim are of normal polarity.

from the suspected subsidiary vent is reversed. The
polarity of the bulk of the shield is unknown. Repeated
reversals of the magnetic pole were common around three
million years ago (Harland and others, 1982), the K-Ar age
of the shield.

Late Pliocene(?) Metolius intracanyon lava
A flow of diktytaxitic basalt, intracanyon to the
Metolius River valley, but forming a bench 600 feet above
the present river level, is found in the northwest portion
Benches of identical lava (Table 1)
of the field area.
occur sporadically downstream along the Metolius River at
progressively lower elevations nearly to the Cove Palisades State Park, a distance of almost 25 miles (Hales,
1975; Dill, 1985; Wendland, MS thesis in progress). The
paleogradient defined by the bench levels and the present
gradient of the Metolius River valley are both about 45
The outcrop reported here represents the
feet per mile.
upstream end of the flow, which has not been found further
to the south or west.

T1

TABLE 1.

Chemical and modal
River valley.

analyses of laves intracanyon to the Metolius

Sample No.
RC-120

Chemistry:
Si02

51.1

T102

WR-329
52.4

5.
Ti

50.2
1.19

1.31

1.32

1.31

RC-563B

TED1

RC-773

49.1

5-83

49.8
1.78

1.54

A1203

15.4

14.6

14.0

15.4

FeO

11.1

11.7

11.5

12.4

10.4

11.2

CaO

9.0

9.3

9.3

9.7

9.1

9.6

MgO

6.4

7.5

8.9

9.8

10.1

9.4

Na20

2.9

2.9

2.8

2.6

2.8

2.8

K20

0.20

0.30

0.27

0.26

0.48

0.50

97.41

100.02

99.18

101-55

98.82

100.08

Total

15.3

15.0

Node:

pheno. olio.

10.0

5.9

8.2

gm. olio.

0.2
7.9

0.9
8.8

10.4

gm. plag.

45.6

52.3

36.5

gm. cpx.

20.4

22.1

8.0

gm. glass

13.6

2.6

31.8'

gm. opaq.

6.4

5.1

3.3

(11.8)

(8.3)

(5.0)

pheno. plag.

(void) 1

'includes poorly crystalline material
1 - recalculated

void-free,

original amount of void in parentheses.
at elevation 3200

section

RC-120:

Intracanyon bench lava

WR-329:

Bench along Metolius River at elevation 2700 feet, NW 1/4 section

(mid-flow)

feet,

35, T. 11 S., R. 9 E.
2. T. 11 S., R. 10 E.
downstream of RC-120.

Analysis from Hales (1975).

Twelve miles

TED1:

Average of TED-253, 317, 356, and 418 "Metolius Basalts"; intracanyon benches on the lower Metolius River (Dill, 1985).

RC-563B:

Core of composite diktytaxitic dike at elevation 3700 feet, NW
1/4 section 30, T. 11 S., R. 10 E.

RC-773:

"Wizard Falls" lava

3-83:

Lava from NW slope of cinder cone on Green Ridge escarpment at
elevation 3500 feet, NE 1/4 section 35, T. 12 S., R. 9 E., opposite Jack Creek. (Sample collected and analyzed by E. M. Taylor.)

S.. R. 9 E.

flow,

elevation 2780 feet, section 23, T. 12
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The intracanyon flow is normally polarized, about
thirty meters thick, and consists of many flow units or

In the thicker flow
units, apparently rootless vertical vesicle cylinders a
lobes,

some thinner than one meter.

few centimeters in diameter and up to over one meter in
length are common. Horizontal sheetlike alignments of
vesicles are also common. Spattery material, some with
apparent bomb shapes, is present between flow units.
Small pressure ridges can be discerned locally between
units and the ones observed varied in trend from
N30-to-90E.
The bench formed by the flow has a curious shape.

On

the south end it is horizontal at an elevation of 3,250
feet, and resembles the horizontal benches found along the
Metolius River downstream. The north end, however, gradually slopes upward to the northeast to an elevation of

3,400 feet, suggesting that the source of the flow is in
that direction. A normal polarity, north-trending, composite diktytaxitic basalt dike, intruded into the fault
zone which cuts the core of the old volcano, is almost
certainly the source (Plate 1). The dike is about three
meters wide, with an exposed length slightly less than 100
meters. Chemically and modally, the core of the dike and
the intracanyon flow are similar, the dike displaying a
slight accumulation of olivine and plagioclase phenocrysts
relative to the flow (Table 1). Both the dike and the
lava flow are younger than the faulting which produced
Green Ridge and the Metolius valley.
The possibility that the upward slope of the bench
was due to motion on the fault which the flow buries
(Plate 1) was investigated by careful mapping. The flow
is excellently exposed, and no evidence of shearing or
abrupt offset was found. The gradual upward slope of the
flow is due to the slope of the underlying paleovalley

T3

surface.

Thin sections of the flow and the dike are similar,
but the dike contains very little glass (Table 1), and has
a well developed ophitic texture with strongly zoned
clinopyroxene enclosing both groundmass plagioclase and

olivine, while the flow is more intergranular. These
differences reflect disparate cooling histories, as it is
basalts for the more slowly cooled
parts of the flows to be ophitic, while the chilled margins are intergranular or even intersertal (T.E. Dill,
Oddly, plagioclase
pers. comm.; Powers, 1932, p. 274).
(An63-64) in the flow is twice the average size of
plagioclase in the dike (0.3-0.4 mm.).
The Late Pliocene age of the intracanyon flow is
inferred from extrapolation of the rate of downcutting of
the Metolius River determined by K-Ar dating of a lower
intracanyon bench in the Metolius valley. A prominent
reversed polarity bench just west of, and 350 feet above,
the Metolius River south of Abbot Creek and north of
common in diktytaxitic

Jefferson Creek

(Hales,

1975, samples WR-11 and 370) has

been K-Ar dated by Hales as 1.64 + 0.26 million years old.
The rate of downcutting implied is about 220 feet per

million

years.

Extrapolation of that rate to the higher

intracanyon bench suggests an age of 2.7 million years for
the Metolius intracanyon lava. The magnetic pole was
normal from 2.48 to 2.92 million years ago (Harland and
others, 1982), in agreement with the polarity of the flow.
The extrapolated age is obviously subject to many uncertainties, and should be regarded as tentative. A better

calculation of the downcutting rate would use the elevation of the base of the reversed intracanyon bench, but
the thickness of the flow is not known. However, there is
only the slimmest of chances that the higher bench is Quaternary because during the early Quaternary, except for
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A late
the very earliest, the magnetic pole was reversed.
Pliocene age for the intracanyon flow implies that the
Metolius River was in its present configuration nearly 3

million years ago.

Quaternary vents and the "Wizard Falls" basalt
Six Quaternary vents, one of which fed a prominent
lava flow referred to as the "Wizard Falls" basalt, are
present in the westernmost part of the field area, or just
Five of the vents are aligned along a N13W
south of it.
trend, probably over a buried fault just west of "Wizard
Ridge", a downdropped block of Deschutes Formation lavas
The three northernmost vents in the alignment
(Plate 1).

are cinder cones, as reported by Hales (1975). Hales' map
shows lava from the cones overlying the reversed intracanyon bench he dated as Early Pleistocene, so the vents
are almost certainly Quaternary in age. The most southerly of the three northernmost vents has been extensively

quarried for road

metal,

and contains rare quartz xeno-

crysts up to five centimeters in diameter (E. M. Taylor,

pers. comm.).

The two southernmost vents in the alignment are reported here for the first time.

The northern of the two

is a cinder cone slightly east of the N13W trend, and

banked up against the Wizard Ridge fault block of older
lavas on its east side (Plate 1). The southern vent is a
low mound of lava, perhaps a deeply eroded cinder cone or
just the product of a less explosive eruption. Material
from both of the southern vents is similar in hand specibasaltic andesite with three to five percent of
The polarity of the lava mound
olivine phenocrysts.
men:

appears normal.
The vent just south of the field area is a cinder
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cone built on the Green Ridge escarpment opposite Jack
Creek in the NE 1/4 of section 35, T. 12 S., R. 9 E. The
cone almost certainly is constructed over a N5-to 1OW-

trending fault mapped at the break in slope in sections 23
(Plate 1), which probably conand 26, T. 12 S., R. 9 E.
tinues south beneath the cinder cone and along the foot of
Green Ridge for at least four miles south of the field
area. Lava from the cone forced the Metolius River westward south of Wizard Ridge, thus producing the "Gorge"
near Lower Canyon Creek Campground, where the river has
cut through the flow (E. M. Taylor, pers. comm.; Hales,
1975).

The lava flowed northward down the Metolius Valley

as far as the present site of the Wizard Falls Fish Hatchery, and the end of the flow is responsible for the rapids
known as Wizard Falls (Plate 1).
Two chemical analyses of the Wizard Falls lava are
reported in Table 1, along with a single modal analysis.
The Wizard Falls basalt is somewhat unusual because it is

not diktytaxitic, but instead has a distinctive flowaligned groundmass of 0.1 to 0.3 millimeter sized plagioclase microlites (at least An60), with abundant intersti-

tial glass and poorly crystalline

pyroxene.

The ground

mass olivine can be seen to subophitically enclose the
The olivine phenocrysts have well formed
microlites.
overall shapes, but are extensively resorbed in appearance, with fingers of groundmass material seeming to
invade the crystals. Because olivine is stable in the
groundmass, and the phenocrysts have no reaction rims,
perhaps their "resorbed" appearance is the result of rapid
growth (Lofgren, 1980), rather than postgrowth reaction

with the liquid.
The age of the Wizard Falls basalt is constrained by
a number of factors. The flow is of normal polarity and
nearly at the present level of the Metolius River, imply-
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ing a Late Pleistocene age. In the SW 1/4 of section 26,
T. 12 S., R. 9 E., a roadcut along the Metolius River Road
exposes a thin soil layer on top of the flow which con-

tains small fragments of hornblende-bearing pumice found
throughout the field area farther north.

The pumice is

believed to be greater than 40,000 to 140,000 years old
It seems difficult to believe that
(Beget, 1981, 1982).

the basalt flow is older than 200,000 years, however,
because of the probable rate of downcutting of the
Metolius River discussed earlier.

Late Pleistocene airfall pumices

A white, hornblende-bearing airfall pumice is widespread in colluvium throughout the field area. The best
exposures are in roadcuts along the Block Road, and on the
western slope of Fly Creek canyon.

The maximum diameter

of the pumice along the Block Road is five to eight
centimeters, and slightly less than that eight miles to
the east in Fly Creek canyon. The southernmost known

exposure of what appears to be the same material is in a

layer overlying the Wizard Falls basalt in a
roadcut along the Metolius River Road in the SW 1/4 of
thin soil

section 26, T. 12 S., R. 9 E.
is about two centimeters.

There the maximum diameter

The source of the airfall pumice is believed to be a

glaciated complex of hornblende-bearing domes just northeast of Mt. Jefferson, twelve miles northwest of the Block
Road exposures (Beget, 1981, 1982; Yogodzinski and others,

Beget proposes that the airfall be termed "layer
E", and suggests that it predates the "Jack Creek Glaciation" defined by Scott (1977) west of the Metolius valley
1983).

because the pumice is not found on moraines of Jack Creek
age. Scott (1977) believes that Jack Creek glaciation
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occurred between 40,000 to 140,000 years ago, based on his
study of weathering rinds.

Chemically, the pumice is dacite to rhyodacite (Table
2), with a slight range in composition, and is similar to
the hornblende-bearing Goat Peak dacite on the south flank
of Mt. Jefferson (Sutton, 1975). Dill (1985) reports that

mixed white and dark gray pumice, and dark gray pumice
chemically similar to typical "second stage" Mt. Jefferson
andesite (Sutton, 1975), are associated with the airfall
Yogodzinski (MS thesis in progress)
in his field area.
has discovered an ash-flow tuff in the Whitewater River
canyon which appears to be a product of the same eruption.

The pumice contains a few weight percent of plagioclase, hornblende, hypersthene, and magnetite phenocrysts,
of which plagioclase is the most abundant. Chemical data
on the phenocrysts were obtained by electron microprobe
The "hornblende" is an edenite acanalysis (Table 2).

cording to the classification of Leake (1978), principally
because of its low content of Al, but the analysis plots
very close to the edenite - magnesio-hornblende boundary.
Identical "hornblendes" are reported in two chemically
similar dacites from Mt. Lassen (Carmichael, 1967, Table
The analysis plots well within
9, analyses 28 and 29).
the "generalized compositional field" of hornblendes from
dacitic and rhyolitic rocks defined by Ewart (1979).
four hypersthene

The

analyses are reported as an average

because they are so similar. Slight reverse zoning may be
present as the rims are consistently higher in Mg, Ti, Al,
and Na than the cores. One of the Mt. Lassen dacites
noted above contains an En67.4 hypersthene (Carmichael,
1967). The Mt. Lassen rocks also contain plagioclase,
magnetite, and biotite, and one has a trace of quartz.
A colluvial, olivine-bearing pumice is also present
in roadcuts along the Block Road, and is not found else-

TABLE 2.

Chemical analyses of Late Pleistocene airfall pumices and
minerals.

Sample:
Si02

SJ-14

TiO 2

A1203

67.5

RC-276
69.3
0.43

0.46
15.3

15.7

TED2

68.2
0.45
15.5

RC-114
66.5

RC114a
57.4

RC114b
52.45

RC114c
46.91

WR-501
69.4

0.47

0.01

0.13

1.56

0.42

28.00.47

17.9

7.36

17.8

22.29

12.96

2.8

FeO

3.1

2.9

3.4

3.3

0.22

CaO

3.1

3.0

3.2

3.2

8.6

0.83

10.88

2.0

MgO

1.25

1.0

1.4

1.1

0.0

22.36

14.87

0.7

Nat

5.1

4.4

4.7

4.4

5.9

0.02

1.68

4.0

K20

1.70

2.03

2.00

1.73

n.d.

n.d.

0.22

2.03

0.0

0.0

0.01

0.04

0.78

0.32

100.17

99.33

96.77

Cr203
MnO

Total

97.51

98.79

98.85

98.63

SJ-14:

Goat Peak hornblende-bearing

RC-276:

Colluvial

elevation
TED2:

dacite.

Analysis from Sutton

99.14

(1975).

hornblende-bearing pumice in Fly Creek canyon at
feet. section 8. T. 12 S., R. 11 E.

2700

Average of TED-142, 805, and

806L; colluvial hornblende-bearing
valley. (Dill. 1985).

pumices in the lower Metolius River
RC-114:

Colluvial hornblende-bearing pumice exposed in roadcut on fireroad
dust below Block Road at elevation 3480 feet, NW 1/4 section 36,
T. 11 S., R. 9 E.

RC114a:

Plagioclase
Mullen.

(An45)

RC114b:

Hypersthene

(En63) from
grains.

of two separate

from sample RC-114. Analysis courtesy of E. D.
RC-114. Average of four analyses
Analyses courtesy of E. D. Mullen.

sample

RC114c:

Edenite amphibole from sample RC-114. Average of two analyses of
separate grains. Analyses courtesy of E. D. Mullen.

WR-501:

Colluvial olivine-bearing pumice from roadcut on Block Road at
elevation 3200 feet, NW 1/4 section 1. T. 12 S.. R. 9 E. Roadcut
contains oddly disrupted Pliocene sediments. Sample collected by
E. M. Taylor and analyzed by the author.
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where in the field area.

Curiously, in the center of

section 36, T. 11 S., R. 9 E., alternate roadcuts contain
either olivine-bearing or hornblende-bearing colluvial

pumice, but not both. The two may be distinguished by the
very rare occurrence of hornblende, and the lesser content
of crystals, in the olivine-bearing pumice. Hornblende is

obvious in every piece of the hornblende-bearing pumice,
but must be searched for in the olivine-bearing pumice.
In addition to hornblende and olivine, the olivine-bearing
pumice contains plagioclase, hypersthene, magnetite, and
possibly augite.
Chemically, the olivine-bearing pumice is a rhyo-

dacite (Table 2).

The higher content of Al, and lower

content of Ca, Na, and Mg, in comparison to the hornblende-bearing pumice, is evidence that the two airfall

pumices were produced by separate eruptions. Beget (1981)
notes that a separate hornblende-bearing pumice, which he
refers to as "layer U", is found locally beneath "layer E"
Perhaps the olivine-bearing pumice is what Beget
pumice.

terms "layer

U".

The olivine, which is probably forsteri-

tic and hence was not in equilibrium with the rhyodacite
liquid, appears to be derived from glomerocrysts of plagioclase and olivine in the abundant fragments of basaltic
andesite entrained in the pumice. A Late Pleistocene age

of the olivine-bearing pumice is inferred from the resemblance of its outcrop pattern to the pattern of the Late
Pleistocene hornblende-bearing pumice.

STRUCTURE

The Green Ridge Fault Zone

In the area of this report, Green Ridge is a monoclinal mass of east-dipping lava flows and ash-flow tuffs
broken on the west by down-to-the-west, north-trending
normal faults (Plate 1). The volcanic units exposed in

the ridge appear to be resting on their initial paleoslopes.

The paleoslope increases westward from approxim-

ately 100 feet/mile east of Fly Creek to 300-450 feet/mile
at the crest of Green Ridge (Stratigraphy; Plate 1).
Five large normal faults were mapped near the crest
and on the west flank of Green Ridge, and in the Metolius
River valley (Plate 1). The faults are spaced approximately one mile apart in a zone four miles wide. The fault
nearest to Prairie Farm Ranger Station, and the fault
immediately west of that, were mapped on the basis of
topography and offset in units of the Deschutes Formation;
both faults cross over the crest of Green Ridge. The
fault east of the Metolius River in the southwest corner
of the field area was mapped on the basis of required
offset in Deschutes Formation units, break in slope, and
topographic expression south of the field area. The fault
west of the Metolius River and east of Wizard Ridge was
mapped because of the straight trend of Wizard Ridge. In
addition, all rocks found near the boundary of sections 26
and 27 at elevations less than 3200 feet on the southeast

end of Wizard Ridge are altered, which suggests the
presence of a nearby fault.

The fault west of Wizard

Ridge was mapped because the alignment of cinder cones
there suggests an underlying fault control.

Also, the

lack of exposed Deschutes Formation rocks west of Wizard
Ridge suggests that a large, down-to-the-west, normal
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fault is present beneath the cinder cones.
Mapped faults at Green Ridge trend slightly west of
north (N5 to 13W) south of the latitude of Six Creek
Spring, and due

north,

north of that latitude (Plate 1).

All faults mapped on the north end of Green Ridge by Dave
Wendland (MS thesis in progress) trend due north. All of
the Green Ridge faults mapped south of the field area, on
the basis of topography and reconnaissance mapping, trend
slightly west of north (Peterson and Groh, 1972; E. M.
Taylor, pers. comm.). The single mapped fault which displays both trends is the one which crosses the crest of
Green Ridge in the vicinity of Green Ridge Lookout (Plate
1). The connection between the two segments of the fault

with different trends is made by a short section with a
trend of N25-30W.

The offset of some of the Green Ridge faults is known
from the displacement of Deschutes Formation units across

the fault traces (Plate 1; Figure 12). The offset is not
constant across individual faults along their strike, and
instead changes in a regular manner for at least the two
faults which can be traced most accurately. The first of
these is the fault which displays both due north and
slightly west-of-north trends. The offset across this
fault where it trends N10W in sections 24 and 25 is only
50 or 60 feet (this offset and the ones mentioned below
take into account the paleoslope of the units involved);
in the NW 1/4 of section 13 below Green Ridge Lookout, the
offset is about 250 feet, based on two chemical analyses
(RC-2 and RC-183; see Mixed Lavas) of a lava flow on
either side of the fault; in the SW 1/4 of section 12 the
offset is about 400 feet, based on the displacement of the
RC-452 dacite; just north of the RC-452 flow, in section
12, the RC-810 andesite appears to be offset about 600
feet; the bench in sections and 36 is formed by por
1

I

Mile

FAULTS:

R9E R10E

02

Green Ridge

Mapped

.........« Interred

..................4....... 13

g Northward dip of
- downthrown block.

000
.............. A.'.: 4000

P0b.. ....

J

3000
..........I............ 11 ..................... 2000 toot
...........JI .............I...................... ,ooo
............ I............I ...................... 8.L.

VERTICAL OFFSET NI PENT

ANDOARANDDALLON
DOWNTHROWN SLOCN.

NO VERTICAL EXAGGERATION

1
T.11S.
T.12S.

2

12

Green Ridge

.....

pz

Qv

.B

....
.. ................................

.

5000

........................ .................... .... 4000

....... 3000
............... I................ 2000 feet
ii.., ......: .... I ............, ................. 1000
/ ......................................................... s.t_
NO VERTICAL EXAGGERATION

4g

Figure 12.

Structure map (left) and cross-sections
Drafted by Dana

Willis.

(right)

of the Green hidge fault zone.

33

phyritic olivine basalt which has been downdropped
approximately 1600 feet. The offset across the fault
therefore increases steadily northward at a rate from 200
The downdropped block west of the fault
to 600 feet/mile.
should therefore

dip northward approximately 2 to 6

degrees; unfortunately, most Deschutes units are exposed

for only limited north-south distances, so this dip is
difficult to detect.

The RC-717 flow, which dips north-

ward about 4 degrees, appears to be the single unit in
The dip is also seen in the 4
which the dip can be seen.
degree northward tilt of the paleomagnetic polarity intervals on the west flank of Green Ridge (see Paleomagnetic
Stratigraphy) below Green Ridge Lookout (Figure 6). The
second fault across which the offset increases northward

is the one immediately east
of the fault discussed above. The offset across this
second fault appears to be nil in the SW 1/4 of section 7,
and approximately 500 feet northwest of Prairie Farm
The offset of this fault in the core of
Ranger Station.
the old volcano in section 30 is a minimum of 300 feet,
based upon the displacement of a distinctively altered

along the strike of

the fault

lava flow, and possibly as much as 700 or 800 feet. The
gentle northward dip of the "mixed lava" series flows (see

in sections 12 and is probably due to the
increasing offset across this fault northward. The 3
degree northward dip of the paleomagnetic intervals on the
west flank of Green Ridge (see Paleomagnetic Stratigraphy)
north of the "Lookout Ridge" is also due to this
Mixed Lavas)

1

increasing offset (Figure 7).
The offset across the other faults mapped at Green
Ridge is known much less

accurately.

All that can be said

faults between the crests of Green Ridge and
Wizard Ridge in sections 23 and 26 is that their aggregate
offset must total approximately 1800 feet. This is known
of the two
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from the displacement of the glomeroporphyritic basaltic
andesites exposed just below the crest of each ridge
The offset across the fault be(Plate 1; Hales, 1975).
neath the alignment of cinder cones west of Wizard Ridge
is unknown, but is likely to be hundreds, if not thousands, of feet because Deschutes Formation rocks are no
longer exposed at the surface west of the fault trace.
This lack of exposure implies that the minimum offset
across the Green Ridge Fault Zone at this latitude is 2500
to 3000 feet; this estimate is based on extrapolation of
Deschutes Formation units westward using a paleoslope of
The true offset is probably
400 feet/mile (Figure 12).
higher because the paleoslope increases westward.
The similar behavior of the two easternmost faults
described here is curious. The offset across both faults
increases northward from approximately the same initial
latitude, and the fault traces are parallel, but the east-

ern of the two faults has only one-third the offset of the
western. The southern end of the eastern fault may also
trend southeastward in section 18 parallel to the western
fault in section 13, as suggested by the topography in
section 18, but mapping of the fault there is difficult
because of poor exposure.
Only sparse evidence is present which bears on the

dip directions

of the faults

at Green

Ridge.

The ten

degree eastward dip of the Pliocene sediments exposed in
section 1, T. 12 S., R. 9 E. implies that the fault just
east of the sediment exposures dips westward (see Pliocene
Fault-Related Sediments). The sediments were probably
deposited because of ponding of originally eastwardflowing drainage by the development of down-to-the-west
It should perhaps be.expected that most faults
faulting.
of the Green Ridge Fault Zone dip westward because they
are downto-the-west faults; it is common in the Great
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Basin, for

example, for down-to-the-west faults to dip
westward, and vice-versa (Proffett, 1977; Cape and others,
The possibility that the fault immediately east of
1983).
Wizard Ridge is down-to-the-east, and, therefore,
presumably dips east, should be considered because Wizard

Ridge may be a small horst.
The best exposure of a fault in the field

area is in

the NW 1/4 of section 30, T. 11 S., R. 10 E. The fault
which trends due north through the core of the old volcano
actually consists of at least four separate faults in a
Each fault contri-

zone approximately 100 meters wide.

butes from 50 to 150 feet to the aggregate minimum offset
The fault surfaces are not exposed but they
of 300 feet.
can be traced accurately because they offset a distinctive
unit.

are well exposed
described here (Diane

Many large normal faults which

display a
Carison,

structure similar to that

pers. comm.).

The faults of the Green Ridge zone have served localThe
ly as conduits to the surface for younger magmas.
best example is the north-trending diktytaxitic basalt
dike which intrudes one of the fault surfaces in the core
The alignment of cinder
of the old volcano (Plate 1).
cones west of Wizard Ridge, and the cinder cone which fed
the Wizard Falls

Basalt

flow, are interpreted to have

In addition to serving as conduits, the
stress field produced by the change in direction of the
fault which crosses the crest of Green Ridge near Green
Ridge Lookout is interpreted to be responsible for the
similar origins.

N30W-trending dike in sections 13 and 14.
The faults at Green Ridge probably formed in response
to east-west extension between approximately five and
three million years ago. This age assignment assumes that
all of the faults developed in response to uniform tectonic conditions, and are thus all essentially the same age;

86

therefore, if one fault can be dated accurately it provides information about the age of the entire fault zone.
The maximum age of the faults is indicated roughly by the
age of the youngest K-Ar dated rocks which the faults cut,
If the
in this case 4.6 million years (Hales, 1975).
paleomagnetic correlations proposed in an earlier chapter
are correct (see Paleomagnetic Stratigraphy), the youngest
Green Ridge lava flow is between 4.41 and 4.49 million
years old.
This constraint is not absolute because the
possibility exists that some of the youngest rocks cut by
the faults acquired access to the surface by using the
developing faults as conduits. For example, the olivinebearing basaltic andesite shield volcano which forms the

top of the Deschutes section in the northwest part of the
area may have been built over one of the Green Ridge
faults (see Stratigraphy); motion on the faults may have
subsequently downdropped most of the shield to the west.
A better indicator of the maximum age of the Green

Ridge faults may be the age of the youngest Deschutes
Formation ash-flow tuff.
The Six Creek Tuff is the last
major ash-flow tuff which was erupted somewhere west of
the ridge and filled an east-trending paleovalley (Plate
1; Stratigraphy).
If the paleomagnetic correlations pro-

posed earlier are correct, the Six Creek Tuff is between
4.79 and 5.41 million years old. The Deschutes section
above the Six Creek Tuff consists entirely of lava flows
whose eruption could conceivably be related to the development of the Green Ridge Fault Zone.

Tom Dill (Pers.

comm.) reports that in his field area most of the Deschutes Formation section lacks well developed soil horizons
except between units stratigraphically above the Six Creek
Tuff, where soil horizons are common. This implies that
before Six Creek time interfluves were covered fast enough
by the deposition of overlying units so that soil horizons
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did not develop; after Six Creek time they

were not.

Pos-

sibly the retarded rate of interfluve coverage above the
Six Creek Tuff is due to the development of down-to-the-

west faulting either at Green Ridge or farther west closer
to the ash-flow tuff sources.

Such faulting would result

in ponding of any large ash-flow tuff eruptions against
west-facing escarpments.

The minimum age of the Green Ridge Fault Zone is provided by the Metolius Intracanyon lava.

This flow forms a

prominent bench which buries one of the Green Ridge
faults; the bench is not disturbed by the fault (Plate 1).
The age of the Metolius Intracanyon lava is believed to be
2.7 million years, based upon extrapolation of the erosion
rate of the Metolius River (see Metolius Intracanyon

Lava).
Regional Structural Relations

if

between the Pliocene Green
Ridge Fault Zone and the Tumalo and Brothers Fault Zones
The relationship,

any,

in central Oregon is obviously an important one, and has
been the subject of speculation for several years (see
Previous Work).

The contention of Lawrence (1976) that

the Tumalo Fault Zone serves as a connection between the
Green Ridge and Brothers Fault Zones is almost certainly
in error.

Taylor (1981) has shown that the Tumalo fault

offsets Quaternary rocks from the High Cascades; Walker
and Nolf (1981) note that the Brothers Fault Zone cuts
rocks dated as less than 2 to 3 million years old. How
could there be a connection between fault systems which

were active at different times?

The Tumalo and Green

Ridge fault systems cannot be connected because the Tumalo

Fault Zone was probably not active from 3 to 5 million
years ago (A. K. McDannel, pers. comm.). A connection
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between the Green Ridge and Brothers Fault Zones is still
a possibility, however, because the two zones may have
been contemporaneous. Walker and Nolf (1981, p. 111)
describe the Brothers Fault Zone as follows:
"Throughout the High Lava Plains, the
zone is dominated at the surface by
closely spaced (commonly 1/2 - 3 km
apart) en echelon normal faults of
moderate to small (mostly 10 - 100 m)
displacement that localized many
basaltic and rhyolitic vents of late
The
Miocene through Pleistocene age.
abundance and age distribution of
vents indicate that recurrent crustal
breaking has taken place along the
zone for a considerable span of time."
If a connection occurs between these two zones it is
probably located beneath the "silicic highland" of the

High Cascades (Taylor 1978) which extends from the South
Sister toward the city of Bend (Figure 13). Several lines
of evidence support this interpretation:
If the Green Ridge faults extend south of Green
1)
Ridge to the latitude of the South Sister, they may
maintain the slightly west of north trend which they
follow for eight miles along the south end of Green Ridge.
The abundance of north-trending vent alignments
2)
in the north-central High Cascades, particularly in the
Three Sisters area (Taylor, 1980, 1981; pers. comm.), is

consistent with a "master fault" bounding the eastern
margin of such vent alignments which has a north-south
trend (Figure 13).
3)

The presence just north of the "silicic highland"

of a small patch of eastward-dipping Deschutes Formation
rocks at a fairly high elevation, which are surrounded by
High Cascade flows (E. M. Taylor, pers. comm.), is a situation analogous to the one at Green Ridge on a smaller

scale, and appears to require down-to-the-west faulting

west of the exposure (Figure 13).
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Green Ridge zone.

Several vent alignments in the area of the
"silicic highland" trend WNW as well as N-S (E. M. Taylor,
4)

pers. comm.), which suggests that two fault systems with
those trends intersect there.
The presence of the "silicic highland", with its
5)

large volume of silicic rocks (Taylor, 1978), is unusual
in comparison to the remainder of the High Cascade Range
in Oregon.

The location of the highland is less

mysterious if it occurs at the intersection of two large
fault zones, which could serve as a conduit for the

silicic

Because of their high viscosity, such
magmas may require structural avenues to reach the
magmas.

surface.

If this interpretation is correct, it may imply that

both the Green Ridge and Tumalo Fault Zones are connected
to the Brothers Fault Zone, but motion on the Green Ridge

system predates the formation of the Tumalo system.
Because the Brothers Fault Zone is probably a major

right-lateral strike-slip fault (see Regional Geology),
which does not appear to extend west of the Cascade Range,
its westward termination must be in or near the Cascades.
One obvious means of ending such a fault is with a normal
fault or faults (Lawrence, 1976). Lawrence's conception

that the Brothers Fault Zone ends in the Green Ridge Fault
Zone may, therefore, be correct; such a connection is
possible during the Pliocene as discussed above. The
Quaternary terminus of.the Brothers Fault Zone, however,
appears to be the normal faults of the Tumalo Fault Zone.
The terminus of the Brothers Fault Zone possibly has
shifted eastward from the "silicic highland" during the
Pliocene to Newberry volcano during the Quaternary (c.f.
MacLeod and others, 1981).

Another important regional relation is the presence
and extent of the Pliocene graben, of which Green Ridge is
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the eastern boundary, parallel to the axis of the

north-central Oregon Cascade Range.

As noted earlier (see

Regional Geology and Previous Work), the Green Ridge
faults terminate northward before they reach the latitude
of the Whitewater River canyon. The down-to-the-east

bounding faults on the western margin of the High Cascades
along Horse Creek, the upper McKenzie river, and(?) the
upper North Santiam River (this latter area still under
investigation by G. Priest, G. Black, and M. Ferns from
DOGAMI) must also terminate northward slightly south of
the latitude of Mt. Jefferson because rocks older than
four million years are exposed at fairly high elevations
east of the potential fault traces there (Rollins, 1976).
Taylor (1981) and Flaherty (1981) have established that

the western graben-bounding faults were active between

five and three million years ago, and were, therefore,
contemporaneous with the Green Ridge Fault Zone.

contends that the western boundary faults
are as young as Pleistocene, but his map evidence is
Avramenko (1981)

ambiguous on this

point.

It is of interest that the Horse

Creek Fault Zone mapped by Flaherty (1981) is a zone of
step faults approximately three miles wide; offset across
successive faults of the zone increases eastward. The
Green Ridge and Horse Creek Fault Zones appear to be
mirror images of each other.
A popular concept (see Previous Work) is the N20-30W-

trending fault postulated to extend from beneath the

Wizard Ridge cinder cone alignment in the Metolius Valley
up Jefferson Creek to the vent area of Bald Peter volcano
or to Biddle Pass. For three reasons, if such a fault
is present it is probably a small and/or Quaternary
structure, and bears no relation to the Green Ridge Fault
Zone: one, the "cinder cone" fault is part of the Green

Ridge Fault Zone, and, therefore, its northward extension
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probably trends due north, parallel to the Green Ridge
Fault Zone on the northern end of Green Ridge; two, the
N-S alignment of vents in the High Cascades west of Green
,Ridge, for example, at the Tables just south of Mt.
Jefferson (Gannon, 1981), and just west of Abbot Butte

(Scott, 1977), are consistent with a "master fault"

control with a N-S trend, not a N25W one; and three, there
is a small north-south ridge on the south flank of Bald
Peter in sections 17 and 20, T. 11 S., R. 9 E.; the trend
of the ridge suggests a N-S fault control. Hales (1975)
analyzed a sample from the ridge (WR-276) that is an Fe-

and Ti-rich basaltic andesite, which suggests that the
ridge is made up of Deschutes Formation rocks (however, G.
M. Yogodzinski reports that the ridge, including Hales'
sample site, is buried in glacial debris, and may be a

moraine).
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LAVA FLOWS OF THE DESCHUTES FORMATION

Introduction
About 200 mappable lava flows are present in the

field area

(Plate 1).

The flows were divided

into several

categories on the basis of field characteristics, petrography, and chemistry. The categories include: diktytaxitic basalt, porphyritic olivine basalt, basaltic andesite, andesite, aphyric fine-grained basaltic andesite and
andesite rich in Fe and Ti, "mixed" lava, dacite,
Barhyodacite, and megacryst-bearing basaltic andesite.
saltic andesites are further subdivided on a petrographic

basis. Four unique flows are discussed individually:
Hales' banded and WR-205 lavas, and the RC-717 and RC-585
lavas. The text categories do not correspond exactly to
the map categories (see legend on Plate 1) because of the
difficulty

of classifying many of the

The reader

should be aware that many flows assigned to

rocks in the field.

map categories may be incorrectly placed,
pending the acquisition of further chemical and
This difficulty is magnified by the
petrographic data.
presence of varieties transitional between many of the
particular

major categories; for example, between diktytaxitic basalt
and basaltic andesite, and basaltic
The lava flows
altered.

The

andesite and andesite.

at Green Ridge are only incipiently

most common form of alteration

is a slight

green or red staining along joint planes, undetected in
thin sections, and partial conversion of olivine to
iddingsite.
that

The only rocks

in the Deschutes Formation

are more highly altered are

found

in downdropped

9 E. and section
In those places
36, T. 11 S., R. 9 E., and Wizard Ridge.
olivine is often completely altered to iddingsite and
fault blocks in section 1, T.

12 S.,

R.
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sometimes to biotite,

groundmass glass is altered to a

clay(?) mineral, and plagioclase displays incipient
alteration along fractures. The more intense alteration
could be the result of hydrothermal activity localized

along fault planes, or proximity to vent areas.
Brief descriptions of all of the mapped units may be
found in Appendix 2.
Diktytaxitic

Basalts

The Deschutes Formation at Green Ridge contains at
least eight, but probably less than twelve, separate flows

of diktytaxitic basalt (Plate 1). The flows are found at
all stratigraphic levels, but appear to be more abundant
in the uppermost part of the Green Ridge section. The
thickness of individual flows ranges from a few feet at
the margins of areally extensive sheet-like flows, to two
hundred feet where confined to paleovalleys. The thicker
flows are invariably constructed of a number of thin flow

units, and even thin flows often contain three or four
such units. Diktytaxitic basalts may be distinguished
from other basalt types by the presence in the former of
horizontal vesicle sheets and vertical vesicle cylinders

five or so centimeters in diameter and up to one meter in
length.

Jointing of the flows is usually coincident with

the distribution of vesicle sheets.

Where these are

widely spaced, large round boulders are produced by
weathering.

The diktytaxitic basalts were very rich in volatiles
when erupted, as evidenced by the four-to-thirteen percent
porosity present in the most massive samples selected for
thin-sectioning and chemical analysis (Table 3). The retention of volatiles in the flows implies fairly rapid as-

cent through a significant thickness of the crust (E. M.
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Taylor, pers. comm.).

According to Kuno (1965), the ves-

icle sheets and cylinders represent residual material remobilized by the concentration of volatiles during cooling
and crystallization of the flows.

The cylinder and sheet

material is strongly enriched in incompatible elements and
Fe, and depleted in Mg, Ca, and Al with respect to the
surrounding flow (Kuno, 1965; Anderson and Gottfried,
A chemical analysis of cylinder material from a
1971).
Warner basalt in northern California is found in Table 15.
Vesicles in the flows are often partly filled with hyaline
opal.

The volume of composite flows of diktytaxitic basalt
may exceed one or two cubic kilometers, which is roughly
four to five times the volume of the largest individual
For
flow of any other type of lava at Green Ridge.
comparison, the volume of a basaltic andesite shield
volcano 2000 feet high is about eight cubic kilometers.
The volume of the diktytaxitic Pelton basalt (Jay, 1982),
near the stratigraphic base of the Deschutes Formation,
probably exceeds even that figure.
Many diktytaxitic basalts in the Deschutes Formation

are known or believed to have erupted from sources,
However,
probably fissures, within the Deschutes Basin.
all flows mapped at Green Ridge, including the rimrock
basalts just west of the Deschutes River in the Cove Pali-

sades State Park, probably had sources west of, or
possibly along, Green Ridge. The Canadian Bench and Fly
Lake basalts (Plate 1) cannot be traced directly to Green
Ridge because they are covered by Squawback Ridge volcano.
Their continuation westward beneath the volcano is
inferred from the close chemical, petrographic, stratigraphic, and paleomagnetic similarity between RC-560 and
RC208-2, both Fly Lake basalts, and RC-659 and RC-236,

Canadian Bench basalts.

96

Chemical and modal data for the basalts are compiled
in Table 3, which includes data from Dill (1985) on
The
additional Deschutes Formation diktytaxitic basalts.
basalts are nearly holocrystalline, often medium-grained,
and composed of an open-textured framework of plagioclase
with subordinate olivine, augite, and opaque minerals.
Angular void spaces are often present between plagioclase
crystals, defining the diktytaxitic texture. The basalts
are usually sparsely olivine-phyric, but some flows contain both olivine and plagioclase phenocrysts, often in
In thin section the olivine
and plagioclase phenocrysts may grade serially in size to
the groundmass grains, and thus the separation of pheno-

the form of glomerocrysts.

crysts during modal analysis is often arbitrary.
The framework plagioclase is usually clear and
normally zoned, but occasionally contains inclusions of
augite and opaque oxides and appears somewhat "mottled" in
The composition is between An60 and An71.
appearance.
Labradorite plagioclase is typical of diktytaxitic basalts
from the Basin and Range (Table 4) and the High Cascades
At first glance it appears paradoxical
(Hughes, 1983).
that the common phenocrystic calcic bytownite in basaltic

andesites is so much more calcium-rich than the

basalt

The difference is due to the degree of
plagioclase.
crystallinity: basalts are holocrystalline and their modal
plagioclase composition approaches the normative value,
while basaltic andesites are often strongly porphyritic,
with a large compositional difference between phenocryst

and groundmass plagioclase.
Olivine is present both as a phenocryst and groundThe iddingsite
mass phase, and is usually iddingsitized.
is often arranged zonally in the olivine crystals, with
the cores and rims of the crystals remaining clear. The
iddingsite-core contact is always ill-defined while the
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TABLE 3.

Chemical and modal

Anal. /
S102

TEDB/4

T102
A1203

51.7
0.81
15.9

TEDObB
51.2

analyses of diktytaxitic and other basalts.

RC-239
51.0

0.87

0.82

18.0

16.7

TDLCBB
50.6

0.88
17.2

RC-659
50.5

LCBB
50.7

0.88

0.85
18.1

17.4

RC-236
50.5
0.85
18.0

FeO

9.0

8.6

9.0

8.9

8.7

8.9

CaO

12.0

11.0

11.4

11.5

11.5

10.9

11.0

8.95

MgO

9.4

8.9

8.3

8.4

8.4

8.3

8.5

Na20

2.1

2.3

2.5

2.45

2.5

2.4

2.4

0.08?

0.25

0.21

0.21

0.29

0.26

99.77

101.23

99.91

100.40

3.4

K20
Total

100.99

0.08?
100.01

100.54

Mode:

pheno. of

1.5

3.1

ph. plag

2.3

0.7

-

gm. of

10.6

9.5

12.2

gm. plag

50.8

54.4

53.4

gm. cpx

21.5

22.3

21.5

7.1

4.5

3.0

gm. glass
gm. opaq.
(void)1

5.5

6.1

(12.6)

(10.4)

1 - recalculated void-free. original amount of void in

6.5
(6.4)

parentheses.

TEDB44

Basalt 04" from

TEDObB:

"Obscure basalt" from Dill (1985).

RC-239:

"Lower Canadian Bench basalt" lava at elevation 2590 feet.
section 21, T. 12 S., R. 12 E. Flow just beneath uppermost rim
lava in roadcut on grade west of Deschutes Arm bridge, Cove
Palisades State Park. Ophitic. (R) polarity.

TDLCBB:

Lower Canadian Bench basalt from Dill (1985).
and 759.

LCBB:

Average Lower Canadian Bench basalt (RC-239, TDLCBB).

RC-659:

"Canadian Bench basalt" lava at elevation 3380
T. 12 S.. R. 10 E. Ophitic. (N) polarity.

RC-236:

Canadian Bench basalt lava at elevation 2640 feet, boundary of
sections 20 and 21, T. 12 S., R. 12 E. Uppermost rim lava in
roadcut on grade west of Deschutes Arm bridge. Cove Palisades
State Park. Ophitic. (N) polarity.

Dill (1985).

Average of TED733 and 750.
TED689.

Average of TED105

feet,

section 27.

TABLE 3.

Anal.

continued:
TDCBB
50.8

/

Si02

M-2

CBB

50.9

50.7

0.85

0.85

Ti02
Al203

0.85

RC-560
51.6

RC208-2
50.9

0.88

0.85

TDFLB
50.8
0.82

M-7
52.8

0.95

17.8

16.0

17.9

17.5

17.4

17.45

18.5

FeO

8.9

8.6

8.8

8.8

8.6

8.4

9.0

CaO

11.5

11.4

11.3

10.9

10.9

11.4

8.3

MgO

9.3

8.8

8.9

8.3

8.3

8.3

6.8

Na20

2.3

2.7

2.4

2.5

2.4

2.55

2.3

K20

0.17?

0.35

0.27

0.37

0.33

0.35

0.30

99.60

101.12

100.83

99.60

100.07

98.95

pheno. of

4.1

4.2

ph. plag

10.4

5.6

gm. of
gm. plag

6.1
44.9

7.4
50.2

gm. cpx

gm. glass

23.7
7.4

26.9
4.0

gm. opaq.

3.3

1.8

(12.8)0

(9.3)

Total

101.62

Mode:

(void) 1

Void

includes 0.4 percent cristobalite.

TDCBB:

Candaian Bench basalt from

Dill

(1985).

Average of TED97, 705,

and T65.
M-2:

Canadian Bench basalt lava from same locality as RC-236. Sample
collected and analyzed by E. M. Taylor. K-Ar date of 5.0 + 0.5
M. Y.

CBB:

Average Canadian Bench basalt (RC-659, 236; TDCBB; M-2)

RC-560:

"Fly Lake basalt" lava at elevation 4180 feet, NW 1/4 section 20,
T. 12 S.. R. 10 E. Glomeroporphyritic and intergranular. (N)

polarity.
RC208-2:

Fly Lake basalt lava at elevation 3000 feet, SE 1/4 section 8. T.
12 S., R. 11 E. Glomeroporphyritic and intergranular. (N)

polarity.
TDFLB:

Fly Lake basalt from Dill (1985).

M-7:

Fly Lake basalt from same locality as RC208-2.
and analyzed by E. M. Taylor.

Average of TED-239 and 299.

Sample collected

%J

TABLE 3. continued:
Anal.

/

Si02

T102
A1203

FLB
51.0

0.84

TEDLB

TEDUB

RC-66

RC-38

49.5

51.4

52.8

51.8

0.93

1.05

1.25

1.26

RC-573

52.2
1.31

RC705b

52.5
1.36

17.45

16.4

16.6

18.4

19.1

FeO

8.55

9.3

9.3

9.2

8.8

9.55

9.0

CaO

11.15

11.9

11.3

8.7

8.9

9.0

8.6

MgO

8.3

9.5

9.3

6.1

6.2

7.6

4.6

Na20

2.5

2.3

2.4

3.4

3.5

3.3

3.6

K20

0.35

0.05?

0.15

0.55

0.43

0.54

0.64

101.50

100.38

100.03

101.40

99.44

Total

100.14

99.88

17.9

19.2

Mode:

pheno of

gm. plag

5.4
0.4
6.4
56.5

7.2
54.6

gm. cpx

15.3

18.9

9.5
6.4

7.6

(4.7)

(5.9)

ph. plag
gm. 01

gm. glass
gm. opaq.
(void) 1

5.0
1.2

5.6

FLB:

Average Fly Lake basalt (RC-560. 208-2, TED236, 299).

TEDLB:

"Lower

TEDUB:

"Upper basalt" from

basalt" from

Dill

(1985).

Dill (1985).

Average of TED35 and 605.

Average of

TED55.

124, 347. and

697.

basalt lava at elevation
R. 9 E. (R) polarity.

RC-66:

Diktytaxitic
1. T. 12 S.,

RC-38:

Porphyritic olivine basalt lava
section 12. T. 12 S., R. 9 E.

flow as RC-66.
RC-573:

NE 1/4 section

at elevation 4600 feet. NE 1/4

May be chilled portion of same

"Dikty" basalt lava at elevation 3490 feet, NW 1/4 section 27, T.
11 S.,

RC705b:

(N)? polarity.

4300 feet,

R.

10 E.

(R) polarity.

Lava at elevation 4700 feet, SW 1/4 section

Transitional basalt-basaltic

andesite.

25, T. 12 S., R. 9 E.
(R) polarity.
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TABLE

3, continued:

Anal.

#

5102
T102

WR-4

WR-385

RC-415

51.4

51.0

50.7

1.50

1.37

RC-504

RC-90

WR-297

50.2

1.69

1.67

WR-221

WR-215

49.5

1.62
15.4

50.5
1.63
15.9

50.1

1.73

A1203

17.8

15.2

14.9

17.0

FeO

11.1

10.6

11.0

11.1

CaO

10.1

9.9
9.3

8.8
9.7

10.4
10.0

5.3
3.0

9.6
8.0
3.0

9.6

MgO

9.7
6.9
2.9

5.8

7.7

7.1

7.6

3.0

2.9

4.2

3.0

Na20

K20

Total

0.15

0.60

0.55

100.35

98.27

99.41

0.20
98.57

15.8

0.74

0.80

1.00

97.70

98.63

99.03

Mode:

pheno of

9.2

ph. plag

-

gm. of

4.7

gm. plag

55.6

gm. cpx

19.9

5.2
53.9

15.7(2)
6.1(1)
4.5
4.8
(3.6) (11.6)

gm. glass
gm. opaq.
(void) 1

(1) includes 0.6 percent late crystallizing apatite.
(2) includes 0.7% augite phenocryst(?).
WR-4:

"Dikty"

lava at elevation 3780 feet, SE 1/4 section 25, T. 11 S.,

R. 9 E. Roadcut at switchback of Block Road.
analyzed by E. M. Taylor. (R)? polarity.
WR-385:

"Dikty" lava at elevation 3500
E.

RC-415:

section 11, T. 12 S., R. 10
(R) polarity.

feet.

(1975).

"Dikty" lava at elevation 3200 feet, section
E.

RC-504:

Analysis from Hales

Same flow as WR-385.

(R),

Collected and

polarity.

7. T. 12

S., R. 11

Lava at elevation 3640 feet, SE 1/4 section 3, T. 12 S., R. 10 E.
Flow unit of RC-415 flow which includes rare augite pheno-

crysts(?).

WR-297:

Analysis from Hales

RC-90:

Porphyritic olivine
36, T.

WR-221:

WR-215:

basalt at elevation
S.. R. 9 E.

11

Porphyritic

11 S..

R.

(1975).

4400

feet. SE 1/4 section

olivine basalt at elevation 4140

feet, section 32, T.

10 E.

Porphyritic

Analysis from Hales

(1975).

olivine basalt at elevation 3500

11 S.. R. 10 E. Analysis from Hales

(1975).

feet, section 34, T.
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TABLE 4.

Comparative diktytaxitic, high-alumina, and other basalt analyses

Anal.
Si02

AVPB

TiO

#

50.9

0.88

2

WR-225

49.1

1.10

NORMB

49.8
1.48

16.9

16.8

17.3

FeO

8.9

10.5

CaO

11.45

10.6

MgO

9.0
2.35

8.3
2.7

9.7
8.8
8.3
3.3

0.27

0.50

0.71

A1203

Na20

K20

Total
Anal.

100.65
#

Sio2
TiO 2

48.8

0.90

MODOC

AVHAB

AKTHB

49.4

49.5

51.7

46AFr28

49.0

0.72

0.9

1.53

0.8

18.3

17.85

18.3

16.3

9.2

8.7

11.0

10.4

9.75
10.0

7.95
11.0

12.9

17.2

8.8

9.25
2.45

8.2
2.7

7.0
2.9

6.3
2.9

9.6
2.0

0.29

0.5

0.72

0.7

0.54

99.09

B+R

SERVB

49.5

51.2

1.81

DEVGAR

1.22

JAHAB

CRB1

CRB2

CRB3

MORE

50.2
0.75

49.3

53.8

50.0

1.6

2.0

3.2

1.51

50.0

15.4

16.4

17.6

15.6

13.9

13.5

17.25

10.5

9.7

10.95

11.6

14.2

8.7

9.0

10.5

10.3

2.75

6.5
2.7

7.9
4.1

8.3
4.4
2.9

11.9

7.1
3.2

7.4

Na20

9.7
9.7
7.6
3.6

K20

1.51

0.66

0.40

0.5

AVPB:

"Average primitive basalt" from the Deschutes Formation. Average

A1203
FeO
CaO

Mgo

3.0
1.5

1.4

7.3
2.8
0.16

of TEDB#4, TEDObB, LCBB, CBB, FLB, TEDLB, and TEDUB.

these basalts contain abundant picotite.
WR-225:

Olivines in

Basalt with the lowest TiO and alkalies analyzed by Hughes

from the High Cascades. Has lowest REE and incompatible
element (Hf, Ta. Th) content of reported High Cascade basalts,
but contains average Cr and is low in Ni. Anomalously rich in Sr
and Eu. See Table 13 for trace elements.
(1983)

NORMB:

High Cascade "Normal basalt". Average of thirteen diktytaxitic
basalts from Hughes (1983). For trace elements see Table 13.
No enrichment in Sr or Eu. Picotite inclusions in olivine not
reported.

DEVGAR:

"Devils Garden" diktytaxitic basalt (McKee and others, 1983,
Table 2, average of six). Late Miocene-early Pliocene Basin and
Range basalts in southern Oregon and northern California. Anomalously rich in Sr and Eu. Recast water-free with total Fe as
FeO.
See Table 13 for trace elements.
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TABLE 4, continued:
MODOC:

"Modoc" basalt
1932, p.

AVHAB:

from northern California

Basin and Range (Powers,

283, average of six).

Average "high-alumina basalt" from the southern Oregon Basin and
Range and the Oregon Cascade Range from Waters (1962, Table 5).

plagioclase 51.3, olivine 18.0, augite
is:
20.1, glass 4.2, opaque 5.7, and apatite 0.6. Most HAB is
sparsely phyric; contains up to four percent olivine phenocrysts.
Plagioclase is labradorite to andesine. Recast water-free with
Average mode of HAB

total Fe as FeO.
AKTHB:

46AFr28:

Average Akrotiri-Thira series basalt
Greece (Nicholls, 1971, Table 5).

from Santorini volcano,

"Anorthite-augite-olivine

basalt" from Okmok volcano, Umnak

Island,

1961,

Aleutians (Byers.
with total Fe as FeO.

Table 1, W. Recast water-free

B+R:

Average Basin and Range "alkali-olivine" basalt in the western
United States (Leeman and Rogers, 1970, Table 3, average of 36).
Average mode: plagioclase 46, augite 26, olivine 13, opaques 6,
residuum B. Textures: intergranular, intersertal, sub-ophitic,
and pilotaxitic. Plagioclase is labradorite to andesine.

SERVB:

Average Pliocene Servilleta diktytaxitic basalt from the Taos
Plateau, Rio Grande rift (Basaltic Volcanism Study Group, Table
Modest LREE-enriched
1.2.4.1, average of TP-1, 2,3.4,5. and 14).
pattern with no Eu anomaly. Recast water-free with total Fe as
FeO.

JAHAB:

Average high-alumina basalt from Japan (Kuno, 1960, p. 141).

CRB1:

Average Picture Gorge type of Columbia River basalt (Waters,
1962. Table 2).

CRB2:

Average "Yakima" (now Grande Ronde) type of Columbia River basalt
(Waters, 1962).

CRB3:

Average "Late Yakima-Ellensburg" (now Saddle
Columbia River basalt (Waters, 1962).

MORE:

Average Mid-Ocean Ridge basalt (Engel and

Mountain)

type of

others, 1965).
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iddingsite-rim contact is very sharp. Sheppard (1962) has
demonstrated that the clear rim olivine is enriched in Fe
relative to the core, and is similar in composition to the
groundmass olivine in diktytaxitic basalts in southern
Presumably his results can be applied to the
Washington.
Deschutes rocks, and are consistent with the trend of Fe
enrichment displayed by the vesicle cylinders and with the
late crystallization of magnetite and apatite in the
basalts.

Sheppard concludes that the iddingsite forms at

high temperatures due to deuteric action before crystallization of the groundmass olivine. Baker and Haggerty
(1967) dispute Sheppard's conclusion and believe that

iddingsite forms only at temperatures less than 140
degrees.

In some slides the margins of olivine crystals are
replaced by opaque

material.

The opaque content of those

slides may therefore have been slightly overestimated
during modal analysis. The alteration of olivine to
opaque material is a common phenomena at high temperatures
under oxidizing conditions (Haggerty and Baker, 1967), and

may simply reflect the increasing concentration of volatiles in the groundmass during crystallization.
Olivine phenocrysts in the basalts often contain a
few euhedral inclusions of either opaque magnetite or
translucent brown picotite, or both. The spinel inclusions are usually about 0.02 millimeters in size. Pico-

tite is rarely found as crystals up to 0.06 millimeters in
size in glomerocrysts with olivine and plagioclase. Dill
(1985) notes that there is a correlation between the
chemistry of a diktytaxitic basalt and the abundance of
picotite inclusions. All basalts with less than 1.1
percent Ti02 contain abundant picotite. Picotite can be
found, but is rare in basalts with greater amounts of Ti.
The basalts with low Ti contents also have much lower Na
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and K contents than basalts
Observations by this author

with high Ti (Table 3).
confirm

Dill's correlation.

Augite is a late mineral in the basalts, apparently
not coming on to the liquidus until plagioclase and olivine are nearly finished crystallizing. The evidence for

this is

augite generally encloses both groundmass plagioclase and olivine subophitically. Jay (1982)
textural:

reports deuteric
tic basalt
Ophitic

augite filling open cracks in diktytaxi-

rimrocks in the Cove Palisades State Park.

augite, up to six millimeters in

diameter,

developed in some rocks, while in others the

is well

augite is

intergranular or rarely, represented by poorly
All gradacrystalline material in the residual glass.
tions exist between the end member textures ophitic, subeven within a
ophitic, intergranular, and intersertal,
single flow. Tom Dill (pers. comm.) reports that the
interior, slowly cooled portions of flows tend to be
ophitic while the quickly cooled margins are often intergranular or intersertal. Powers (1932) came to similar
conclusions studying.diktytaxitic rocks in northern
The late crystallization of augite is shown
California.
in sample RC-66, where the amount of residual glass is
higher than normal at the expense of augite, but not of
plagioclase (Table 3). Powers (1932, p. 286) reports that
basalts with no pyroxene and a large amount of glass, but
with nearly a normal complement of plagioclase, are found
infrequently. A common misconception (e.g. Nockolds and
others, 1978, p. 7) is that ophitic texture is the result
of simultaneous crystallization of augite and plagioclase.
Powers (1932, p. 285) noted that ophitic pyroxenes from
various rocks around the world are strongly enriched in Fe
relative to phenocryst pyroxenes, a fact consistent with
the late, but not the simultaneous crystallization, of
augite. The 2V of pyroxenes in the Deschutes basalts is
largely
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usually between 30 and 40 degrees, implying a subcalcic
augite composition relatively enriched in Fe (Deer, Howie,
and Zussman, 1966).

The augites often display undulatory

extinction, perhaps due to

zoning,

but in

one case at

least (RC-573) due to a smooth curvature in the cleavage
This unusual feature was also observed by
of the augite.

The only other occurrence of curved augite
Dill (1984).
cleavage the author is aware of is in norites associated
with anorthosite bodies in southern Quebec (Philpotts,
1966).

Opaque crystals, probably magnetite (Anderson and
Gottfried, 1971), are also a late mineral in the basalts,

as late,

or later than,

augite

(Figure 14). Their textural

They may ophitically
relations are similar to augite.
enclose plagioclase and olivine, or occur as rods and
equant blebs in intergranular arrangement. The residual

glass often contains dendritic or skeletal opaque minerals
Rare
and occasionally, needle-like crystals of apatite.
hypersthene phenocrysts are present in some slides.
To summarize, the order of crystallization in the

diktytaxitic

augite,

basalts is

picotite,

magnetite, and apatite.

with the strong Fe-enrichment,
as well, in the residual
The

and Ti- and

fluids as

P-enrichment,

crystallization pro-

of magnetite and
simultaneous concentration of volatiles in

ceeds, resulting
apatite.

olivine, plagioclase,
The order is consistent

in the late formation

the residuum leads to the formation of vesicle

cylinders

and sheets.
The Deschutes Formation diktytaxitic basalts are
chemically identical to diktytaxitic basalts in the High
Cascades and in the Basin and Range of southern Oregon and
northern California (Tables 3 and 4). They show a close

Aleutian Islands (Kay and
and Santorini volcano in the

affinity to basalts from the
others, 1982;

Byers,

1961)
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Figure

14.

Textural detail of diktytaxitic basalt RC-415. The
subophitic and intergranular habit of the opaque
minerals demonstrate their late crystallization. Width
of field = 1.5 mm. Uncrossed nicols.
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Aegean Sea (Nicholls, 1971).

The Pliocene Servilleta

diktytaxitic basalts from the the Rio Grande rift are
similar, but possess lower CaO/FeO ratios at the same
value of Ti02 (Figure 15). Basin and Range basalts from
the Great Basin region are much more alkalic on average
than Deschutes basalts. Because the basalts are so similar to the "high-alumina" basalts of Japan (Kuno, 1960),
the term "high-alumina basalt" is most appropriate to
them.

The average mode of the eight slides counted is:
plagioclase 55.1, olivine 12.5, augite 21.2, glass 6.2,
Compared to the average "high-alumina
and opaque 5.0.
basalt" of Waters (1962), the Deschutes rocks are higher
They are
in plagioclase and lower in olivine (Table 4).

much higher in plagioclase and lower in augite than the

average Basin and Range "alkali-olivine" basalt (Leeman
and Rogers, 1970).
The major element chemistry of the diktytaxitic
basalts varies regularly with Ti02 content. Basalts with

the lowest amounts of Ti have the highest CaO/FeO ratios
(Figure 15), the lowest amounts of Na and K, the highest
CaO/Al203 ratios, and the highest amounts of Al at
constant Mg content (compare LCBB to RC-415; Figure 17).
This latter effect is displayed better in the basaltic
andesites, which have the same chemical trends as the
basalts and for which there are more data. With the exception of the CaO/A1203 ratios, which are somewhat variable (Figure 16), most of the above trends are also char-

acteristic of Columbia River basalts and Mid-Ocean Ridge
basalts (Waters, 1962; Engel and others, 1965). Mid-Ocean
Ridge basalts have much higher CaO/FeO ratios at a given
Ti02 content, reaching values as high as 2.36 at Ti02 =
0.76%, while Columbia River basalts have much lower ones,
never or very rarely exceeding, 1.0.
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CaO/FeO versus TMO22 for diktytaxitic basalts. Filled
circles are Deschutes basalts (Table 3); open circles,
triangles, and squares represent analyses in Table 4.
#22 is a segregation vein (Table 15). Filled squares
with numbers 1-4 (2 not shown) are estimated compositions of the Skaergaard magma (Wager and Brown, 1967,
table 10); #1 is the chilled margin. Fields of
basaltic andesites (BA) and aphyric lavas are, shown.
Arrows around MORB indicate similar concave-upward
trend of MORB analyses. Long straight arrow represents 20 wt. percent An85 plagioclase fractionation;
short arrow represents 5 wt. percent Fb85 olivine
fractionation; long curved arrow represents O'Hara
model calculation (see Appendix 1).
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percent plagioclase (An85) fractionation; long arrow
calculation (see Appendix 1). Two plagioclase compositions
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A1203 versus T102, contoured for MgO, for diktytaxitic basalts and basaltic andesites.

Basalt fields are dashed; basaltic andesite fields are solid. Number in each field is
range of MgO content. Arrows represent 5 wt. percent Fo85 olivine fractionation, 20 wt.
percent An85 plagioclase

fractionation, and rhyolite addition, respectively, from AVPB
Note that the overlap of the basalt and basaltic andesite fields is consistent
with about 25 wt. percent rhyolite addition to basalt to create basaltic andesite.
(Table 4).
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Because there are no K-bearing phases in these three

types of basalts, any sort of fractionation, assimilation,
or magma mixing will tend to increase their K content.
Because magnetite is a very late phase in the diktytaxitic
basalts, fractionation of such basalts will tend to increase their Ti content. It is possible, therefore, that
the basalts with the lowest amounts of Ti and alkalies,
and thus with the highest CaO/FeO ratios and Al contents
at constantly Mg, are primary magmas,

capable of generat-

ing the basalts with higher Ti contents through fractionA number of lines of evidence
ation and other processes.
support this hypothesis:
The Ti, Na, and K contents of the upper man1)
tle are very low (Ringwood, 1975, ch. 3).

Ba-

salts which are derived directly from partial
melting of the mantle should, therefore, have
very low contents of Ti, Na, and K.
The basalts with the lowest Ti, plus alkali
2)
contents, contain abundant picotite inclusions
Because picotite is rich in Cr,
in olivine.
presumably these basalts have the highest Cr

contents and are thus more "mantle-like" in comThe amount of Cr in the mantle is
position.
probably greater than the amount of K (Ringwood,
1975).

Rb-Sr and Nd-Sm isotopic measurements of
Columbia River basalts demonstrate that the ba3)

salts with the lowest Ti and alkali contents
have the most primitive isotope ratios (Carlson
and others, 1981). The ratios become progressively more "crustal-like" with increasing Ti
Limited data on diktytaxand alkali contents.
itic basalts, mostly from southern Oregon and
northern California, show the same trends
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(Mertzman, 1979; Carlson and others, 1981; McKee
In each study the basalt
and others, 1983).
with the lowest combined values of Ti, P, and K
The
has the most primitive isotopic signature.
K content is important as a measure of crustal
contamination apparently, while the Ti and P

contents seem to record the degree of fractionation (e.g. Wager and Brown, 1967, ch. 7).
4)

The trend of the basalt compositions is

similar to the trend of the residual fluid compositions produced by fractionation within
single diktytaxitic basalt flows (Figures 27 and
28).

The trend of the basalt compositions is
similar to the fractionation trend of the
Skaergaard magma (Wager and Brown, 1967; Figures
The chemistry of the chilled margin
15 and 16).
5)

of the Skaergaard intrusion is similar to
Deschutes Formation diktytaxitic basalt.
The effects of plagioclase and olivine fractionation
on a Deschutes basalt with the average "primitive" composition are displayed in Figures 15, 16, and 17. The steep
initial decrease in CaO/FeO with increasing Ti02 is close
to the trend of plagioclase fractionation. The relatively
constant CaO/A1203 ratio is also consistent with plagioclase fractionation, because the CaO/Al203 ratio of basalt
and plagioclase are nearly the same. Plagioclase is the
only phase which lowers the Al content with fractionation;
removal of all other phases tends to raise it (Appendix

Because the Al content at constant amounts of Mg
decreases with increasing Ti in the basalts, the removal
of plagioclase must overwhelm the effects of removing any
mafic phases. Therefore, the first order control in any

1).
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fractionation model for these basalts must involve the removal of large amounts of plagioclase relative to the
amounts of mafic phases removed. This result is not surprising in view of the fact that upon crystallization
these basalts are more than half plagioclase (Table 3).
The removal of plagioclase is consistent with trace
The "normal" basalt from the High Cascades
element data.
with Ti02 = 1.48 percent has a monotonically decreasing
REE pattern with no Eu anomaly and contains no excess Sr
The basalt with the lowest amount of Ti
(Hughes, 1983).
from the High Cascades measured by Hughes has both positive Eu and Sr anomalies (Table 13). Basalts from southern Oregon which have amounts of Ti02 less than one percent, and which are chemically identical to the Deschutes
"primitive" basalts (Table 4), also possess positive Eu
and Sr anomalies (McKee and others, 1983).
McKee and others note that because their rocks dis-

play no evidence for the accumulation of plagioclase
phenocrysts, the positive Eu and Sr anomalies must be
characteristic of the primary magmas. There is also no
evidence for plagioclase accumulation in sample WR-225
from the High Cascades, which has only two percent of
plagioclase phenocrysts (Hughes, 1983), or in the Des
McKee and others propose that
chutes basalts (Table 3).
the anomalies may arise because the mantle source material
partially melted to produce the basalts contains a large
amount of plagioclase. This suggestion is similar to one
by Hamilton (1964), who proposed that the high Al and Ca
contents of the "high-alumina" basalt-andesite-dacite
association are due to partial melting of plagioclase
peridotite at shallow depths in the mantle. In Hamilton's
scheme the lower Al and Ca values typical of tholeiitic
basalts, are produced by melting deeper mantle below the
zone where plagioclase is converted to garnet and pyro-
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Even though all of the upper mantle zones, including plagioclase peridotite, spinel lherzolite, and garnet
xene.

lherzolite with increasing depth

respectively, are prob-

ably isochemical (Ringwood, 1975, ch.

3),

Ca and Al are

extracted easier from the shallower plagioclase peridotite
because plagioclase melts first in such a rock. In garnet
lherzolite the Ca and Al are locked up in more refractory
pyroxene and garnet.
The contrast in chemistry between Columbia River basalts, Mid-Ocean Ridge basalts, and Deschutes Formation

basalts is consistent with the above considerations. MidOcean Ridge basalts are believed to result from melts at
very shallow mantle depths (Presnall and others, 1979),
consistent with the essentially zero thickness of overlying crust and with the very high amounts of Ca and Al in
the rocks (e.g. A1203 = 22.3% at Ti02 = 0.76%; Engel and
others,
and Al,

1965).

Deschutes basalts have lower amounts of Ca

consistent with the crustal thickness of 30 kilo-

meters beneath the Oregon Cascades (Allenby and Schnetzler, 1983). Columbia River basalts are believed by some

to have resulted from "hotspot" style
volcanism, which by definition is sub-lithospheric and
thus from depths of greater than 60 to 100 kilometers.
The second order fractionation control must be the
removal of a phase rich in Mg, presumably olivine because
it is the common phenocryst. This control is seen in. the
increase in Al contents with decreasing Mg (Figure 17).
Augite fractionation could also account for the decrease
in Mg, but augite is not a phenocryst phase in the basalts. The trend of augite fractionation is dependent on
the Ti content of the augite and is subparallel to the
(e.g.

Duncan, 1983)

plagioclase trend in Figure 15, but at right angles to it
in Figure 16. Augite is the only phase whose removal
drastically lowers the CaO/A1203 ratio (e.g. Dungan and
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Rhodes, 1978).

Because augite is low in Al, the trend of

augite fractionation in Figure 17 is subparallel to the
olivine trend.
In constructing some simple "single-batch" fractionation models using mass balance equations, the author has

not found it possible to go from a "primitive" to an
The problem is that the calculated Si02
"evolved" basalt.
content reaches 55 percent or so with the large amounts of
fractionation required to produce the correct amount of Ti
in the evolved basalts.

The compositions produced

resemble basaltic andesites instead of basalts.
Therefore, it may not be possible to produce the evolved
basalt compositions with a single injection of primitive
However, it should be remembered that the
composition and texture of the vesicle cylinders, produced

magma.

by fractionation within single basalt flows, is still
"basaltic"

until very high degrees of fractionation
Apparently the Si02 con-

(Anderson and Gottfried, 1971).

tents in the natural examples are buffered by the high
Si02 content of the plagioclase in the flows. "Single
batch" fractionation is, therefore, still a possibility.

Because the basalts trend toward residual compositions,
represented by the most mafic aphyric lavas (Figure 15),
it is probable that a multiple injection model in which

mixing with the residual fluid remaining from cooling and
fractionation of previously injected basalts will be more
successful.

Such a model has been proposed by O'Hara

A model calculation using O'Hara's equation was
performed and is plotted in Figures 15, 16, and 18. The
O'Hara model is successful at producing most of the
chemical trends in the basalts, and does not suffer the
problem of increasing Si02. A large number of assumptions
are inherent in such a calculation and the interested
reader is referred to Appendix for the details.
(1977).

1
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The magma mixing called for in the model will have
only very subtle petrographic effects because the residual

fluids are aphyric or nearly so (see section on aphyric
lavas).

Unless the sparse phenocrysts

aphyric fluids can be identified in the

present in the

basalts, the only

observable effects would be a more pronounced normal zon-

ing of plagioclase and olivine phenocrysts than expected
during normal crystallization because the residual fluids
are lower in temperature than the basalts.
The O'Hara model calculations do not explain the K20
versus Ti02 relations of the basalts much better than
"single-batch" fractionation (Figure 18). It is likely
that an additional process, either assimilation of K-rich
crustal material (e..g. DePaolo, 1981), mixing with rhyolite (e.g. Grove and others, 1982), or selective assimi-

lation of K by basalt in contact with rhyolite (Watson,
In Figure 18 the effects of mixing
1982), is required.
with rhyolite are shown, and it can be seen that only four
percent of mixing could explain the progression from LCBB
to FLB, whereas forty percent of fractionation, including

a Ti-rich phase, would be required. It is interesting to
note that the progression is a stratigraphic one (Plate
1), and the uppermost Fly Lake Basalt contains glomero-

crysts of plagioclase and olivine which could be interpreted as the result of cooling and crystallization consequent upon mixing with rhyolite. Mixing with rhyolite
is supported by microprobe and petrographic results from
Medicine Lake Highland (Gerlach and Grove,

1982), where

the "high-alumina basalts" invariably contain minor
amounts of rhyolitic material, usually sodic plagioclase

with inclusions of rhyolite glass.
The Na versus Ti relations in the basalts (not
are also more easily explained by rhyolite mixing
than fractionation. Because Na is a constituent of plagfigured)
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ioclase, the amount of Na in the residual liquids will not
be high enough except at extreme

fractionations.

The Si02 variations in the basalts are not resolved
with the data gathered in this study, mainly because of
XRF calibration problems. In Table 4 the average primitive Deschutes basalt, which represents the average of 22
This suggests
analyses, has a total over 100 percent.
that the Si02 values for those analyses are too high. If
rhyolite mixing is a viable hypothesis, the Si content of
basalts should be greater on average than the
primitive ones.
Another possible explanation of the chemical variathe evolved

tions in the basalts, exlusive of fractionation, is
variation in the depth of melting. The depth at which a
basalt was produced, by partial melting in the mantle,
the basalt
would have to traverse on its way to the surface. Presumably, basalts with deeper origins could scavenge more
incompatible elements from the overlying rock on their way
through, thus enriching themselves in K, Na, and Ti. The
deep basalts would result from partial melting of a garnet
lherzolite source; the shallow ones from plagioclase peridotite, thus accounting for the CaO/FeO and Al variations.
These ideas are very similar to ones expressed by Kuno
would determine how much of a "rock

(1959).

However,

column"

trace element analyses of High Cascade

basalts with TiO 2 = 1.4-1.5 are not consistent with a
garnet lherzholite source (Hughes, 1983). This hypothesis
does not preclude later fractionation of phases or magma
mixing in the basalts. Perhaps the chemical trends are
explained by a combination of the possibilities discussed

in this section.
Variation in the amount of partial melting, at constant

depth,

does not appear to be as viable a hypothesis

as differences in the depth of

melting.

Presumably the
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melting must take place in plagioclase peridotite, and
therefore, the rocks which reflect the smallest amount of
partial melting, i.e., those with the highest abundances
of incompatible elements, should have the highest amounts
of Ca and Al, the opposite of what is found.
In summary, it appears possible that the diktytaxitic
basalts with the lowest contents of Ti, Na, and K, the

highest ratios of CaO/FeO, the highest Al values at constant Mg, and with abundant picotite inclusions are
primary magmas, capable of giving rise to more evolved
One process by which primitive
basalt compositions.
basalts could become evolved is by multiple injection and
mixing with aphyric residual liquids produced by previous
Fractionation conbasalt injection and crystallization.
sequent upon mixing and cooling must be dominated by plag-

ioclase with secondary controls by olivine and perhaps
A minor amount of rhyolite mixing is also reaugite.
Alternatively, or additionally, the chemical
quired.
variations in the basalts may result from variations in
their depth of generation, but some doubt

has been cast on

this process.
O'Hara (1977) assumed that the process he envisaged
takes place at shallow crustal levels. However, his

There is no evidence for
formula is independent of depth.
the process proposed here for diktytaxitic basalt evoluIt is much more likely,
tion at shallow crustal levels.
for reasons discussed later, that the process takes place
in the deep crust.

Porphyritic Olivine Basalts
Several flows of porphyritic olivine basalt occur
just below the top of the Deschutes Formation section in
the northwest part of the study area (Plate 1). The lavas
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overlie and are probably interbedded with a thick sequence
of olivine-bearing basaltic andesite flows. The basaltic
andesites may be the eastern flank of a shield volcano
whose central vent was just west of Green Ridge. In the
field, lavas can be found which are apparently transitional between porphyritic olivine basalt and olivine-bearing
basaltic andesite. The basalt flows range from a few feet

to 80 feet thick. Joints vary from platy to irregular and
sparse; in the latter case very large rounded boulders are
produced by weathering. The lavas are very resistant to
erosion; their presence at the crest of Green Ridge ruins
much of the potential exposure in section 36 because
basalt float covers the hillside.
The porphyritic olivine basalts are characterized in
hand specimen by the presence of abundant olivine phenocrysts and a lack of vesicles. The olivine phenocrysts
may be abundant and uniformly about mm across, or less
abundant and larger, or a combination of the two sizes.
1

In thin section plagioclase

(An72-75)

is also seen to be a

up to 3 mm in size. Rare opaque oxide
minerals 0.1-0.2 mm across are apparently phenocrysts;
phenocryst,

these are often associated with olivine grains.
Glomerocrysts of plagioclase + olivine + opaque minerals
are present. Traces of hypersthene phenocrysts are also
found.

The groundmass of the basalts consists of plagioclase, augite, olivine, and opaque minerals, in that order
of abundance. Traces of apatite are also present. The
grain size of the groundmass minerals is mostly less than

Augite is in intergranular arrangement with plagioclase; opaque minerals appear to have crystallized before the plagioclase microlites.
The chemistry of the porphyritic olivine basalts is
slightly alkalic; normative calculations show a slight

0.1 mm.
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amount of normative nepheline.

The surprisingly low MgO

content and fairly high alkalies, the latter values more
typical of basaltic andesites, are responsible for the
In comparison with diktytaxitic baalkalic character.
salts, the porphyritic olivine basalts have slightly elevated and variable CaO/FeO ratios for their TiO content
2

(Table 3).

The porphyritic olivine basalts amplify the petrogenetic problems encountered with the diktytaxitic basalts.
Are the two basalt types related to each other by fractionation (the latter yielding the former)? Or are the
porphyritic olivine basalts derived from partial melts of
deeper mantle material than the diktytaxitic basalts?
These two possibilities cannot be discriminated with the
The presence of traces of hypersthene in
present data.
the porphyritic olivine basalts probably implies some

degree of crustal contamination.
The porphyritic olivine basalts appear to contain
The high Ti content of
rare phenocrysts of opaque oxides.
the basalts may be responsible for increasing the
However, it
stability fields of the Ti-bearing minerals.
should be borne in mind that "phenocrystic" texture may be
produced quite easily with a simple cooling history
The possibility therefore exists that
(Lofgren, 1980).
the apparent opaque oxide phenocrysts formed during
crystallization of the groundmass, and used the olivine
phenocrysts as a nucleation site.
Basaltic

Andesites

The predominant type of lava in the field area is
basaltic andesite. In addition to the many basaltic andesite flows in the Deschutes formation, the "old volcano"
and Squawback Ridge volcano are both constructed of the
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The basaltic andesite lavas are quite
same material.
variable in thickness, ranging from a few to a few hundred
feet thick; the thicker varieties are usually composed-of
Because of
numerous flow units separated by flow breccia.
their variety in hand sample and thin section, the flows
have been assigned to seven different categories.

The

first part of this section describes the various categories, while the last part covers the chemistry and possible
petrogenesis of basaltic andesite.
I.

"Squawback type" basaltic andesite

This type is'named for Squawback Ridge volcano, whose
The "old volcano" is
lavas all appear to be of this kind.

also built of this type; Deschutes formation examples are
RC-731 and 804.

The "Squawback type" basaltic andesite is

petrographically similar to diktytaxitic basalt.

The

rocks are composed of an open-textured framework of plagioclase laths with interstitial intergranular to subophi-

tic

Sparse
pyroxenes, olivine, opaque oxides, and glass.
plagioclase and olivine are the only phenocrysts, and
these grade serially to framework-size grains. The rocks
are fine grained, and in this respect differ from the
basalts; the average framework grain is often only 0.5 mm
long.

length.

Phenocrysts of olivine rarely reach 3-4 mm in
Olivine is evidently at the limits of its

stability in the rocks; in some it is surrounded by later
crystallizing augite as in the basalts, while in others it

appears to have reacted with the groundmass to form
hypersthene.
The framework plagioclase is labradorite to sodic

bytownite (An60-74), similar to the typical diktytaxitic
This similarity probably
basalt framework plagioclase.
reflects the similar A1203 contents of both types of rock
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(Figure 17), although the basaltic andesites have lower
CaO/A1203 ratios. Sparse glomerocrysts of plagioclase and

olivine are often present; plagioclase in these is much
coarser, averaging about 0.8 mm across. About a dozen
grains of reverse-zoned plagioclase were found in each of
the thin sections examined.

With the exception of traces of large, resorbed hypersthene crystals, pyroxenes crystallized late in the
rocks as shown by their texture. The dominant pyroxene is
augite; hypersthene is never very abundant, but larger
amounts may be present in the more Si02-rich rocks. Augite and hypersthene are often seen in parallel growth
arrangement; rarely augite is found as a complete mantle
around hypersthene. Opaque crystals display the same

intergranular to subophitic texture as the pyroxenes
(Figure 19). In addition, dendritic opaque material is

often present in the residual interstitial glass,
with needle-like apatite

crystals.

along

These minerals are

also late crystallizers in the basalts.
II. Glomeroporphyritic basaltic andesites
Nearly all basaltic andesites contain glomerocrysts
of plagioclase and olivine, but in the type designated
glomeroporphyritic the glomerocrysts are abundant and
unusually large, averaging 3 to 4 mm in diameter and often
The largest clots are 2 to 3 cm in diameter
cm across.
and are restricted in occurrence to particular flows. The
glomeroporphyritic lavas are most abundant in the uppermost part of the Deschutes section on the south end of the
field area, where about ten different flows make up a pile
as much as 200 feet thick (Plate 1). It was found difficult to separate the upper "mixed lava" flows from the
glomeroporphyritic lavas in sections 13 and 18 because of
1
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Figure 19.

Textural detail of "Squawback type" basaltic andesite
Opaque minerals crystallized very late in this
RC-SB.
rock as shown by their subophitic and intergranular
habit. Width of field = 0.75 mm. Uncrossed nicols.

125

the presence of apparently transitional varieties.

ElseRC-649 contains large

where in the Deschutes Formation,
glomerocrysts.
Two modal analyses (Table 11) of glomeroporphyritic
basaltic andesites demonstrate the dominance of plagio-

clase over olivine in the glomerocrysts, and as phenocrysts in the lavas. Glomerocrysts of plagioclase alone,
or plagioclase with minor olivine, are very common. Oli-

vine may also occur alone in glomerocrysts. The clot and
phenocryst plagioclases are identical; both are of An76-83
mm in size. The clot plagiocomposition and average
clase sometimes has a "granulated" appearance (Figure 20).
Olivine usually displays a subophitic habit in the clots;
it either grew at the same time or later than the plagio1

clase
The groundmass of the lavas is composed of plagioclase,

augite,

olivine,

and opaque oxides.

varies from intergranular to

subophitic.

The texture
Rare reverse-

zoned plagioclase grains are present.

It is of interest that the two minerals

which make up

the glomerocrysts are the two whose fractionation can explain the chemical variations in the basaltic andesites
(see below). This suggests that glomerocryst formation
controls the chemical evolution. The greater abundance of
glomeroporphyritic lavas in the upper part of the Deschutes Formation at Green Ridge is perhaps comparable to
the greater abundance of glomerocrysts in the uppermost
lavas of Squawback Ridge volcano. The later magmas would
presumably tap chambers which had been initiated by earlier pulses of magma and in which glomerocrysts were
forming.

III. Feldspar-phyric basaltic andesite

I
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Figure

20.

Detail of plagioclase and olivine glomerocryst in
glomeroporphyritic basaltic andesite RC-704. The
plagioclase has a "granular" or "mosaic-like" texture
and a large range in grain size. Olivine is often
subophitic. Width of field = 1.5 mm. Crossed nicols.
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RC581b (Tables 9 and 11) is the single analyzed flow
It consists of ten percent An83 plagioof this type.
mm in size, and sparse olivine phenoclase, average
crysts in an intergranular groundmass of plagioclase, augThe plagioite, rare hypersthene, and opaque material.
clase phenocrysts are mantled abruptly by thin rims of
1

Glomerocrysts of plagioclase and
about An45 composition.
olivine are present; the feldspar-phyric basaltic andesites are probably gradational to the glomeroporphyritic

ones.

Fine-grained basaltic andesites

IV.

RC-46 (Table
this type.

6)

is the single analyzed example of

RC-46 contains sparse phenocrysts less than

0.5 mm in size of plagioclase

(An78),

olivine, and strong-

ly zoned augite. A trace of opaque oxide phenocrysts may
be present. The intergranular, but poorly crystalline
groundmass contains plagioclase, augite, opaque material,
and glass. A few reverse-zoned plagioclase grains are

present, as well as glomerocrysts of plagioclase and subA comparable lava at Medicine Lake volophitic augite.

cano is the "older platy olivine

andesite" 79-371

(Gerlach

and Grove, 1982).

V.

Olivine-bearing basaltic andesites

Although virtually all basaltic andesites contain
olivine phenocrysts, their abundance is greatest in the
type referred to here as olivine-bearing. The samples
identified as this type are RC-525, 533, 511, 288, and 27,
and WR-250 and 217.

The greater modal

amount of olivine

is reflected in the high MgO content compared to other
basaltic andesites (Table 8). Most lavas of this type are

128

associated with porphyritic olivine basalt high in the
Deschutes section; these appear to be part of the east
flank of a shield volcano which erupted both types of
material and whose central vent was probably about one
and
mile west of the crest of Green Ridge (see Plate
1

Stratigraphy).
The lavas are characterized in hand specimen by the
presence of 3 to 5 percent olivine phenocrysts up to 3 mm
in size.

In thin section the texture resembles that of

the "Squawback type" rocks, and the mineralogy is similar.
Augite is the predominant pyroxene in the groundmass, but
Both tend to display a
hypersthene`is present as well.
subophitic habit. The opaque minerals are also late

crystallizers with asubophitic habit, but some grains are
larger than others and have the appearance of phenocrysts.
Olivine is not stable in the groundmass and often has
Rare hypersthene phenocrysts
a reaction rim of pyroxene.
and a few reverse-zoned plagioclase grains are present in
most of the rocks.
VI.

"Fine-grained, mixed type" basaltic andesites

Three of the basaltic andesites examined in thin

section, RC-667, 629, and 558, contain two populations of
plagioclase phenocrysts, one reverse and the other norThese three flows are finemally zoned (Figure 21).
grained with sparse phenocrysts, and hence are termed
The reverse-zoned plagio"fine-grained, mixed types".

clase is at least as calcic as An57, while the normally
zoned variety is about An80 and often occurs in small
Rare resorbed hypersthene
clots with subophitic olivine.
cyrstals are present, some mantled by augite.
VII.

Porphyritic, reverse-zoned,

plagioclase
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Figure 21.

Two plagioclase populations in basaltic andesite RC-667.
Plagioclase at left is reverse-zoned with An57+ core and
An65+ mantle; clear, euhedral rim is about An50 and

Plagioclase at right is An80+ with a
thin rim of about An50. Width of field = 3.0 mm.
normally zoned.

Uncrossed nicols.
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basaltic andesites
This

type,

represented by

RC588b,

801, and 732, is

strongly plagioclase-phyric (Table 11), but the plagioclase is reverse-zoned. The plagioclase cores are An62-70
in composition; the average size of the phenocrysts is
between

clase

1

and 5 mm.

grains,

A few smaller, reverse-zoned plagio-

similar to those in the fine-grained basalt-

ic andesites, are also present. The dominant mafic mineral is olivine in RC588b and 801, but in RC-732 is hyperThe olivine in RC-732 has reacted to form opaque
borders or is surrounded by hypersthene. Phenocrysts of
augite and an opaque mineral are present in rare or trace
amounts in the rocks. Small, strongly zoned microphenocrysts of augite are present in minor amounts.
The groundmass of the rocks is composed of very fine
grained plagioclase, two pyroxenes, and opaque material.
sthene.

The texture is intergranular, almost cryptocrystalline,
and resembles the groundmass texture of andesites.
SUMMARY OF BASALTIC ANDESITE PETROGRAPHY

The phenocryst mineralogy of basaltic andesite is
dominated by plagioclase with subordinate olivine; glomerocrysts of the two are ubiquitous. When normally zoned,
or in glomerocrysts with olivine, the plagioclase is calcic bytownite in composition. When reverse-zoned, the
plagioclase is usually labradorite. Augite, hypersthene,
and opaque minerals are very rare phenocrysts. Many basaltic andesites resemble diktytaxitic basalts, but are of

finer grain size; these contain only a few grains in
apparent disequilibrium with their host. Other, usually
basaltic andesites may contain disequilibrium
assemblages such as two discrete plagioclase populations,
porphyritic,
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or a single population which is reverse-zoned. The
groundmass of basaltic andesite is usually composed of
plagioclase with subordinate intergranular to subophitic
augite and opaque minerals.
CHEMISTRY AND PETROGENESIS

The chemistry of basaltic andesite varies regularly
with Ti02 content in the same manner as diktytaxitic
basalt (Tables 5, 6, 7, and 8; Figures 22, 23, and 17).
The basaltic andesites with the lowest amounts of Ti have
the highest CaO/FeO ratios and the highest Al contents at
constant values of Mg. They also contain the lowest
amounts of K and Na. The CaO/Al203 ratio of basaltic
andesite is constant regardless of Ti content. These
chemical trends are best displayed by basaltic andesites
of "Squawback type" (Table 5), but are also found in an
apparently random assortment of other petrographic types
as well (Tables 6, 7, and 8). Identical trends are found
in basaltic andesites from the High Cascades, Medicine
Lake, and Santorini volcano (Table 10). The basaltic
andesites listed as "miscellaneous" types in Table 9 include some varieties (WR-326, HiAlk, and WR-202) that are
alkali-rich with low MgO contents and CaO/FeO ratios.
These types do not follow the "Squawback trends" and their

genesis is probably not related to the.processes discussed
below.

The same arguments used to infer that plagioclase is
the dominant phase in any fractionation scheme for basalts

also apply to basaltic andesites (see Diktytaxitic BaPlagioclase is the dominant phenocryst and
groundmass phase in basaltic andesite. Just as basalts
from the High Cascades with low Ti contents have positive
Eu and Sr anomalies, the basaltic andesites from the High
salts).

1)G

TABLE 5.

Anal.

/

Si02

Ti02
A1203

analyses of "Squawback type" basaltic andesites.

Chemical
WR-247
53.5

RC-804

DW-101
55.2

0.97

55.0

1.26

1.23

18.1

18.1

RC-731
54.3

WR-248
53.4

1.34

1.40

RC-SB
55.1

WATERS

54.r

1.43

1.43

RC-360

RC-358
54.3

54.1

1.54

1.54

18.4

17.4

17.6

17.1

16.5

16.7

16.4

8.4

8.8

9.8

8.9

9.0

9.7

10.3

7.1

7.4

7.4

FeO

8.2

8.35

CaO

9.1

8.15

7.7

7.5

8.4

7.4

MgO

5.1

5.0

4.7

5.0

4.6

4.2

4.3

4.5

5.0

Na20

3.4

3.8

3.6-

3.5

3.8

3.7

3.5

3.5

3.6

K20

0.40

0.96

1.18

1.32

0.85

1.36

1.53

1.24

1.21

98.77

100.82

100.15

99.17

99.85

98.69

98.41

98.60

99.72

Total
WR-247:

Lava from "old volcano" at elevation
30, T. 11

DW-101:

Dike radial
section

4360 feet, NW 1/4 section
(1975).

S., R. 10 E. Analysis from Hales

to "old volcano" at
19, T. 11 S., R. 10 E.

elevation
Analysis

3710 feet, SW 1/4
from D. Wendland (pers.

comm.)

RC-804:

Lava at elevation 3740 feet, NE 1/4 section

RC-731:

Lava at elevation 3100

WR-248:

Lava from "old volcano" at elevation 4600 feet. NW 1/4 section
30, T. 11 S., R. 10 E. K-Ar date of 9.4 + 0.6 m.y. Analysis and
date from Hales (1975).

WATERS:

Lava from Squawback Ridge volcano.

feet, NE

26. T. 12 S.,

R. 9 E.

1/4 section 14, T. 12 S.,

R. 9 E.

Analysis by A. C. Waters (E.
M. Taylor, pers. comm.). Recast water-free with total Fe as FeO.
Original analysis included Fe 0 1.99, FeO 7.02, H 0+ 0.68. H 03
2
2
0.17, P205 0.72, and MnO 0.172

from Squawback Ridge volcano at elevation 3600 feet,
section 25, T. 12 S., R. 10 E.

RC-SB:

Float

RC-360:

Lava from Squawback volcano at elevation
T. 12 S., R. 10 E.

RC-358:

Lava from Squawback volcano at elevation 3420
sections 23 and 26, T. 12 S., R. 10 E.

3390

feet, section 23,
feet,

boundary of

TABLE 6:

Chemical analyses of additional basaltic andesites which conform to
the "Squawback " trend.

Anal. / WR-283
Si02

Ti02
A1203

53.3

RC-732
56.9

0.60

0.96

WR-309
55.0

WR-342
55.0

0.97

RC-46
55.2

1.05

1.11

3RivA
54.9

1.18
7.8

8.3

8.6

8.3

7.25

8.1

4.4

5.25

4.7

4.3

3.3

3.7

3.8

3.9

3.4

18.2

17.6

18.1

17.3

FeO

7.2

7.0

7.2

8.1

7.9

CaO

9.2

7.9

8.2

9.1

8.6

MgO

4.9

4.4

4.3

4.8

Na20

3.2

3.5

3.5

K20

0.62

Sio2
TiO2
Al203

0.80

1.03

0.85

1.05

1.06

1.19

1.03

100.65

98.40

99.80

100.06

99.59

102.62

98.16

WR-243
55.4

WR-244
54.4

WR-178
53.1

SSCrA
56.0

WR-14
54.3

S-74

98.32

53.5

1.33

1.28

17.6

19.2

Anal. i WR-311

WR-189
53.8

18.5?

19.3

Total

RC-63
57.5?

WR-178i

1.33

18.0

1.34

1.37

1.37

18.1

17.5 -

16.9

1.42

16.7

1.45

55.3

RC-667
55.6

1.45

16.9

17.1

TED699
55.8

1.63

1.77

16.8

17.5

FeO

8.8

8.6

8.7

9.6

8.53

9.3

8.4

8.25

CaO

8.1

7.2

7.3

8.7

7.64

8.5

8.1

7.75

9.5
8.4

MgO

3.7

3.4

3.9

5.1

3.9

4.7

4.8

4.9

4.7

Na2O

3.8

3.9

4.1

3.5

4.0

3.4

3.5

3.6

3.55

K20

Total

0.95

1.00

1.04

0.72

0.87

0.90

1.10

1.06

0.95

98.18

98.94

98.31

98.99

99.04

99.45

99.75

100.29

101.47

Modal analysis

in Table 11.

WR-283:

Deschutes Formation lava from Hales

RC-732:

Lava at elevation 3280

WR-309:

Lava from summit of Bald Peter volcano (Hales. 1975).

WR-342:

Dike at elevation 4100 feet. NW 1/4 section 13. T. 12
Mafic endmember of "mixed lava" series.

RC-46:

Lava at elevation 3240 feet, NW 1/4 section 23. T. 12 S.. R. 10

feet,

(1975).

NE 1/4 section

14, T. 12

S., R. 9 E.

S..

R. 9 E.

E.
3RivA:

"Three

Rivers andesite" from Dill (1985).

Average of TED601 and

628.
RC-63:

Lava at crest of ridge; elevation 4720 feet, near center of
section 12. T. 12 S., R. 9 E.

1:4

TABLE 6, continued:

WR-189:

feet, NE 1/4 section 27, T. 12 S., R. 9 E.
K-Ar date of 4.6 + 0.4 m.y. Analysis and date from Hales (1975).

Lava at elevation 3250
Glomeroporphyritic.

WR-311:

Lava from west flank of Bald Peter volcano. K-Ar date of 2.1 +
0.2 m.y. (Hales, 1975).

WR-243:

Deschutes lava from Hales

(1975).

WR-244:

Deschutes lava from Hales

(1975).

WR-178:

Lava at elevation 4650 feet. section

Glomeroporphyritic.
25.

T. 12

S.,

R. 9 E.

Glomeroporphyritic.
SSCrA:

"Street/Spring Creek andesite" from Dill
TED257, 260, 267, 312, 639, and 660.

WR-14:

Lava at crest of "Wizard

S-74:

Lava at

Ridge",-

(1985).

Average of

one-quarter mile NE of

confluence of Canyon Creek and Metolius River. Sample collected
and analyzed by E. H. Taylor. Glomeroporphyritic.
south end of Green Ridge. K-Ar date of 5.1 + 0.2 m.y.
(Armstrong and others, 1975). Collected and analyzed by E. M.

Taylor.

T. 12 S., R. 10 E.

RC-667:

Lava at elevation 3800 feet, section

TED699:

Average of TED699-1 and 699-2 from Dill (1985).

21,
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TABLE 7.

Chemical analyses of Deschutes Formation basaltic andesites which

Anal.

DW-417

I

Si02

Ti02

are high in Al and low in Mg.
56.6
1.15

DW-148

WR-241

54.6
1.18

54.5
1.17
19.3

18.8

19.0

7.6

CaO

7.8
7.8

MgO

4.1

3.8
3.7
0.80

A1203
FeO

Nat

8.35

WR-201

BCA

DW-32

WR-246

54.1

56.8

54.7
1.22

54.0

1.20

1.33

18.3

19.5

18.5

7.8
8.4
3.5
3.8

7.8
8.4
3.8
3.8

7.5
7.4

8.3
8.0

4.1

7.9
8.2
3.6
3.8

0.62

0.87

1.15

0.82

3.5
3.7
0.95

99.86

99.69

98.28

Total

3.7
0.77
100.72

99.03

99.09

98.97

Anal. /
si02

RC-683
55.0

TED422
54.7

DW-240
55.1

RC588b
55.4

K 20

1.21

19.0

3.4

e

T102
A1203

FeO

1.42

1.36

1.48

1.45

18.9

18_.4

19.2

17.5

7.5

8.6

8.6

8.9
6.9

CaO

8.2

7.7

8.4

MgO

3.6
3.6

3.8

3.6

Na26

3.5
3.4

4.1

K 20

1.20

0.88

3.6
0.82

98.97

98.95

100.97

Total

1.24
99.08

Modal analysis in Table 11.
DW-417:

Analysis from D. Wendland (pers. comm.).

DW-148:

Analysis from D. Wendland (pers. comm.).

WR-241:

Analysis from Hales (1975).

Possibly same flow as DW-148.

WR-201:

Analysis from Hales

Possibly same flow as DW-148,'

(1975).

WE-241.
BCA:

"Box Canyon andesite" from Dill

(1985).

Average of TED245 and

249.
DW-32:

Analysis from D. Wendland (pers. comm.).

WR-246:

Analysis from Hales (1975). K-Ar date of 5.4 + 0.7 m.y.
north side of "old volcano".

RC-683:

Lava at elevation 3100 feet, SE 1/4 section 27. T. 11 S.. R. 10
Poorly exposed lava beneath(?) WR-205 flow.
E.

TED422:

"Speckled

DW-240:

Analysis from D. Wendland (pers. comm.).
TED422.

RC588b:

Lava at elevation 3640

andesite" from

Dill

feet,

On

(1985).
Possibly

same flow as

NE 1/4 section 23. T. 12 S.. R. 9 E.

13o

TABLE 8.

Chemical analyses of olivine-bearing basaltic andesites associated

Anal.
Sio2

WR-250
54.0

RC-27
54.7

Ti02

1.02

1.17

0

with porphyritic olivine basalt.

17.5

17.7

FeO

8.2

7.9

CaO

8.6

8.1

MgO

4.7

Na20
K 20

A1203

Total

RC-525
55.0

RC-533
55.6

WR-217
53.7
1.25

1.23

1.22

17.4

18.0

18.0

RC-288

AVPOB

50.0

55.3

1.66

1.42
18.2

15.7

8.1

8.4

8.4

9.7

8.1

7.8

7.9

8.1

9.7

5.7

5.3

6.1

5.3

6.1

7.5

3.5

3.3

3.4

3.3

3.7

3.5

3.4

0.95

0.88

0.94

0.95

0.90

0.77

0.85

98.47

99.60

100.03

101.09

98.55

101.81

98.51

8.05

e Modal analysis in Table 11.
WR-250:

Lava at elevation 4440 feet. NE 1/4 section
Analysis from Hales

36. T. 11

S., R. 9 E.

(1975).

SE 1/4 section

RC-27:

Lava at elevation 4580

RC-525:

Lava at elevation 3880 feet, SE

feet,

1, T. 12

S., R. 9 E.

1/4 section 25. T. 11 S..

R. 9 E.

Roadcut on Block Road.
RC-533:

Lava at elevation 3980

feet,

NE 1/4 section 36, T. 11 S., R. 9 E.

Roadcut on Block Road.
WR-217:

Lava at elevation 3900 feet, section
Analysis from Hales (1975).

RC-288:

Lava at elevation 3400

AVPOB:

Average porphyritic
and WR-221.

feet,

section

olivine basalt.

4. T. 12

S.. R. 10 E.

1. T. 12 S.,

R. 10 E.

Average of RC-90, WR-215,

1 717

TABLE 9.

Chemical analyses of

Anal. i
Sio2

WR-326
54.7

T102

0.85

"miscellaneous"

basaltic andesites.

MSCA

Surp

HiAlk

LECA

53.6

54.2

54.1

55.1

1.13

1.26

1.19

1.15

TED4 6
55.8
1.26

t

RC581b
53.4

WR-202
55.7

1.29

1.32

19.1

19.6

18.0

A1203

16.1

17.2

16.9

17.5

18.1

FeO

10.3

8.7

7.7

9.0

8.1

8.3

8.3

9.2

Ca0

8.2

8.5

8.5

7.3

8.8

8.8

8.1

6.9

MgO

3.0

7.3

5.3

3.3

4.45

4.3

4.7

2.8

Na20

4.3

3.5

3.8

4.3

3.6

3.7

3.7

4.2

x2 0

1.30

0.48

1.09

1.65

0.68

0.73

0.75

98.75

100.41

98.64

98.34

100.09

99.77

98.87

Total

Modal analysis
WR-326:
MSCA:

'

0.66
101.50

in Table 11.

Lava from Camp Creek Butte north of

"Minor Street Creek andesite"
270, 281, and 311.

Bald Peter

from Dill (1985).

(Hales, 1975).

Average of

TED269,

andesite" from Dill (1985).

Surp:

"Surprise

HiAlk:

"High-alkali" basaltic andesite.

from Hales

Average of TED363 and 367.

Average of WR-195, 256, and 319

(1975).

(1985).

LECA:

"Lower Eyerly Creek andesite" from Dill
TED271 and 797.

TED436:

"Psuedo-speckled andesite" from Dill (1985).

RC581b:

Lava at elevation

WR-202:

Analysis from Hales

4000

feet. SE

(1975).

Average of

1/4 section 23, T. 12 S.,

R. 9 E.
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TABLE 10.

Comparative analyses of basaltic andesites.

Anal. #
Si02

NSBA

MWBA

55.6

55.4

Ti02
A1203

FeO

0.93

1.16

MLK1
54.1

MLK2
55.0

1.07

1.31

MLK3
55.9
1.44

LASBA
57.6

ATSBA
56.9

MSBA
55.2

0.6

0.8

1.1

17.5

17.6

17.3

18.5

17.9

18.4

17.3

16.6

6.9

7.5

8.0

8.4

9.0

6.9

7.3

8.35

7.8

8.2

CaO

7.5

7.7

8.4

7.7

7.1

8.1

MgO

4.9

4.8

4.9

4.1

3.9

4.8

4.1

4.3

3.7

3.6

1.4

1.4

Na20

4.0

4.2

3.9

4.4

4.5

2.8

K20

0.94

1.14

0.84

0.97

1.07

1.1

NSBA:

MWBA:

"North Sister type" basaltic andesite

"Mount Washington type" basaltic andesite from the High
Cascades, central Oregon (Hughes, 1983, Table 3-4, average of
eight). Note that MWBA has higher Ti, Fe, and alkalies, and

lower Al and CaO/FeO than
MLK1:

from the High Cascades,

central Oregon (Hughes, 1983, Table 3-5, average of eight). For
trace elements see Table 13. NSBA has slight positive Sr and Eu
anomalies.

NSBA.

For trace elements see Table 13.

Average of three basaltic andesites from Medicine Lake volcano
with less than 1.10% T102 (Mertzman, 1977, Table 4, #319-D-1,
SM-75-25, and SM-75-54).

Recast volatile-free with

total Fe as

FeO.

MLK2:

Average of four basaltic andesites from Medicine Lake volcano
with TiO 2 = 1.24-1.39% (Mertzman, 1977, Table 4, #36-6W,
ML-74-35, ML-74-34C, and SM-75-44). Recast volatile-free with
total Fe as FeO. Note that MLK2 has higher Fe and alkalies, and
lower Al and CaO/FeO than MLK1.

MLK3:

Basaltic andesite from Medicine Lake volcano (Mertzman, 1977,
Table 4, #ML-56). Recast volatile-free with total Fe as FeO.
Note continuation of trends from MLK1 and MLK2.

LASBA:

Average Lumarivi-Archangelo Series basaltic andesite from
Santorini volcano, Greece (Nicholls, 1971, Table 5). Note low
TiO 2

and total alkalies.

ATSBA:

Average Akrotiri-Thira Series basaltic andesite from Santorini
volcano, Greece (Nicholls, 1971, Table 5). Note lower CaO/FeO
ratio than LASBA. Low Mg probably keeps Al high.

MSBA:

Average Main Series basaltic andesite from Santorini volcano,
Greece (Nicholls, 1971, Table 5). Note lower Al and CaO/FeO
ratio than ATSBA.
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TABLE 11. Modal analyses of basaltic andesites.

Anal. /

WR-178

RC-729

RC-801

15.9

30.5

RC581b

Phenos:

plag

ol

aug
opaq

Microphenos:

plag
aug
Groundmass:

Void:

9.5
3.5

-

-

3.5
80.5
3.0

5.9

0.2

-

4.3
-

72.7
1.0

1.5,

3.1

3.7

0.2

-

1.7

0.6

-

-

64.2.
2.5

-

24.3

1.1

1.1

RC-533

9.2

-

0.2

RC588b

-

0.2

-

0.2

89.7

70.2
0.4

-

-

95.2

+ - includes trace of hypersthene.
WR-178:

Lava containing large glomerocrysts of olivine and plagioclase.
For location and chemical analysis see Table 6.

RC-729:

Lava at elevation 4680 feet, NW 1/4 section 24. T. 12 S., R. 9 E.
Contains large glomerocrysts of plagioclase and olivine.

RC-801:

Lava at elevation 3880 feet, NE 1/4 section

RC581b:

For location and chemical analysis see Table 9.

RC588b:

For location and chemical analysis see Table T.

RC-533:

for location and chemical analysis see Table S.
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See Figilrc 22 for explanation.

Two plagioclase compositions are plotted at left.
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Cascades with the lowest Ti contents also have such
anomalies (Table 10).
Fractionation of olivine as a subordinate phase could
account for the increasing Al content with decreasing Mg
Olivine is an ubi(Figure 17) in the basaltic andesites.
quitous phenocryst

mineral in

the basaltic

andesites.

The chemistry of basaltic andesite is not consistent
with its derivation from basalt by fractional crystallizaThe average K20 content of basaltic andesite is
Beapproximately 0.9 weight percent; that of basalt 0.4.
cause plagioclase, olivine, augite, hypersthene, and opation.

que minerals contain essentially no K, fractionation of
any or all of those phases of more than 50 wt. percent
would be required to increase the K20 content of basalt to
Such a large
the level present in basaltic andesite.

amount of fractionation would require the removal of a

Ti-bearing phase such as magnetite or ilmenite to keep the
Ti02 content of basaltic andesite from reaching values in
excess of 1.8 wt. percent (Figure 18). However, opaque
minerals do not grow in basaltic andesite or diktytaxitic
In
basalt until very late in their crystallization.
natural examples of diktytaxitic basalt fractionation,
opaque minerals do not crystallize early enough to hold
down the TiO content of basaltic andesite compositions
2

(Kuno, 1965; Anderson and Gottfried, 1971). All natural
examples of basalt fractionation, regardless of chemical

type, appear to lead toward Fe- and Ti-enrichment
The examples cited by Kushiro which
(Kushiro, 1979).
allegedly demonstrate calc-alkaline fractionation of
basaltic magma are in fact not from basalts, but basaltic
andesites instead (Kuno, 1965).
The Ca0/Al203 ratios of basalt (0.6) and basaltic
andesite (0.45) are also inconsistent with fractional
Augite is the only phase whose removal
crystallization.

143

lowers the ratio (Appendix 1). Plagioclase fractionation
does not affect the ratio greatly because the CaO/A1203

ratio of the plagioclase is similar to the ratio present
in the rocks. However, augite fractionation is unlikely
because augite is a late mineral in diktytaxitic basalts,
and is not found as a phenocryst in them.
If basaltic andesites are derived from basaltic
parents, it seems much more likely that assimilation or

mixing with a rhyolitic fluid plays a major role, rather
than fractionation. The evidence for this is chemical as
well as petrographic. The K20 content of basaltic andesite could be produced by the addition of 20 percent

rhyolite to basalt'(Figure 18). The high CaO/A1203 ratio
of basalt is lowered by the addition of rhyolite with its
very low ratio, and roughly 20-25 percent of such addition
could accomplish the desired result. The A1203 versus
Ti02 relations of basaltic andesite are consistent with
the addition of 20-25 percent rhyolite to basalt (Figure
17). The overlap of CaO/FeO ratios versus Ti02 of basalts
and basaltic andesites (Figure 22) is also consistent with

the addition of rhyolite to basalt. In both the A1203 and
CaO/FeO versus Ti02 relationships, mixing with rhyolite

acts counter to the effects of olivine fractionation, resulting in overlaps. The Si02 content is consistent with
the addition of 20 percent rhyolite to basalt. Rhyolite
addition could also help explain the Na20 contents of
basaltic andesite (typically 3.6-3.8 wt. percent) versus
basalt (2.3-3.0 wt. percent).
The production of basaltic andesite from basalt by a
process involving rhyolite assimilation plus plagioclase

and olivine fractionation is consistent with the petrography of basaltic andesites, many of which contain evidence of disequilibrium. The chemical constraints do not
determine the actual mixing process(es), which may be
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complicated.
Other possible origins for basaltic andesite are
precluded by the chemical data. One possibility is a

not

multiple injection model similar to the kind proposed by
O'Hara (1977), but with the addition of rhyolite to the
system by means of its mixing with the residual fluids
produced by fractionation of plagioclase and olivine. The
liquidus

temperatures of such residual

fluids and rhyolite

should be fairly close at high pressures (see Aphyric
Direct basalt-rhyolite mixing is possible, but
the temperature difference between them should preclude
their mixing in all proportions (e.g., basalt will rapidly
crystallize as the temperatures of the two fluids equiliLavas).

It seems much more likely that basalt may absorb
a small amount of rhyolite, and vice versa, than that
brate).

basalt may directly mix with 25 wt. percent

rhyolite.

Such an addition would presumably

extensive

result in

crystallization
basaltic

of the basalt, thus failing to account for
andesites which are nearly aphyric, as are the

"Squawback types".

of rhyolite by mixing
system open to multiple in-

The addition

with a residual fluid in a
jection is one means of circumventing

this objection.

Another possibility is that basaltic andesites are

primary magmas, in the sense that they are derived

ly from a mantle source.

source region is similar

direct-

Presumably the depth of the
to or shallower than the depth at

which basalts are produced. The higher incompatible
element and Si02 contents of the basaltic andesites could

a smaller amount of partial melting than that
required for basalts, or melting under the influence of
reflect

different volatiles

(e.g. H2O rather

than C02)

(Hughes,

Such an origin seems unlikely, however, because of
the strong plagioclase and olivine controls apparent in
basaltic andesite chemistry, and the possibility of ex1983).
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plaining the chemistry and petrography in terms of
rhyolite mixing.
In summary, basaltic andesites

are most likely pro-

duced by the addition of 20-25 wt. percent rhyolite to
diktytaxitic basalt, along with an unknown amount of
plagioclase and olivine fractionation. The process by
which the rhyolite is added is probably a complex one, and
may involve multiple injections of basalt and mixing with
residual fluids produced by fractionation.
Andesites

Several flows of andesite lava are present in the
The lavas are usually
Deschutes formation at Green Ridge
moderately plagioclase-phyric, but some Ti-rich varieties

are nearly aphyric in hand sample, e.g. RC-672. Individual lavas range in thickness from a few feet (RC-568) to
The andesites are usually platy
cm thick; rarely the
jointed with the plates about
over 200 feet (RC-617).

1

jointing is more irregular.
In thin section, the phenocryst mineralogy is domina-

ted by plagioclase, with subordinate augite, hypersthene,
and opaque minerals, rare olivine and amphibole, and
The groundmass
traces of apatite and zircon (Table 12).
usually has a cryptocrystalline texture and contains an

appreciable amount of glass, resembling dacite; in some
andesites, however, the groundmass has little glass and is
coarser grained, resembling basaltic andesite.
There appear to be two populations of plagioclase
phenocrysts in all of the thin sections of andesite
(Figure 24). One population is clear and the other has
"fritted" margins similar, but not, always identical, to

the "type R" plagioclase in the "mixed lava" series (see
Mixed Lavas).

Sometimes the "fritted" margins are only

1Y'

TABLE 12.
Anal. #
Si02
Ti02

A1203

Chemical and modal analyses of andesites.
RC-739
60.3

RC-568
58.8

RC-617

0.87

0.95

1.04

18.2

18.4

58.1

WR-181
59.3

WR-12

1.05

1.10

16.7

17.9

59.7

RC-672
58.6

RC-204
59.0

EWART2
59.0

1.45

1.49

0.93

16.8

17.7

17.3

17.4

7.5

6.5

FeO

5.9

6.3

6.6

6.8

7.1

7.6

CaO

6.5

7.35

6.8

6.6

6.8

6.4

6.3

6.3

2.7

3.2

MgO

3.3

3.6

3.8

3.2

3.3

2.8

Na20

4.0

3.7

3.9

3.8

3.6

4.2

4.0

3.9
1.11^

K 20

Total

1.57

1.07

1.59

1.55

1.50

1.15

1.36

100.64

100.17

99.63

99.09

99.90

99.90

99.65

Mode:

plag1

7.6

32.2

8.5

20.5
Tr

19.0

0.2

olivine

0.6

0.5

0.7

orthopx

0.6

3.0

1.0

3.2

2.2

clinopx

0.4

3.0

2.5

2.1

2.5

opaque

0.4

0.7

0.7

1.0

hornbl

0.8

-

1.4 2

gm

89.7

60.5

- includes plagioclase with
2 - includes 0.2% quartz.
RC-739:

RC-568:

Lava at

-

-

1

Tr

both

87.3

73.11

73.6

reverse and normal zoning.

elevation,3560 feet, near boundary of sections 13 and 14,

T. 12 S., R. 9 E.
Lava at elevation

4040 feet, SE 1/4 section 32, T. 11 S., R.

10

E.

RC-617:

Lava at elevation

3360

feet, NE 1/4 section

WR-181:

Lava at elevation

3900

feet. section

14, T. 12 S., R. 9 E.

25, T. 12 S., R. 9 E.

Chemistry from Hales (1975); mode by RMC.
M. Taylor (pers. comm.).

WR-12:

Analysis of WR-181 lava by E.

RC-672:

Lava at elevation 4440 feet, NE 1/4

RC-204:

Lava at elevation

EWART2:

Average of 98 andesite analyses with SiO between 58 and 60
percent from the Cascades, Alaska, and tRe Aleutians (Ewart,
1982, Table 1).

section 7,

3740 feet, section 1, T.

T. 12 S., R. 10 E.

12 S., R. 9 E.

1 "7

Figure 24.

"Typical" andesite RC-617 with two plagioclase populaWidth of field = 3.0 mm. Uncrossed nicols.
tions.

148

weakly. developed, or the clear plagioclase has a weakly
fritted margin, and it is difficult'to distinguish the two

The clear plagioclases appear to be normally
populations.
zoned and the "fritted" plagioclases reverse-zoned, but
not enough time was spent examining the thin sections to
determine the compositions and zoning details. One slide
(RC-617) may have three types of plagioclase phenocrysts;
the third type is "patchy-zoned", resorbed, and sometimes
"fritted" on the margins.
Olivine is not a stable mineral in the andesites; the
sparse phenocrysts present have reacted with the ground
mas.s to form borders of opaque material or hypersthene.
Sometimes the opaque borders are very wide and only a
Occasionsmall amount. of olivine remains in the center.

ally, olivine
which are

in turn jacketed

rence is described by Kuno
bole

by a jacket of opaque minerals
by pyroxene; a similar occur-

is surrounded

When present, amphiresorbed and.jacketed by

(1950).

is also unstable and is

Sometimes the original
opaque material (Figure 25).
euhedral outline of the amphibole crystal is preserved in

the groundmass.
Large hypersthene and augite phenocrysts often contain inclusions of apatite and sometimes opaque minerals;
one hypersthene grain (in RC-739) has an inclusion of
Sometimes hypersthene is resorbed and jacketed by
zircon.
Both hypersthene and augite sometimes have a
"wormy" appearance; the margins of such crystals have been
invaded by fingers of glass (Figure 26).
Glomerocrysts of several kinds are present in the
augite.

Clear plagioclase is found in clots with oliandesites.
In one clot which invine + augite + opaque minerals.
cludes all of those minerals the olivine has a jacket of
"Fritted" plagioclase is found in clots with
hypersthene.
hypersthene and opaque minerals; typically the hypersthene

4 -a!

mxr-. - -,-4A

-

lkh AA W&
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Figure 25.

Resorbed and opacitized amphibole in andesite RC-739Amphibole is preserved in center of opaque area; rounded
outline

of original amphibole crystal appears to be

defined by small pyroxene crystals.
1.5 mm. Uncrossed nicols.

Width of field =

-
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Figure 26.

Resorbed hypersthene in andesite
Crossed nicols.
= 1.5 mm.

RC-739.

Width of field
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is the "wormy" kind.

Amphibole also occurs in clots of

Clots of hypersthene, often "wormy", and opaAugite plus opaque mineral clots
que minerals are common.
this type.

are also common.
The groundmass of the andesite lavas is composed of
plagioclase, pyroxene,

glass, and opaque minerals.

Usually the pyroxene is hypersthene, but occasionally it
is augite.
The chemistry of the andesites (Table 12) appears to
change regularly with TiO2 content in the same way as the
The CaO/FeO
diktytaxitic basalts and basaltic andesites.
ratio decreases with increasing Ti02 (Figure 27), while
the CaO/A1203 ratio remains constant (Figure 28).
The
A1203 versus Ti02 relationship of the andesites is not
plotted in Figure 17, but in Table 12 the decrease in
A1203 with increasing Ti02 at constant MgO content (3.2 3.8 wt. percent) is apparent. The two andesites with MgO
less than 3.0 wt. percent (RC-672 and 204) have predictably higher Al203 values.
The chemistry of the Deschutes
Formation andesites with low Ti02 values is identical to
"typical" andesite, which is usually low in Ti, from other
continental margin are sequences
(Table 12).
The petrogenesis of the andesites probably involves a
continuation of the process(es) which generates basaltic
andesite from diktytaxitic basalt. Four factors lead to
this conclusion:

one, the chemical trends in the three
classes of rock are identical; two, the chemistry of

andesite is consistent with the addition of 35-40 wt. percent rhyolite to basalt (see Basaltic Andesite);
three,
the petrography of andesite is consistent with a genesis
involving the mixing of two or more fluids; and four,
there is an increase in the amount of evidence for disequilibrium, or "mixed", phenocryst assemblages with the
increase in SiO2 content from basalt to basaltic andesite

1.4 +

BASALT

1.2+

CaO I. Of

FeO

I

0.8 }
6PHYRIC

I

0.6

ORHYODACITE

0 DACITE

0.4

0.6

0.8

1.0

12

14

1.6

1B

F

20

2.2

T i 02

Figure 27.

CaO/FeO versus Ti02 for andesites (filled circles). 3mail open circles represent ILC-717
Filled squares represent. trend of segregation vein fractionation in a diktytaxitic
basalt flow in northern California (Anderson and Gottfried, 1971, table 1. IIC7-2 through

lava.

IIC7-5).

Fields of basalts,

are shown.

basaltic

andesites, mixed lavas,(ruled), and aphyric lavas

0.8
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0.8
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Figure 28.

CaO/A1203

versus Ti02 for andesites.
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1.8
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See Figure 27 for explanation.
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to

andesite;

phenocrysts not in

host are very rare in the

equilibrium with their
diktytaxitic basalts, rare to

common in the basaltic andesites, and common in the
andesites (see also Mixed Lavas).
A comment about trace elements

One of the principal conclusions of this thesis is
that the most important parameter in the major element

chemistry of diktytaxitic basalt, basaltic andesite, and
andesite is the TiO 2 content. Trace element data are
lacking for rocks in the Deschutes Formation, but a com-

pilation of analyses from rocks identical in major elements elsewhere permit a brief examination of the importance of Ti02 as a parameter in trace element chemistry.
Several trace element analyses are compiled in Table
13; the analyses are listed in order of increasing Ti02
content for two groups: diktytaxitic basalts and basaltic
Correlations with Ti are readily apparent for
andesites.
most of the incompatible elements in both groups. The increase in incompatible trace element content with Ti,
especially well displayed by Zr, Hf, and Ta, is similar to
the correlation between the major elements K and Ti (see
Figure 18, and Tables 3 and 5). It should be no surprise
that the cations most similar to Ti in valence and size
behave in a similar manner; the incompatible cations with
the lowest valences display the same erratic increase with
increasing Ti as K does.
The trace element analyses presented in Table 13

support the conclusion reached earlier that diktytaxitic
basalts with high Ti02 contents are derived from diktytaxitic basalts with low Ti02 contents through processes involving plagioclase fractionation, olivine fractionation,
and rhyolite addition, in that order of importance. The

TABLE 13.

Trace element abundances in ppm of diktytaxitic basalts and
basaltic andesites versus Ti02 and K20 content (in wt. percent).
DEVGAR

WR-225

NORMS

MB-134

K20

0.90
0.29

1.10
0.50

1.48
0.71

2.15
0.50

Sc

-

Anal. 0

Ti02

34.4

205

Co

-

Ni

155

80

Cr

Rb

2.2

Sr

298

Cs
Ba

162.

La

-

Ce

9.8

0.02

46.1

1

830

0.06
240

7.3
21.2

27.4

238

39.9
150
5

486

0.15
198

19.6

21.7

52

68

27.0

26.0

61

58

16

18

573

646

0.49
259

0.45
338

8.2

15.0

19.7

16

22.5
5.86
2.10
1.03

36.7
20

7

2.94

4.42

1.23

1.56

-

0.40

0.71

U

0.03
220

1.14

12.8

8.3

2.3

1.53

2.38

-

0.24

0.40

56
-

60
1.60

-

3.5
330

1.16

0.94

29.7

2.3
0.95

-

110

0.93

11.2

Nd

Zr
Hf
Ta
Th

46.4

MWBA

26.2

Sm

Eu
Tb
Yb
Lu

36.7
172

NSBA

124

3.45

3.73
0.57

8.5
2.81
1.02

4.43

0.44

1.48
0.68

1.43
0.24

2.13
0.35

3.85

2.59
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3.82

130

94

0.13

0.63

0.68

0.33

0.59

0.35

0.83

0.77

-

1.3

1.9

1.25
0.40

1.68
0.42

DEVGAR:

Diktytaxitic basalt from Devil's Garden area of southern Oregon
(McKee and others, 1983. Table 2. average of 5). For major
elements see Table 4.

HR-225:

Diktytaxitic basalt from High Cascades with lowest Ti content
analyzed by Hughes (1983). Major elements in Table 4.

NORMS:

"Normal" diktytaxitic basalt from High Cascades (Hughes, 1983,
Major elements in Table 4.
of 13).

Table 2-3, average
MB-134:

Diktytaxitic basalt from High Cascades with highest

Ti content

analyzed by Hughes (1983)
NSBA:

"North Sister" type basaltic andesite from High Cascades (Hughes,
1983, Table 3-5, average of 8). Major elements in Table 10.

MWBA:

"Mount Washington" type basaltic andesite from High Cascades
(Hughes, 1983, Table 3-4, average of 8).
Major elements in Table
10.
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analyses also support the conclusion that basaltic andesite is derived from diktytaxitic basalt by some process
or processes which add rhyolite to basalt. The basalt

must be of the low-Ti variety, at least for the low-Ti
basaltic andesite, because some of the incompatible
element contents in low-Ti basaltic andesite are lower

than in high-Ti basalt (Table 13).
Aphyric, fine-grained, Fe- and Ti-rich basaltic andesites
and andesites

I.

Description and petrogenesis

Aphyric, fine-grained lava flows with a distinctive
chemistry rich in Fe and Ti (hereafter referred to as the
"aphyric rocks" or "aphyric lavas" for simplicity) are
found at all stratigraphic levels of the Deschutes Formation at Green Ridge (Plate 1), and in the lower Metolius
River canyon (Dill, 1985). The high Ti02 contents of the
flows are unusual for a cale-alkaline suite (e.g., Gill,
1981), and are more typical of "anorogenic" rock series
(Martin and Piwinskii, 1972) associated with areas of
continental extension. The term "tholeiitic" would be
appropriate for the rocks because of their high FeO/MgO
ratios (Miyashiro, 1974). Black, aphyric andesite pumice
with similar chemistry is also present in a number of ashflow tuffs. The terms "aphyric" and "fine-grained"
characterize the lavas and pumices well because of their
fine grain size, although most contain a few percent of
small phenocrysts or traces of larger ones. Many
diktytaxitic basalts, basaltic andesites, and andesites at
Green Ridge are also aphyric or nearly so, but all of
those rocks are coarser in grain size than the "aphyric
rocks" discussed here.
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Aphyric lava flows are invariably platy jointed on a
centimeter scale, with the plates parallel to cooling
In cross-section the plates can therefore be
surfaces.
seen to "wrap around" the flows, and the strike of the
vertical "sidewall" plates is usually subparallel to the

mapped trend of the flows.

In thin section the mineralogy of the lavas is
dominated by plagioclase with lesser glass, pigeonite(?),
augite, opaque grains, hypersthene, olivine, apatite, and
a silica mineral, probably tridymite, in that order of
abundance.
Ten to fifty percent of the material is ap-

proximately 0.2 millimeter in longest dimension; the remainder is smaller. The texture of the flows appears to
vary with silica content; the more silica-rich lavas
contain abundant glass and are hyalopilitic, while the
silica-poor ones lack glass and are pilotaxitic and intergranular. Many of the flows are composed of random swirls
and bands of darker and lighter material on a scale of
millimeters to centimeters, a feature often obvious even
in hand specimen. Under the microscope the major differ-

ence between the light and dark areas is in the size of
the grains (Figure 29); in lighter areas the grains are
The dark areas also
It is not
contain more glass than the lighter areas.
larger and fewer, and vice versa.

known if there are compositional differences between such

areas.
A few larger-than-average grains of plagioclase are
usually present in the lavas, and these are often reverse

zoned and embayed.

A composition of An58 was obtained in

Some of the larger grains are normally
zoned, and a composition of An77 was obtained from one of
Rare glomerocrysts of the normally zoned
these (RC-53).
sample RC-137.

The
plagioclase and olivine are present in some slides.
small plagioclase which forms the bulk of the silica-poor
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Figure 29.

Grain size differences in aphyric, fine-grained andesite
Lighter area
(RC-631; Si02 = 63.4 %) rich in Fe and Ti.
has larger average grain size, especially well shown by
the opaque minerals. Width of field = 0.75 mm.
Uncrossed nicols.
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rocks is labradorite (An 63).

Sparse olivine is present in all of the slides.
Usually it is jacketed with opaque material or by augite,
and hence was not in equilibrium with the groundmass.
The most abundant pyroxene in the lavasis probably
pigeonite, but the grain
determination.

size is too small to permit a 2V

The chemistry of the lavas is character-

ized by an abundance of Fe and a dearth of Mg and Ca, and

most of the Ca present is contained in the abundant plagioclase. These conditions appear to be ideal for the
growth of pigeonite. Small, strongly hourglass-zoned
augite(?) is present in all of the rocks, often with a

subophitic habit in clots with small plagioclase and
opaque grains. Rarely, the augite(?) is seen to enclose
corroded

hypersthene cores.

The abundance of hypersthene

appears to increase with increasing silica content.
It seems likely that the aphyric lavas were of much
lower viscosity than the other lavas of comparable Si02
content at Green Ridge. This is indicated by their Ferich chemistry, which also suggests a high density, and by
the fact that the flows traveled farther than most of the
The Deschutes
other lava flows at Green Ridge (Plate 1).
Formation section at Fly Creek contains a much higher pro-

portion of aphyric lavas than the section on the west
flank of Green Ridge (see Volcanic Stratigraphy).

The chemistry of the lavas and pumices is characterized by high Fe, Ti, and Na, and low Al, Ca, and Mg conThe CaO/FeO and CaO/A1203 ratios of the
The chemical
rocks are plotted in Figures 30 and 31.
tents (Table 14).

features of the rocks are consistent with a genesis involving extensive plagioclase and olivine fractionation.
Plagioclase fractionation from a basalt or basaltic andesite would lower the Ca and Al, and raise the Fe, Ti, and
Mg contents.
The effect on Na would depend upon the
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TABLE 14.

Chemical analyses of aphyric rocks rich in Fe and Ti.

Anal.

RC-53
54.2

Si02

Ti02

RC-271
54.7

1.92

15.8

A1203

1.91

WR-340
54.0
1.92

WR-206
56.2

2.10

16.0

16.1

16.0

SCRA
56.7

2.18
15.5

M-1

54.9

MCGA
57.7

1.92

1.90

DCGA
56.5

1.89

15.5

14.8

15.6

FeO

9.75

10.0

10.1

9.1

9.2

9.1

9.2

9.1

CaO

7.4

7.6

7.7

7.1

7.1

7.5

6.7

6.7

MgO

3.6

3.6

3.2

3.5

3.6

5.2

3.2

3.35

Na20

4.3

4.4

4.2

4.5

4.35

4.0

4.3

4.2

K20

0.81

0.78

1.00

1.00

0.91

1.45

1.03

1.21

97.77

98.93

98.22

99.50

99.54

99.55

98.85

RC-281
58.2

TED213
57.7

RC-176
57.5

WR-216

TED222

Si02

57.5

59.1

T102

1.67

1.72

1.44

1.45

Total

Anal. t

A1203

WR-7
57.0

1.55

98.55

RC-137
60.6

RC-631
63.4

1.47

1.30

1.47

15.7

15.1

16.8

17.4

17.6

15.7

17.0

16.6

FeO

9.1

9.2

CaO

6.8

8.2
6.6

2.95

2.7

Na20

4.3

4.2

4.3

4.5

8.0
6.4
3.1
4.4

7.8
5.4

3.1

6.8
3.2

7.8
6.4

Mgo

9.2
6.6
2.6
4.4

4.4

6.5
4.3
1.2
4.9

K20

0.98

1.02

1.15

1.14

1.20

1.19

1.47

1.82

Total

99.82

98.94

99.30

98.91

99.75

99.36

99.60

100.04

WR-334
57.7

A6Cr9

MCT
60.25

RC221b
59.5

RC-101
61.4

RC-402

HB-14

60.0

63.9

WR-102
60.6

1.55

1.69

Anal.

i

Si02
T102
A1203

59.1

1.57

1.54

1.56

0.80

1.63

0.95

15.9

16.9

16.0

6.9

7.1

5.2

7.6

5.0

5.3

3.5

5.6

2.2

2.4

2.6

1.3

3.3

4.9

4.7

4.6

6.0

4.6

1.48

1.39

1.62

1.54

1.90

1.55

100.04

99.71

99.15

98.58

99.50

100.20

16.3

16.7

16.32

17.4

15.6

FeO

8.3

7.8

7.61

7.5

CaO

6.4

5.8

5.60

5.1

Mgo

2.2

2.3

3.04

Na20

4.7

4.8

4.19

K20

1.10

1.21

98.37

99.25

Total

1.5

RC-53:

Lava at elevation 4020 feet on ridge in south half of section 1,
T. 12 S., R. 9 E. Just below "black knocker" ash-flow tuff.

RC-271:

Lava at elevation
R.

11 E.

2800 feet, south half

May be same flow as RC-53.

of section

8. T. 12 S..
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TABLE 14, continued:
WR-340:

Lava at elevation 4000 feet, SW 1/4 section 13, T. 12 S., R. 9 E.
Analysis from Hales (1975).

May be

same flow as RC-53.

WR-206:

"Street Creek Ridge" lava at elevation 3140 feet on boundary of
sections 22 and 27, T. 11 S., R. 10 E. Analysis from Hales
(1975).

SCRA:

Street Creek Ridge andesite from
and 313.

Dill

(1985).

Average of TED275

Same flow as WR-206.

M-1:

Lava from roadcut on south side of lower Metolius River near
Monty Campground, section 12. T. 11 S., R. 10 E. Collected and
analyzed by E. M. Taylor.

MCGA:

Monty Campground andesite from Dill (1985). Average of TED791,
792, 798, and 801.

DCGA:

Drift Campground andesite from Dill (1985). Average of TED789
and 796. Near stratigraphic base of Deschutes formation.

RC-281:

"Fly Creek Ranch andesite" lava at elevation 2840 feet, NW 1/4
section 4. T. 12 S., R. 11.E.

TED213:

Fly Creek Ranch andesite from

WR-7:

Lava at elevation 4490 feet. SW 1/4 section 6, T. 12 S..
Collected and analyzed by E. H.'Taylor.

RC-176:

"Gunsight andesite" lava at elevation 3200 feet. NW 1/4 section
31, T. 11 S., R. 11 E. INAA analysis by Scott Hughes yields FeO

Dill

(1985).

Same flow

as RC-281.

R. 10 E.

7.45, Na20 4.42, and K20 1.15.
WR-216:

Gunsight andesite lava at elevation 3640 feet, SW 1/4 section 35,
T. 11 S.. R. 10 E. Analysis from Hales (1975).

TED222:

Gunsight andesite from Dill (1985).

RC-137:

Lava at elevation 4350 feet, NE 1/4 section 7, T. 12 S., R. 10 E.
Lower flow of two exposed above road.

RC-631:

Lava at elevation 4250

WR-334:

Black aphyric pumice from Six Creek Tuff at elevation 4340 feet,
NW 1/4 section 13, T. 12 S., R. 9 E. Analysis from Hales (1975).

A6CrB:

Aphyric black pumice in Six Creek Tuff.
WR-386; TED526 and 528.

MCT:

Aphyric

feet,

Same flow as RC-176.

NW 1/4 section

12, T. 12

S., R. 9 E.

Average of RC-7, 268;

black pumice in McKenzie Canyon Tuff, south-central
Deschutes Basin. Average of ten analyses from Cannon (1985,

Table 4).
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TABLE 14. continued:
RC221b:

Aphyric black pumice from ash-flow tuff exposed at roadcut at
elevation 3600 feet. SE 1/4 section 33, T. 11 S.. R. 10 E.

RC-101:

Aphyric black pumice from ash-flow tuff exposed in roadcut
elevation 3800 feet, SE 1/4 section 36, T. 11 S., R. 9 E.

RC-402:

Aphyric black pumice from ash-flow tuff at elevation 2780 feet,
boundary of sections 8 and 17. T. 12 S.. R. 11 E.

at

"Black knocker" pumice from ash-flow tuff in Deschutes Formation
Canyon.
Collected and

HB-14:

on Highway 126 grade on west side of Deep
analyzed by E. M. Taylor.
WR-102:

Anal.
Sio2
TiO

2

/

Lava at elevation 4560 feet, SE 1/4 section 1. T. 12 S., R 9 E.
K-Ar date of 5.3 m.y. Analysis and date from Hales (1975).
One

56.2
1.76

Two

59.2
1.50

Three
60.3
1.41

15.7

15.3

15.2

8.0
6.0
2.8

Na20

9.2
7.0
3.2
4.4

4.45

7.5
5.T
2.6
4.5

K20

1.07

1.47

1.63

One:

AVMA plus 10% rhyolite (Table 15 and Appendix 1).

A1203
FeO
CaO
MgO

DCGA.
Two:

AVMA plus 30% rhyolite.

Three:

AVMA plus 40%

Compare to A6CrB.

rhyolite. Compare to AVA (Table 15).

Compare to

6

14+

19

, -t-- t--$-- t---r----+24

0.6

1.2

1.8

3.0

36

o JOTUN

42

48

T; 02
Figure 30.

Open
CaO/FeO versus Ti02 for the aphyric lavas rich in Fe and Ti. (filled circles).
of
"anorthanalyses
Open triangles represent
circles represent analyses in Table 15.
osite-norite-mangerite" suite rocks in southern Quebec (Philpotts, 1966). Fields of

basalts (13), basaltic andesi.tes (BA), Scorpion Mountain lavas
pillow complex" (rule(t) are shown.

(SC}4) and Nain

"chilled

4

8

0.8 4

CaO
AL203

0.Gt
oJOTUN

04t
6
0.2 t

a

Q RHYODACITE

QRHYOLITE

0.6

1.2

1.8

24

30

3!G

42

4.8

TAO

Figure 31.

CaU/A1203 versus TbG2 for the
explanation.

aphyric lavas rich in Fe and Ti.

See Figure 30 for
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composition of the plagioclase; removal of the calcic
bytownite typical of basaltic andesite would raise the Na
Even removal of calcic labradorite would do so.
content.

Olivine fractionation would lower the

Mg and Fe, and raise

Plagioclase must
the Na, K, Ti, Ca, and Al contents.
therefore dominate olivine in any fractionation scheme
because of the low Ca and Al, and high Fe, contents in the
rocks.

The low CaO/FeO ratios in the rocks are also

consistent with extensive plagioclase fractionation because olivine fractionation raises the CaO/FeO ratio.
Olivine fractionation is, however, consistent with the
very low Cr and Ni contents measured in sample RC-176
(Table 16), and in chemically similar rocks elsewhere in

the High Cascades
(Mertzman, 1977)

Table 16), and at Medicine Lake
and Newberry volcanoes (Higgins, 1973)
(BT-386,

(Table 15).
The chemical features of the aphyric rocks are duplicated in the groundmass chemistry of a basalt rich in

plagioclase and olivine

phenocrysts,

and in segregation

veins within diktytaxitic basalts (Table 15, #21 and 22).
These similarities demonstrate the likelihood of producing
the aphyric rocks by fractionation dominated by plagioclase with subordinate olivine.
Because the chemical trends in basaltic andesites and
andesites are also produced by plagioclase and olivine
fractionation, the aphyric basaltic andesites and andesites are apparently the most extreme examples of such
If the aphyric basaltic andesites were
fractionation.
plotted as a separate group in Figure 30, they would
extend the field of basaltic andesites to lower CaO/FeO

ratios and higher Ti02; the CaO/A1203 ratios of aphyric
basaltic andesites are the same as those of "normal"
If the aphyric andesites were plotted
basaltic andesites.
separately they would similarly extend the fields of
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TABLE 15.

Anal. 0
Sio2

Ti02

Comparative analyses of rocks rich in Fe and Ti.
AVA

MLRMF

3

60.2

60.45

61.7

1.51

1.58
16.4

16.68

1.27
15.4

7.04
4.79

8.0
5.0

2.08

Na20

7.4
5.4
2.4
4.7

K20

1.46

A1203
FeO
CaO
MgO

Anal. 0
Si02

BT-386
58.6

Ti02

1.90

A1203

14.3
10.1

5.28

1.8
4.4

1.66

1.6

1.41

10

57.78

NEWB

53.2

2.22

58.4

9.3
6.4
2.8

9.4
4.4

4.3

3.6

1.56

3.6

46ABy63
54.9

2.48

1.41

13.7

1.6

15

53.7

2.02

1.71

15.8

8.5
5.5
2.4
3.9
2.53
16

55.1

2.00

14.6

14.0

10.5

11.0

11.6

12.1

12.7

7.6

7.3

7.8

7.2

6.9

6.4

2.66

3.5

3.2

3.85

3.0

3.25

2.5

4.41

4.3

3.7

4.0

3.8

3.9

3.5

2.21

0.81

1.16

0.87

1.23

1.19

1.88

5.5

5.14

MgO

Na20

2.6
5.0

K20

1.40

2.28

2.77

TP-11

14.9

CaO

Ti02

2.01

1.4
4.0

7

61.7

16.0

10.54

17

1.92

SCM
54.4

4.4

6

57.4
1.30
16.7

15.5

8.6

55.1

AVMA
54.3

1.62

FeO

Sio2

1.54

9.4
5.7
2.5
3.4

13.63

0

1.75

5

60.5

14.6

16.1

Anal.

4

60.9

16.0

9.95

JOTUN

19

UZA

21

22

49.5

46.2

45.2

54.5

50.1

4.45

3.85

A1203

14.3

14.3

12.9

2.67
13.3

15.3

2.87
12.5

FeO

13.5

1.80

14.5

20.4

20.8

10.4

15.6

CaO

6.75

6.3

8.7

9.7

7.7

9.0

MgO

2.0

4.8

4.8

Na20

3.3

3.6

2.6
2.7

5.0
4.5

3.6
4.4

K20

1.87

1.53

0.84

0.8

0.74

AVA:

Average aphyric andesite in Green Ridge ash flows and lavas.

3.2
0.28

(RC-137, 221b, 101, 402, A6CrB; WR-102).
MLRMP:

Aphyric "Rampart" andesite from Medicine Lake volcano. Average
of 15 analyses from Mertzman (1977). Recast volatile-free with
total Fe as FeO.

3:

Icelandite lava from Thingmuli volcano, Iceland (Carmichael,
1964, Table 4, #14). Recast volatile-free with total Fe as FeO.
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TABLE

15, continued:

Icelandite inclusion (average of 2) in 1875 eruption of Askja
volcano, Iceland (Sigurdsson and Sparks, 1981. Table 9, 011 and
012). Recast water-free with total Fe as FeO.
5:

"Marscoite"

from Western Red Hills intrusive center. Isle of Skye
Recast water-free with

(Wager and others. 1965. Table 2. 05).

total Fe as FeO.
6:

Aphyric andesite

from

Main series lavas at Santorini volcano.
3. 913). Recast water-free with

Greece (Nicholls. 1971, Table
total Fe as FeO.

7:

"Potassic icelandite" from McDermitt caldera, southeast Oregon.
Average of seven (Wallace and others. 1980, Table 2, #1). Recast

water-free with total Fe as FeO.
TP-11:

Aphyric andesite from Tusas Mountains volcanics, Taos Plateau,

west flank of Rio Grande rift. "Intermediate rift-age volcanism"
(Basaltic Volcanism Study Group. 1981. Table 1.2.4.1).
BT-386:

Aphyric andesite from base of Tumalo Falls. High Cascade Range.
twelve miles west of Bend, Oregon (Hughes. 1983, Table 3-7).
Trace elements in Table 16.

10:

Aphyric andesite pillows. some chilled, in Ardnamurchan
net-veined complex, Tertiary intrusive, west Scotland (Vogel,
1982, Table 2C. average of 13).. Recast water-free with total Fe
as FeO.

AVMA:

Average aphyric mafic andesite at Green Ridge.

(RC-53. 271, and

WR-340).
SCM:

Scorpion Mountain aphyric basaltic andesites, Western Cascade
Average of five (White. 1980, #BX-141, 307, 99.
263; L-142). Recast water-free with total Fe as FeO. Trace
elements in Table 16.
Range, Oregon.

NEWB:

Aphyric "platy andesitic basalt" from Newberry caldera, Oregon.
Average of nine (Higgins. 1973, Table 3. #7-15). Recast
water-free with total Fe as FeO.

46ABy63:

Aphyric andesite pipe from Okmok caldera, Umnak
(Byers. 1961, Table 1, #15).

Island, Aleutians

Recast water-free with total Fe as

FeO.

15:

June 28, 1970. lava from Hekla volcano, Iceland. Eruption
temperature measured at 1050 degrees (Thorarinsson and Sigvaldason, 1972. Table 3, 04). Recast water-free with total Fe as FeO.
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TABLE 15, continued:
16:

Ferrodiorite from Western
Skye.

Red Hills intrusive center, Isle of

Contains blocks of andesinite and is in probable liquid-

liquid contact, unchilled, against eqigranite (Wager and others,
1965, Table 2, #6A).
Recast water-free with total Fe as FeO.

17:

Most common chilled diorite pillow from border of anorthosite
pluton. Main complex, Labrador (Wiebe, 1979, Table 4).
Associated with chilled dikes of the same composition.

JOTUN:

Monzonorite (jotunite) from border of the Hidra anorthosite
massif, southwest Norway-(Duchesne and others, 1974, Table 1,
#7234 and 7020 averaged). Recast water-free with total Fe as
FeO.

19:

Trace elements in Table 16.

Most mafic chilled diorite pillow from border of anorthosite

pluton, Main complex, Labrador (Wiebe, 1979. Table 3, #152A).
Recast water-free with total Fe as FeO.
UZA:

Average layered rock from Upper Zone A of the Skaergaard
east Greenland (Wager and Brown,
Total Fe expressed as FeO.
intrusion,

21:

1967,

Table 6).

Groundmass composition of Middle Sister basalt porphyry from

2-5).
Silica arbitrarily chosen so analysis
totals 100 percent. Basalt contains 30-40 percent plagioclase
(An61) and five percent olivine (Fo75) phenocrysts.

Hughes (1983, Table

22:

"Segregation vein" (vesicle cylinder or sheet) in Warner
diktytaxitic basalt, northeastern California (Kuno, 1965, Table

3, #6D). Recast water-free with total Fe as FeO. Vein probably
represents remobilized residual material after basalt was nearly

solidified.
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andesite

compositions.

Several factors suggest that magma mixing may also be
involved in the genesis of the aphyric rocks. The pre-

sence of reverse
easily

explained

zoned phenocrysts in the lavas is not
by crystal fractionation. The odd varia-

size in the rocks suggest the incomplete
Also, the chemical trends of the
mixing of two magmas.
aphyric rocks considered as a separate group define a

tions

in grain

crudely linear trend which leads toward and includes
rhyodacite and rhyolite (Figures 15 and 16). The compositions of the intermediate aphyric rocks can be closely
approximated by adding rhyolite to the most mafic aphyric

rock in various proportions (Table 14, #One, Two, Three),
which suggests that the linear trends in Figures 15 and 16

may be mixing lines.
Given these suggestions, is it possible that aphyric
basaltic andesite may mix with rhyolite in all proporThe answer may be yes because if the mafic aphyric
tions?
rocks are produced by extensive fractionation of basalts
their liquidus temperatures will be
lowered accordingly. The liquidus temperature of rhyolite
containing 2 percent water at 10 kb, a pressure equivalent
to the base of the crust, is 1000 degrees (Stern and

and basaltic andesites

If basalt containing 2 percent water,
others, 1975).
which has a liquidus temperature between 1200 and 1250

degrees at

10 kb (Stern and others, 1975), crystallizes 75
percent of its mass as plagioclase and olivine, the residual liquid produced will have a temperature between 1000
and 1050 degrees (e.g., Wright and others, 1968). Such a
residual liquid is only slightly warmer than rhyolite at
the base of the crust and so may mix with rhyolite there
in all proportions as long as it does not intercept an
(Because the liquidus temperature of
immiscibility field.
rhyolite falls rapidly with a drop in pressure, such mix-
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ing would be less likely at shallow crustal levels.)

The

more extreme the basalt fractionation the easier it would
Direct evidence for the liquidus
be for mixing to occur.
temperature of aphyric basaltic andesite at Green Ridge is
lacking, but the chemically similar (Table 15) aphyric

Hekla lava of June 28, 1970 had an eruption temperature of
1050 degrees (Thorarinsson and

Sigvaldason, 1972).

Hekla volcano in Iceland is known for the regular increase in the Si02 content of its initial eruption proThe
ducts with length of repose time between eruptions.
1970 eruption followed a repose time of only 23 years, and

the initial products of the eruption were heterogeneous,
with a variability in Si02 of

the mafic tephras and lavas

of nearly two percent and including tephra with Si02 up to
72 percent. The composition of the initial tephras did
not fit the repose time versus Si02 curve established for

longer repose intervals (Thorarinsson and Sigvaldason,
1972).

Those authors suggested (p. 285-286) incomplete

magma mixing to explain the heterogeneity of the 1970
eruption:

"A notable feature of the variation
curve is the increasingly looser fit
of points as the repose period becomes
shorter than 40 years. This is especially pronounced in the initial products of the 1970 eruption. The relatively large range in silica values of
the basic tephras and the simultaneous
production of acid tephra might be interpreted as a system consisting of
two phases in the initial stages of

mixing...

The lower end of the variation
curve would therefore show a slow and
irregular rate of increase at first
while mixing is incomplete."

The possibility that the variation curve is produced
by fractional crystallization is highly unlikely because
of the aphyric character of the Hekla lavas. Thorarinsson
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and Sigvaldason (1972, p. 286-287) note:
"Einarsson (1950) suggested that the
chemical variation observed during the
1947 eruption might indicate fractional crystallization in the magma chamber during the preceding repose. One
of the arguments against fractional

crystallization was the very small
grain size of constituent minerals in
lavas, and absence of larger
The mineralogy of the
phenocrysts.

the

1970 lavas is identical with the lavas

of the 1947 eruption (Tryggvason,
1965)."

Further support for the mixing hypothesis comes from

on plutonic rocks exposed in a sub-caldera complex on the Isle of Skye. The
"marscoite" studied by Wager and others is similar to
aphyric andesite, while the ferrodiorite resembles aphyric
the work of Wager and others

(1965)

basaltic andesite (Table 15, compare AVA to #5 and AVMA to
#16). The most likely hypothesis for the origin of
"marscoite"

is mixing of ferrodiorite with epigranite.

Wager and others state

(1965,

p. 273-274):

"The earliest rocks belonging to the
southern late intrusions are porphyritic epigranites and felsites, having
quartz and potash felspar phenocrysts
resembling the xenocrysts of these
Then came
minerals in the marscoite.
somewhat
chilled
against
marscoite,
the felsite but also backveined by it.
The marscoite in Harker's Gully, and
in other places on Marsco, passes
gradually into ferrodiorite which

sometimes contains basic andesine

phenocrysts similar to the xenocrysts
of the marscoite. The ferrodiorite

has a composition suggesting that it
was derived by extreme

fractional
The
crystallization of basic magma.
xenocrysts of the marscoite are highly
characteristic and indicate that marscoite was formed by the mixing of a
porphyritic acid magma, like that
which produced the Southern Porphyritic Felsite, and a porphyritic basic
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magma, like that which produced the
porphyritic ferrodiorite of Marsco.
The chemical compositions of the

presumed parent materials and marscoite support this view. Because of
the even distribution of the xenocrysts in marscoite, the mixing must

have been largely effected by the
mechanical stirring together of two
liquids, in both of

which were sus-

pended crystals."
Trace element measurements are available for only a
few Fe- and Ti-rich rocks (Table 16 and Figure 32). The
LREE-enriched trend of sample RC-176 is similar to the
trend found for Scorpion

Mountain lavas in the western

Cascade Range (White, 1980), and for sample BT-386 from
the High Cascades (Hughes, 1983). Jotunite from Norway

also has the same pattern, but is more REE enriched,
presumably due to more extreme fractionation, and has a
negative Eu anomaly. The lack of an Eu anomaly in RC-176

is consistent with the positive Eu anomaly characteristic
of the parental diktytaxitic basalts (see Diktytaxitic
Basalts), because of the major role played by plagioclase
fractionation in producing the aphyric rocks. If the
parental basalts had smooth REE patterns the aphyric rocks
would have negative Eu anomalies because of the large
positive Eu anomaly characteristic of plagioclase (e.g.,
Hughes, 1983).
In summary, production of the aphyric rocks rich in
Fe and Ti begins with extreme fractionation of plagioclase

and olivine from a basalt or basaltic andesite with a
Such fractionation probably is
positive Eu anomaly.
associated with the formation of anorthosite bodies (see
Fractionation, which lowers the temperature of
below).
the residual liquids it produces, is followed by mixing of
those liquids with rhyolite (or rhyodacite or dacite) to
make the aphyric rocks.

173

TABLE 16.

Anal.

Trace element abundances in ppm of Fe- and Ti-rich and other rocks.
RC-176

BT-386

SCH

JOTUN

Sc

19.6

23.1

32.5

20.4

17.6

Cr

10

10

35

29

47
37

24.1

10

0

3

Co

19.3

16.9

Ni

10

11

Zn

76

Rb

<5

35

460

500

Ba

0.79
550

La

18.5

Ce
Nd

28.6

Sm

Eu
Tb
Yb

Lu

Zr
Hf

40
41

Sr
Cs

RC-QB1

27
370

540

19.5
56

22

4.90
1.52
0.58
2.16
0.32
130

<5

420

0.59

1.06
430

13.9
32.8

31

416

32.3
78.4
48.5

4.91
1.66
0.85

2.2

11.57
3.28
1.58

2.90
0.41

2.7
0.5

3.36
0.54

170

160

4.3

235

6.2

0.06
310

12.8
21.8
22

4.71
1.73

0.69
2.14
0.31
160

3.0
0.43

2.1

4.41
0.67
2.14

U

0.9

0.9

RC-176:

Aphyric Fe and Ti-rich Gunsight andesite at Green Ridge. Major
elements in Table 14. Analyst: Scott Hughes.

BT-386:

Aphyric Fe and Ti-rich Tumalo Falls andesite from High Cascades.
Major elements in Table 15. Analysis from Hughes (1983).

SCM:

Aphyric Fe and Ti-rich Scorpion Mountain lavas in Western Cascade
Average of three (White, 1980, /BX-99. 141. and L-142).
Range.
Major elements in Table 15.

Ta
Th

JOTUN:

3.5
0.72

2.5

2.8
1.0

0.41

Monzonorite (jotunite) border of Hidra anorthosite body in
southwest Norway (Duchesne and others. 1974, average of 17234 and
7020).

RC-QB1:

1.12

Major elements in Table 15.

Plagioclase megacryst-bearing lava at Green Ridge.
Scott Hughes. See Table 23 for major elements.

Analyst:

LA CE

ND

SM EU

TB

YB LU

Figure 32. REI, patterns for aphyric rocks rich in Fe and Ti. JOTUIJ = Jotunite from Norway;
SCM = average Scorpion Mountain lava; BT 386 = high Cascade lava; for major elements
of these three rocks see Table 15. RC-QBl is a megacryst-bearing basaltic andesite;
RC-176 is an aphyric lava.
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II.

Are the aphyric rocks related to anorthosite?

The occurrence of blocks of andesinite in the ferrodiorite on the Isle of Skye (Wager and others, 1965) suggests that the formation of the aphyric rocks is related
to the development of anorthosite bodies. This suggestion
is consistent with the extensive plagioclase fractionation
necessary in order to produce the aphyric rocks; presumably the fractionation of plagioclase requires the formation of a plagioclase cumulate body. Therefore, the close
chemical similarity of diorite dikes and pillows associa.and the
ted with the Nain anorthosite body (Wiebe, 1979)
ferrodiorite on the Isle of Skye (Table 15, #16 and 17) is
The borders of anorthosite bodies often
not surprising.
consist of material whose Fe- and Ti-rich chemistry suggests a genesis by extreme fractionation of basalt
(Emslie, 1978; Philpotts, 1966, 1981; Wiebe, 1979). The
border rocks, usually termed "jotunites", are very fine
grained and rich in Fe, Ti, Na, and K, and poor in Al, Ca,
and Mg, and thus resemble the aphyric rocks. In contrast,
the anorthosite rocks are coarse grained, as are the
Anorthosite bodies originate from
diktytaxitic basalts.
basaltic parent magmas, probably rich in plagioclase
components, i.e. Al and Ca (Morse, 1982).
Direct evidence for the presence of anorthosite
bodies at depth beneath the Deschutes Formation source
volcanoes exists in the form of plagioclase megacrysts in
some lava flows at Green Ridge (see Megacryst-bearing
Further support for this conclusion is found in
the similarities of the chemical trends in the aphyric,
lavas).

Fe- and Ti-rich rocks at Green Ridge with the trends of
the jotunite-mangerite-quartz mangerite ("ferrodioritemarscoite-epigranite") portion of the anorthosite-
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norite-mangerite (ANM) suite in southern Quebec (Philpotts, 1966) (Figures 30 and 31). Philpotts concluded
from his study of major element and pyroxene chemistry
that the parent

magma of the ANM suite was cale-alkaline

basalt. His parent magma is very similar to an average of
Deschutes Formation basalts and basaltic andesites (Table
23). The overall pattern of the ANM suite is very similar
to the combined pattern of Deschutes Formation basalts,
basaltic andesites, and aphyric rocks on CaO/FeO and
CaO/A1203 versus Ti02 diagrams (Figures 30 and 31).
However, the Deschutes rocks are not as extremely fractionated as the ANM suite rocks. The regular progression
in compositions from AVMA through #17 in Table 15 is
reflected in Figure 30 by a

regular decrease in the

CaO/FeO ratios from Deschutes through Scorpion Mountain,

"icelandites" (#3, 4, and

15). ANM suite,

and finally

Nain.

The most mafic aphyric basaltic andesite at Green
Ridge may not represent the most extreme, Ti-rich aphyric

composition because it still contains reverse zoned plagioclase. Extreme compositions corresponding to jotunite
are probably not erupted because they mix too easily with
rhyolite and have very high densities. The Nain chilled
pillow complex (Wiebe, 1979) (Table 15, #17 and 19; Figure
The chilled diorite
30) may record such a mixing event.
pillows in granite and back-veins of granite in diorite at
Nain closely resemble the structures found in "net-veined"

complexes in Iceland and the British Tertiary province
(Roobol, 1974; Walker and Skelhorn, 1966).

complexes are ascribed to incomplete
rhyolite (Wager and Bailey, 1953).
III.

The latter

mixing of basalt and

Tectonic and eruptive setting
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Essentially all of the occurrences of aphyric Fe- and
Ti-rich rocks from which data were gathered for Table 15
are associated with extensional tectonic environments or
with caldera formation. Iceland, the British Tertiary
province, and the Rio Grande Rift are obviously tensional
Anorthosites are believed to form under ex
environments.
tensional conditions (Emslie, 1978). Deposition of the
Deschutes Formation was terminated at Green Ridge by the
formation of a large graben (Taylor, 1981). The structure
of the north-central western Cascade Range (Peck and

suggests that graben formation similarly
terminated deposition of the Scorpion Mountain sequence
others, 1964)

(Conrey and others, 1983; see Regional Geology). Newberry, Medicine Lake, Santorini, and Okmok volcanoes are

all large shield structures with
text,

calderas.

In this

con-

it is possible that many of the source volcanoes for

the Deschutes Formation may have been large shield structures with calderas. Such speculation is consistent with

the large number of ash-flow tuffs in the formation
(Smith,

1960,

1979; Christiansen, 1979).

The presence of aphyric Fe- and Ti-rich rocks in the
High Cascades could be associated with caldera formation,
but the original shield structures may now be buried or
heavily eroded.
Aphyric rocks rich in Fe and Ti may also erupt from
cinder cones as seen in the upper part of the Deschutes
Formation in the Tumalo quadrangle (A.K. McDannel, MS

thesis in progress). The eruptions apparently preceded
formation of the normal faults of the Tumalo Fault Zone.
The aphyric rocks rich in Fe and Ti in the Deschutes
Formation,

the Scorpion Mountain sequence, and the Aleu-

tian Islands (Table 15) demonstrate that the separation of

the

orogenic,

calc-alkaline series from the anorogenic,

alkaline series (cf. Martin and Piwinskii, 1972) is arti-
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Cale-alkaline suites may contain "anorogenic"
rocks rich in Ti if they are produced under extensional
ficial.

tectonic conditions.

This leads to the question of

whether "anorogenic" rocks, such

as the aphyric Fe- and

Ti-rich ones, are produced in all calc-alkaline suites
regardless of the tectonic conditions, but are only seen
at the surface when extensional tectonism prevails. Ease

of access to the surface may be

the only

calc-alkaline suites

tween "normal"

difference be-

in which Ti02

contents

1981), and "tholeiitic"
calc-alkaline suites (e.g., Kay and others, 1982) where
This suggestTi02 contents range to much higher values.

rarely exceed

1.2 percent (Gill,

ion is consistent with the common presence of the aphyric
Fe- and Ti-rich rocks in caldera walls in large calc-alk-

The size of such structures

aline shield

structures.

implies that

the magmas which formed them had a ready path

to the surface.

Mixed Lavas and Dike

A thick sequence of lava flows, all of which display
petrographic features in thin section ascribed to magma
mixing, is one of the largest units mapped in the field
The sequence is informally termed the "mixed
area.
lavas".

The mixed lavas are recognizable in the field by

the presence in hand specimen of 10 to 20 percent
plagioclase phenocrysts and variable amounts of olivine up
Wedge-shaped plate-like joints, typicalto five percent.
ly of dinner-plate size, and five to six centimeters
thick, are characteristic of the lavas, but not restricted
The plate-like joints usually
in occurrence to them.
parallel the cooling surfaces of a given flow, and hence
are often seen to "wrap around" the flow in cross-section
in a tube-like manner.

The cores of the flows are often
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nonjointed.
The mixed lava sequence attains a maximum thickness
of 500 feet on the ridge below Green Ridge Lookout in secThe lavas can be traced nearly
tion 12, T. 12 S., R. 9 E.

six miles

to the

to both the north and
side of the "Lookout"

part of section

and two and a half miles
The sequence thins on either
south.
ridge (Plate 1). In the northern

east of

12, T.

12

there,

S., R. 9 E., the flows have a

three or four degrees.
The 500 foot thickness of mixed lavas on the Lookout

gentle northward apparent

dip of

ridge is comprised of at least

range from a few

individually
the boundary

flows, which

feet to 120 feet thick.

On

of sections 13 and 24, at least seven flows

make up a thickness

differences

six separate

in the

flows are difficult

of 400 feet.

Unless there are obvious

olivine content in hand sample, the

to distinguish in the

field.

For that

to determine how many separate flows
are present in the sequence. On the basis of thin section
and chemical study, it can be shown that many of the flows
reason, it is hard

are different

(Table 17).

The total number is certainly

at least twenty, and perhaps many more.
The mixed lavas form a distinct stratigraphic marker,
and are all of reversed polarity. They occur immediately

above the Six Creek Tuff, or ash-flow tuffs that closely
resemble it. On Lookout ridge, the southern contact of
the lowermost

mixed lava

(RC-188) is a vertical flow

80 feet high, which probably represents
cooling of the flow against the side wall of a canyon cut
into the Six Creek Tuff (Plate 1). The mixed lavas are
overlain by megacryst-bearing flows in a number of places.

breccia zone

South and east of the Lookout ridge, where a series of
glomerophyric basaltic andesites overlies the unit, the
contact between the two is questionable because the mixed

lavas also

contain some glomerocrysts.
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With the exception of the sparsely phyric RC-558 lava
flow in sections 16 and 17, T. 12 S., R. 10 E., the mixed
lava sequence is not interbedded with other lavas. Considering the random interleaving of lavas and ashflow
tuffs, which is typical of

the Deschutes Formation at

Green Ridge (Plate 1), the uninterrupted sequence is evidence that the flows have a common source. The local

breccia containing thin flow units of
seen, for example, in the south half of sec12 S., R. 9 E., supports that interpretation.
mixed lavas represent the east flank of a

abundance of flow

solid

lava,

tion 12, T.
Perhaps the

large shield volcano.

The Deschutes section above the mixed lavas includes

and rare andesite lavas,
and lacks ash-flow tuffs (Plate 1). In contrast, the section below the mixed lavas contains a small but persistent
percentage of ash-flow tuffs and dacite and rhyodacite
lavas. West of Green Ridge, in the High Cascades around
Three Fingered Jack, no rocks more silicic than andesite
are reported (Davie, 1980,), with the exception of some
only basalt, basaltic1andesite,

or domes about one mile west of Abbot Butte
(Scott, 1977). Eruption of the mixed lavas appears to

dacite lavas

have marked the cessation of silicic volcanism in this
region.

A normal polarity dike which cuts the Six Creek Tuff,
and closely resembles the more mafic mixed lavas in thin
section (Table 17), is exposed in three segments over a
vertical distance of 600 feet in sections 13 and 14, T. 12
The overall trend of the dike is N30W, but in
S., R. 9 E.
the upper segment the strike may vary from N5E to N40W.

The dike is usually about ten feet wide, but in places
splits into two or three thinner, separate intrusions.
The upper segment of the dike contains vertical planes of
aligned vesicles about, one centimeter apart, a feature

181

lacking in the lower

segment.

Similar increasing

vesicul-

arity with shallower depth of exposure is commonly observed in dikes of Columbia River Basalt (Taubeneck,
The lower segment of the dike displays excellent
1970).
horizontal "brickbat" jointing.

Parallelism of the dike with the N30W trend of the
"bent" portion of the fault immediately southeast of the
dike is inferred to imply a genetic relationship between
Presumably the local

the two.

stress

field, induced by

the change in strike of the fault from N10W to N-S, is
responsible for the trend of the dike. The normal polarity of the dike proves that it is younger than the mixed

lavas because it cuts the Six Creek Tuff, and there are no
normal polarity intervals between the Six Creek Tuff and
the mixed lavas. The inception of faulting cannot be much
younger than the mixed lavas, and conceivably the two
could be

coeval.

If the dike and the fault are related,

the dike is not much younger either. Tentatively, the
dike is assigned to the normal polarity interval
immediately above the reverse interval which includes the
mixed lavas.
Petrographically, the mixed lavas contain from 12 to
27 percent phenocrysts of plagioclase, olivine, augite,
hypersthene, opaque oxides, and rare hornblende in a
groundmass of plagioclase, two pyroxenes, opaque oxides,

glass, and

a silica mineral (tridymite?) with rare traces
of biotite and amphibole. The principal phenocryst is
Two distinct populations of plagioclase are
plagioclase.

found in each rock (Figure

33),

and there is rare evidence

in some rocks of three.

One plagioclase population contains unzoned calcic
cores, average An81, abruptly jacketed by narrow, zoned
sodic rims of An 41-56 composition; or the same cores
abruptly mantled by a fairly wide zone of An68-69, in turn
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Figure 33.

Two plagioclase populations in "mixed lava" RC-183.

See

text, Figure 35, and Table 17 for details of plagioclase
composition and zoning. Note thin, clear rim on "type
R" plagioclase and olivine in glomerocryst with "type N"
plagioclase. Width of field = 3.0 mm. Uncrossed
nicols.
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The contacts between
The core,
core, mantle, and rim are straight and sharp.
especially of larger grains, often contains inclusions of

succeeded by the thin sodic rim.

clinopyroxene and opaque material, while the mantle and
rim are generally clear. Most cores display some "patchy

zoning" (Vance, 1965), and one rock has cores which have
been extensively resorbed and invaded by irregular fingers
of brown glass (Figure 34). Because the plagioclase with
calcic cores displays normal zoning it is informally
termed "N" type.
The second
type for

plagioclase

population,

designated "R"

its prominent reverse zoning, contains

An63 on average, mantled by

cores of

a wide band of An68 rich in

of glass and crystallites of pyroxene.
mantle is succeeded by a thin, usually clear zone
inclusions

The

of

An70-8O, which is jacketed by a strongly zoned border
which grades down to An50 or so. In some rocks the inclusion-rich mantle is very wide, and the clear cores are
rarely seen. The core-mantle contact is always rounded
The outer contacts are sharper but
but fairly abrupt.
An outer euhedral form, due to the growth
Sometimes two zones
of the sodic rim, is often present.
an inner zone containing only
may be seen in the mantle:
glass inclusions, and an outer one with the usual glass
and pyroxene (Figure 35). The largest cores often contain
still rounded.

inclusions of hypersthene and apatite, and rare augite(?),
and are zoned in a normal-oscillatory manner. Rarely, the
inclusion-rich mantle and the reverse zone have seemingly
been resorbed before deposition of the outermost layer, as
they both truncate sharply against it (Figure 36).
The olivine present in all of the rocks is always resorbed in appearance, and often has an opaque jacket.
Hornblende, when present, displays similar reaction texWhen of coarse size, augite also has a resorbed
tures.
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Figure

34.

1

Glass in "type N" plagioclase in "mixed lava" RC-177.
Glass is brown, clear, and isotropic; its distribution
is controlled by cleavage. Note thin, clear rims around
both types of plagioclase, and extremely wide mantle on
"type R". Width of field = 3.0 mm. Uncrossed nicols.
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Figure 35.

Detail of "type R" plagioclase in "mixed lava" RC-183.
Core is An64; mantle is the same composition or slightly
more calcic than the core and has an inner, glass-only
zone (note cleavage control of glass inclusions), and an
outer zone with glass inclusions and pyroxene crystallites; rim is clear and strongly zoned. A thin zone
just outside of the rim-mantle boundary is An70; the
remainder of the rim is normally zoned An50-40. Width
of field = 0.75 mm. Crossed nicols.
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Figure 36.

Crosscutting of "fritted" mantle on "type R" plagioclase
in "mixed lava" WR-104. Note normal-oscillatory zoning
in core. Width of field = 1.5 mm. Crossed nicols.
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but finer crystals are

Clinopyroxene occurs often as jackets surrounding resorbed
appearance,

hypersthene (Figure 37).

euhedral.

Hypersthene may show an outer

glass-rich mantle similar to that seen in the type "R"

plagioclase

(Figure 38). Large hypersthene phenocrysts
often contain inclusions of opaque minerals and apatite,
and occur in clots with opaque phenocrysts. Rare, odd
hypersthene and augite with a dendritic,appearance is
found in some slides (Figure 39).
Minor glomerocrysts are present in all of the rocks.
The type "N" plagioclase occurs in clots by itself, or

with olivine and/or augite, both of which usually display

a subophitic texture. Rarely the type "N" plagioclase is
in clots with two pyroxenes and an opaque. The type "R"
plagioclase forms clots by itself, or with hypersthene

and/or opaque.

Phenocrysts in the mixed lavas are usually about one

millimeter in the longest dimension. Plagioclase and
augite crystals smaller than typical phenocrysts, but
larger than common groundmass grains, were judged to be

"microphenocrysts" during modal analysis of the lavas.
Such judgements are arbitrary and no two people would make
them the same way.
Fourteen chemical and eleven modal analyses of mixed
The rocks range in sillavas are presented in Table 17.
ica content from 55 to 59 percent.
Both modal olivine and
type "N" plagioclase decrease rapidly, while type "R"

plagioclase increases, from 55 to 57 percent silica..
Above 57 percent Si02 the decrease in olivine is minor,
and the amounts of both types of plagioclase remain roughly constant and equal.
Clinopyroxene decreases with
increasing silica, while orthopyroxene and opaque oxides
tend to increase.

Andesitic rocks with two distinct populations of
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Figure

37.

Resorbed hypersthene with augite mantle in "mixed lava"

Hypersthene is at extinction in center of
photograph. Width of field = 1.5 mm. Crossed nicols.
RC-177.

Tug

Figure

38.

Resorbed hypersthene in "mixed lava" WR-344. Thin
fingers of glass appear to "invade" the crystal, a
texture reminiscent of the "type R" plagioclase mantles.
Crossed nicols.
Width of field = 1.5 mm.
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I

Figure

39.

"Dendritic" or "fasciculate" pyroxene in "mixed lava"
The pyroxene is probably augite with a core of
WR-344.
resorbed hypersthene.
nicols.

Width of field = 1.5 mm.

Crossed
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plagioclase, similar in all respects to the ones described
above, are very common. They were first accurately described by Esper S. Larsen and his colleagues (1938), who

emphasized (p. 251) that neither the calcic nor the sodic

cores of

the crystals are in equilibrium with the liquid

in which they are enclosed:
"The calcic cores have as much as 40
percent more anorthite than the bordering feldspar, and the sodic cores
as much as 30 percent less. They
clearly did not crystallize from the
magmas which deposited the outer
They may have crystallized in
zones.
the lower or upper parts of a layered

magma and floated or settled into

another part of the magma. This implies that the calcic cores have
densities less than those of the siliceous magmas into which they floated,
and that the sodic cores have densities greater than those of the liquids
It is doubtinto which they settled.

either is true,
It is more likely that
ful if

excludes the other.

and one

the calcic

cores are due to contamination of a
silicic magma by basaltic material,

and the sodic cores are due to contamination of a relatively calcic magma
by more sodic material. The contaminating material that it furnished to
the cores of the plagioclase might
have been a partly crystallized liquid
or a rock."

Further emphasizing the difficulty of crystallizing
the two types of plagioclase in a single magma, Larsen and
others (1938, pp. 253-4) state:
"Where two types of feldspar phenocrysts are present in a rock, one does
not grade into the other. If one
crystallized in place and the other
reached its position by movement due
to gravity, the movement probably took
place in a magma chamber that had two
distinct layers of different compositions, for if the magma changed grad
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ually we should not find such distinct
crystals."
After considering the possibility that the two populations are produced by the assimilation and reaction of
solid foreign material containing one of the populations
with a magma containing the other, Larsen and others (p.
255) conclude:
"The mixing of two magmas of different
compositions, either or both of which
carried phenocrysts, would give much

the same effect as reaction on included fragments, but the heat and
solution effects would be simpler.
If...
The probability,of mixing two magmas
is increased by the intimate and
erratic association of rhyolitic and
basaltic or andesitic rocks in the
There are local basaltic horiarea.
zons interlayered with nearly all of
the rhyolitic members and there are
local rhyolitic rocks in some of the
andesitic members."

The simple and convincing evidence for magma mixing
compiled by Larsen and others was almost universally
Recent detailed
ignored by geologists for forty years.
studies of andesitic rocks using the electron microprobe

have demonstrated that it is common for rocks containing
two plagioclase populations to have both normal and reverse zoned augite and hypersthene as well (Sakuyama,
1979, 1981). The nearly ubiquitous presence of a small
amount of rhyolitic material, usually represented by sodic
plagioclase with inclusions of rhyolite glass, as a contaminant in basalt and basaltic andesite has been proved
at Medicine Lake volcano (Anderson, 1976; Gerlach and
Sakuyama (1981) proposed that mixing of
Grove, 1982).
magmas from different stages along a path of overall
fractional crystallization from basalt may account for the
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discrete phenocryst populations and non-equilibrium assemblages. He finds, for example, forsterite with Fe-rich
hypersthene. Gerlach and Grove (1982), as well as Eichel-

berger (1978), believe that basalt and rhyolite, partial
melts of the mantle and crust, respectively, may mix in
all proportions to produce basaltic andesite, andesite, or
dacite.
Accepting magma mixing as the dominant process which

produced the "mixed lavas" leads to the problems of determining what magmas were mixed, and where and how did the
mixing occur? The petrographic evidence, particularly

from the glomerocrysts and inclusions, seems consistent
with a mafic magma containing An81 plagioclase, olivine,
augite, and rare hypersthene and opaque minerals, blending
with a silicic magma with An63 plagioclase, hypersthene,
opaque minerals, augite, apatite, and rarely, hornblende.
Mixing of the two magmas resulted in the partial resorp-

tion of all of the phases, none of which-were in equilibrium with the composite liquid. Because the hybrid
liquid was intermediate in composition, the phases from
the mafic magma were overgrown with abrupt, normally zoned

borders, while the silicic phases acquired reverse zones,
or were jacketed by a more mafic phase. Hibbard (1981)
contends that the dendritic appearance of the reverse
zoned plagioclase mantles in many plutonic rocks is the

result of rapid growth during the period of disequilibrium
produced by magma mixing, rather than a zone of resorption
and reaction on a preexisting crystal. The author favors
the latter interpretation. Hibbard also notes that the
"patchy" zoning in large normally zoned plagioclase cores
is the result of mixing, and not decompression, as was
proposed by Vance (1965).

Vance considered that magma

mixing could account for patchy zoning, but did not think
it was a common process.
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The mafic

end member of the mixed lava series is

This interpretation is supported by
basaltic andesite.
the chemical and modal data in Table 17. The chemistry of

the mixed lava and dike which contain only traces of the
silicic phases is identical to basaltic andesite (compare
RC-46 to WR-342 and RC-188). The mafic phenocryst phases,

dominated by bytownite and olivine, are the major phases

andesites in the field area. The mafic
glomerocrysts are typical of basaltic andesites as well.
in basaltic

The difference between the modes of RC-188 and WR-342 and
the mode of average basaltic andesite is slight but
probably important. The mafic end members have more
augite than normal, and probably more plagioclase, features readily explained by the mixing hypothesis because
the higher temperature of the mafic fluid implies that it
will be cooled and crystallized during mixing. In general, upon mixing the mafic fluid should become crystal-rich

and the silicic fluid crystal-poor; crystallization of the
mafic magma may lead to crytal settling (accumulation) and
fractionation.

The silicic end member of the series is probably

andesite, but is not as well characterized as the mafic
end member because of the constant amount of type "N"
plagioclase which persists in the silicic lavas. Hypersthene, opaque minerals, augite, and apatite are all

phenocrysts, and form glomerocrysts, characteristic of
dacite lavas in the Deschutes Formation, but dacite
usually contains plagioclase of An50 or less (Table 19).
The anorthite content of the type "R" plagioclase is more
consistent with andesite (e.g. Sutton, 1975), by which is
meant a rock with around 60 percent silica.
Because of the rare evidence for multiple resorption
of the type "R" plagioclase, the possibility of a complex
history for the silicic end member should be kept in mind.
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Perhaps the mixing process itself can account for the complexities of the zoning in both types of plagioclase, and
for the rare presence of a third type.

The average

SiO 2 content of thirty rocks containing

two plagioclase populations analyzed by Sakuyama (1981) is
58 percent, and the majority of the analyses is between
and 62.
The plagioclase populations average An90 and

An50, An80 and

An50,

55

or An80 and An70-80, as determined by

Mixing of a mafic fluid containing byanorthite phenocrysts and a silicic fluid with

the microprobe.

townite or
andesine or labradorite is evidently
cess, which tends to produce rocks of
58

62

a very common pro-

Si02 content around
percent. Rocks with silica contents below 55 and above
percent generally have only a single phenocryst popula-

tion.

Some common examples of "mixed lavas" from the

Aleutian

Islands, Mt. Hood, Medicine

in the Aegean Sea, all of

Lake,

and Santorini

which have phenocryst assem-

blages similar to the mixed lavas at Green Ridge, are
cited in Tables 17 and 18. The lack of detailed petrographic descriptions, in conjunction with chemical
analyses, renders the compilation
listing impractical.

of a more complete

In Table 18 the average Green Ridge

mixed lava is

compared to the average of 88 analyses of rocks with Si02
contents of 56 to 58 percent compiled by Ewart (1982).
The chemistry and modes of the two averages are very
similar, suggesting, but not proving, the ubiquity of
magma mixing in rocks of andesitic composition.
Unfortunately, Ewart does not subdivide the plagioclase on the

basis

of zonal structure.
The difference in the modes
could be a reflection of judgement as to what constitutes

a phenocryst, this author
gard.

being conservative

in that re-

This contention is supported by the identical

amount of olivine in both modes.

Olivine is the single
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Chemical and modal analyses of mixed lavas and dike.

TABLE 17.
Sample

#

WR-342

RC-188

WR-172

RC-177

RC-34

WR-344

WR-264

WR-260

55.0
1.05
17.6
8.1
9.1
4.8
3.3
0.85
99.80

56.7
1.08

56.6
1.10
16.8

56.1
1.09
17.1

57.5
1.00
17.5

57.0
1.02
16.6

7.3
7.8
3.9

7.5
7.5

3.7

57.0
0.83
16.6
7.6
7.9
3.4
3.5

15
1

Si02
TiO

Al

6

Fe3 3
CaO
MgO

Na 0
K a
2

Total

7.35
7.7
4.8
3.7

7.8
7.2
3.7
3.8

56.5
1.13
17.4
7.5
7.3
3.7
3.6

3.7

7.4
7.8
3.2
3.2

1.18
99.61

1.35
98.35

1.13
98.24

1.06
98.04

1.35
99.15

1.32
97.54

1.47
98.30

16.9

8.8

0.4

2.8

7.8

4.0
0.4

1.8

3.9
1.2

0.7

0.4

6.3
5.5
1.3
1.3
0.6
Tr

4.7
5.3
0.8
0.5

5.3
6.0
0.7
0.9

17.1

3.1

Mode (vol%)

plag "N"
plag "R"
olivine
orthopx

5

Tr
3

clinopx
opaque

microplag
microcpx
76

gm

plag (An)
plag WHO

85

plag "R"
Sample

#

Si02
TiO
Al 6
Fe3 3
CaO

WR-239
57.2

Mgo

Na 0
K 3
Total

1.01
16.9
7.3
7.6
3.5
3.8
1.40
98.71

4.4
Tr
0.0
0.9
73.0

0.2
Tr?

77
52+
WR-238
57.4
1.02
16.9
7.6
7.5
3.4
3.6
1.36

98.78

0.4

0.9

gm

plag (An)
plag "N"
plag "R"

82.6

82
56

80
64

1.03
17.1

orthopx
microplag
microcpx

0.2

1.05
17.0
7.4
8.0
3.4
3.6
1.26
99.71

olivine

opaque

2.0
0.0

RC-183
58.4

6.5

clinopx

0.5
0.0
85.2

WR-104
58.0

Mode (volt)
plag "N"
plag "R"

5.1

7.2
7.3
4.0
3.7
1.28
100.02

5.9
10.2
0.3
0.9

1.2

1.1

Tr
6.0
1.6
T8.3

Tr
1.4
0.5
79.6

83
50+

2.2
Tr?

81

64

1.5

81.6

81

81

81

62

68

64

17.2

16.8

7.2
7.4

7.5
7.8
3.3
3.6

6.3
0.7
0.6
0.5
0.2
0.2
0.2
84.2

1.3

83.2

WR-179
58.3

7.2

1.3

Tr

1.8
1.4
84.5

RC-2
59.0
1.03

3.9
3.6
1.26
100.63

1.0
Tr

1.07

1.23

99.60

AVM
57.2
1.04
17.0
7.5
7.7
3.7
3.6
1.25
98.99

5.3
4.6
Tr

7.T
4.6

1.1

0.7

1.1

1.5
Tr
1.3
0.5
81.5

?

0.0
0.0
87.9
80
62?

1.5

81

63

0.7

4TABy9
57.5
0.90
18.2
6.8
7.7
4.0
2.9
1.40

99.40

2.5
29.1
0.3
2.9

6.2
0.1
58.9
90
65
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TABLE 17, continued:
WR-342 (RC-444):

R. 9 E.

Dike at elevation 4100 feet, NW 1/4 section 13, T. 12 S.,
Chemical analysis from Hales (1975). Modal analysis a

visual estimate in thin section by the author.

Elevation 4050 feet,

RC-188:

Lowest mixed lava flow on "Lookout Ridge".
NW 1/4 section 13. T. 12 S., R. 9 E.

WR-172:

Lava at elevation 3700 feet on boundary of sections 16 and 21, T.
12 S., R. 10 E. Chemistry from Hales (1975).

RC-177:

Lava flow just below Green Ridge Lookout.

NW 1/4 section 13. T. 12 S., R. 9 E.

Elevation 4480 feet,

RC-34:

Lava at elevation 4540 feet, NE 1/4 section 12, T. 12 S., R. 9 E.

WR-344:

Lava at elevation 4240 feet, NW 1/4 section 13. T. 12
Chemistry from Hales

WR-264:

WR-239:

Lava at elevation 4390 feet,
Chemistry from Hales (1975).

R. 9 E.

S.,

R. 9 E.

Mode by RMC.

SE 1/4 section 1. T. 12 S., R. 9 E.
Mode by RMC.

Lava at elevation 3800 feet, NE 1/4 section
E.

WR-238:

(1975).

S.,

Mode by RMC.

Lava at elevation 4520 feet, SE 1/4 section 12. T. 12
Chemistry from Hales

WR-260:

(1975).

Chemical analysis by Hales

16.

T. 12 S., R. 10

(1975).

Lava at elevation 3920 feet. SW 1/4 section 9. T. 12 S.. R. 10 E.
Chemical analysis by Hales

(1975).

WR-104:

Lava at elevation 3940 feet, NW 1/4 section
Chemistry from Hales (1975). Mode by RMC.

RC-183:

Lava on "Lookout Ridge" at
13. T. 12

S., R. 9 E.

1,

elevation 4300 feet,

T. 12 S., R. 9 E.
NW 1/4 section

RC-2:

Lava at elevation 4500 feet near boundary of sections 12 and 13,
T. 12 S., R. 9 E. Probably same flow as RC-183.

WR-179:

Lava at elevation 4360 feet, SW 1/4 section 25, T. 12 S., R. 9 E.
Chemistry from Hales (1975). Mode by RMC.

AVM:

Average mixed lava.

47ABy9:

Hypersthene-bearing labradorite andesite lava from Mt.
Recheschnoi volcano on southwest Umnak Island, Aleutians (Byers.

Average of WR-342 through WR-179.

1961. Table 1 and 2. 023). Recast water-free with total Fe as

FeO.
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TABLE 18.

Sample f

Comparative

"mixed" lava

Ewartl
57.0
1.04
0.99

AVM

MedLk

and plutonic analyses.
GB48

56.2

Santorini

17.0

17.6

17.9

FeO

7.5

7.1

6.2

7.25

6.9

(55.8-60.1)
(0.65-0.93)
(18.1-17.1)
(7.6-6.4)

CaO

7.7

7.45

7.1

7.8

MgO

3.7

4.1

3.75

4.4

7.2
3.6

(7.9-6.4)
(4.2-2.9)

Na20

3.6

3.7

3.3

3.5

3.8

(3.7-4.0)

K20

1.25

1.38

1.66

1.66

1.67

(1.16-1.95)

98.99

99.32

99.84

99.41

99.58

13.6
1.5

19.9

O.T

3i02

Ti02
A1203

Total

57.2

59.2

1.00

0.73

17.6

58.0
0.81
17.6

Mode:

all plag
olivine
orthopx

1.2

opaque

2.0
Tr

gm

81.5

2.1
4.1
1.0
71.5

Sample i

240A

SMG15

RC-46

HCMW

SMGMT

SiO2

57.2

56.7

55.2

55.4'

55.0

T102

1.1

all cpx

1.06

1.16

1.11

0.72

47ABy57

GVT3

61.6

63.7

1.1

0.72

16.4

17.5

18.1

17.9

18.8

16.5

15.7

7.5
7.4

8.0

7.9

7.5

7.7

7.7

6.3

7.9

8.6

T.7

8.75

5.6

5.3

MgO

3.8

4.7

4.4

4.8

5.0

2.2

2.5

Na20

3.0

3.3

3.7

4.2

2.85

4.3

3.7

A1203
FeO
CaO

K20
Total
AVM:

1.1

0.76

1.05

1.14

1.07

97.5

99.92

100.06

99.80

99.89

1.6

100.60

1.79

99.71

Average mixed lava from Table IT.

plag N. plag R. and
microcpx.

microplag.

"All plag" in mode includes
"All cpx" includes clinopx and

Ewartl:

Average of 88 analyses of "andesite" from the Cascades, Alaska,
and Aleutians with SiO = 56-58% (Ewart, 1982, Table 1). Mode
includes 0.22% quartz IInd hornblende. All Fe recast as FeO.

MedLk:

Porphyritic basaltic andesite in Modoc basalt on northern flank
of Medicine Lake

highland. California.

Contains andesine

phenocrysts with labradorite reverse zones. Analysis from
Anderson (1941, 05, Table 2). Recast water-free with total Fe as
FeO. Note low Ti and high CaO/FeO ratio and A1203.
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TABLE 18.

GB48:

continued:

"Olivine

andesite" from Gunsight Butte near Mt. Hood. Oregon
Contains phenocrysts of hypersthene.
(Wise. 1969. Table 8. 048).
augite, olivine. and two types of plagioclase. One type has An47

cores with an outer mantle of An72. the other is clear and
normally zoned. Recast water-free with total Fe as FeO.
Santorini:

Average and range (in parentheses) of six Akrotiri-Thira series
basaltic andesites and augite-hypersthene andesites from
Santorini volcano, Greece (Nicholls. 1971, Table 2, analyses
12-17). Recast water-free with total Fe as FeO. All contain two
plagioclase populations: one with "mottled" An75-80 cores and
normal zoning; the other with An55 cores mantled by a broad
inclusion charged zone c. An8O, followed by a clear. strongly
zoned margin. A third population may be present. Also contain
coarse reverse zoned augite, hypersthene with augite mantles,
olivine. resorbed Fe-ore, and coarse resorbed hornblende.

240A

"Hornblende quartz gabbro" from Snoqualmie Batholith (Erikson.
1969. Table 2). Contains An85-35 plagioclase and a trace of

augite.
SMG15:

"Quartz-biotite norite" from the San Marcos Gabbro, southern
California Batholith (Miller. 1937. Table 2. #15). Recast
water-free with total Fe as FeO. Mode: quartz 8. biotite 6.
hornblende 1, augite 5. hypersthene 14. Fe-ore 2, plagioclase 64.
Average plagioclase is

"shells" of anorthite.
RC-46:

An48,

but contains abundant cores and

Sparsely phyric basaltic andesite from elevation 3240 feet, NW
1/4 section 23, T. 12 S.. R. 10 E. Stratigraphically below mixed
lavas.

Compare to WR-342 and RC-188.

HCMW:

Average of eight High Cascade basaltic andesites of Mt.
Washington type (Hughes. 1983. Table 3-4).

SMGMT:

Norite matrix from "nodular norite". San Marcos Gabbro (Miller,
1938. Table 2) Recast water-free with total Fe as FeO.

47ABy57:

Hypersthene-bearing andesite

GVT3:

Green Valley tonalite. southern California Batholith (Larsen.
1948, Table 7. 03). Recast water-free with total Fe as FeO.
Darker than average tonalite and distinctly plagioclase
porphyritic. Contains 3 wt% augite and an unknown volume of
anorthite cores and shells.

lava from Mt. Recheschnoi volcano.
Umnak Island, Aleutians (Byers. 1961. Table 1. #27). Recast
water-free with total Fe as FeO. Sparsely phyric with two
plagioclase types (An60 and An83), two pyroxenes, opaque, and a
trace of olivine (Fo70).
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phenocryst phase which is not also a groundmass phase.
Because the mixed lavas were erupted in an uninterrupted sequence, it seems natural to suspect that they

from a single plutonic body. The chemical
coherence of the lavas, particularly the constant amount
of Ti, also suggests a common source. In searching for
possible plutonic relatives, the environmental differences
between plutonic and volcanic rocks must be taken into
account.
Slow cooling and reaction in the plutonic envioriginated

ronment would probably destroy all evidence of normal or

reverse zoning
completely.

magnetite

in the two pyroxenes, or eliminate them
Olivine would be replaced by hypersthene or

plus

biotite. The large plagioclase cores would

be preserved, but the reverse zoned mantles would
certainly undergo reaction and would probably be erased.

the most probable plutonic equivalent of the
mixed lavas would be a quartz diorite, quartz gabbro, or
quartz norite with a trace of pyroxene and a wide range in
plagioclase composition because of the very calcic cores.
Therefore,

Such rocks are rather common, and one from the Snoqualmie
Batholith (Erikson, 1969) is listed in Table 18.

Presum-

ably, if the reversed zones in the plagioclase were still
extant, only very close petrographic observation would
reveal them.

Hales (1975), Erikson (1969), and Tabor and Crowder
(1969),

among others, have demonstrated that, except for

minor variations in the degree of Fe-enrichment, the bulk
chemistry of batholiths in the Cascade Range of Washington, the Sierra Nevada, and southern California are
similar to the bulk chemistry of Cascade and Green Ridge
lavas. Presumably, this similarity in chemistry, along
with a similar continental margin tectonic setting, means
that identical rock-forming processes operated at Green
Ridge and in the southern California Batholith. There-
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the "quartz-biotite norite" (SMG15 in Table 18) from
the San Marcos Gabbro (Miller, 1937, 1938; Larsen, 1948)
fore,

in the southern California Batholith is a potentially much
more interesting rock with regard to the petrogenesis of
the mixed

lavas.

Larsen (1948, p.42) describes the San

Marcos Gabbro as follows:

"The most abundant rock

type,

and one

which represents about the average of
the group in composition and texture,
is a mediumgrained dark-grey norite.

Locally the norite grades to hyperThis norite type makes
sthene gabbro.
up the greater part of the San Marcos
Mountains, from which the name San
Marcos gabbro is derived. The other
two principal hornblende-poor types
are, on the one hand, the olivine norites and olivine gabbros (eucrites),
and on the other, those norites and

hypersthene gabbros carrying small

amounts of quartz and biotite. The
division is emphasized by
threefold
systematic differences in the comIn
position of the plagioclase.
addition to the hornblende-poor rocks,
the formation includes a large group

of hornblende gabbros nearly equal in
areal extent to all of the hornblendeFrom the standpoor rocks together.
point of plagioclase composition the
hornblende gabbros fall into three
groups which correspond respectively
to the norites, olivine norites, and
quartz-biotite norites. The primary
division of the gabbroid rocks is thus
based on the distribution of olivine
versus quartz rather than on the abundance or paucity of hornblende, and
the key to the interpretation of the
rock differences within the formation
is found in the variable composition
of the plagioclase feldspar."

Miller (1937, p.1405) describes the norite plagioclase as follows:

"The plagioclase of the typical norites is a labrodorite with an average
composition of An60-65. It does not
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display the mosaic texture but occurs
in well-developed tabular grains, ordinarily showing moderate zoning and
sometimes a subparallel arrangement.
An unusual feature is the occasional
appearance of a core of bytowniteanorthite within some of the large'
The core may have
labradorite grains.
a regular polygonal shape conformable
to the crystal structure or consist
merely of irregular patches or shreds
or even a hollow shell (P1. 1, figs. 2
The core material is in the
and 3).
composition range An80-92, but chiefly
Even the inner zones of the
An87-90.
enclosing plagioclase have an anorthite content of only An60 to An70.
Thus there is a sharp composition
break between the calcic cores and the
adjacent labradorite, which represents
a difference of more than 20 percent
in anorthite content."
The "hollow shell"
Miller is identical

described and photographed by

to the reversed rim of

the type "R"

The calcic cores are, of course, similar to
plagioclase.
the type "N" plagioclase. The quartz-biotite norites are

also described

by Miller (1937, p.1406):
"The norites containing appreciable
quantities of quartz and biotite are
worthy of special mention because of
Quartz
their more sodic plagioclase.
and biotite both begin to appear in
rocks with a plagioclase more sodic
Norites with no disthan An56-58.
tinctive mineralogical or textural
features, other than the presence of
0.5 to 8 percent of quartz and biotite, have a sodic labradorite plagioclase with an average composition in
the range An45-60, usually An50-56.
In the same rocks the calcic cores in
the plagioclase are more numerous and
better developed than in the other
norites."

The calcic "cores" in Miller's description also include calcic "shells" around labradorite

because he be-

203

lieved the

two were identical

similar chemistry (Table 18)
quartzbiotite norite and the

(Miller, 1937,

and plagioclase

p.1420).

The

types in the

mixed lavas imply a common

genesis.
About 25 percent of the

San Marcos gabbro consists of

anorthite plagioclase and olivine rocks, referred to as
olivine norites, displaying cumulate textures ("mosaic
texture" of Miller, 1937). Plagioclase is five times as
In the mafic mixed
abundant as olivine in the cumulates.
lavas,

type "N" plagioclase

is four

times as abundant as

If crystal settling occured in the
magma as a result of cooling and crystal-

olivine (Table 17).

mafic end member

mixing which created the mixed lavas,
of plagioclase; olivine, and augite would

lization due to the

a cumulate

body

The ratio of plagioclase
cumulate would be four to one, similar
have formed.

to olivine in the
to the proportions

found in the San Marcos olivine norites.

The average

grain size in the olivine norites is one millimeter, the
same as the phenocrysts in the mixed

augite is present
is more abundant

in the

olivine

lavas.

Very little

norites, however.

Augite

in the norites.

Some varieties of norite in the San Marcos gabbro
have chemistry nearly identical to that believed to
represent the mafic end member of the mixed lavas (compare
SMGMT with RC-46 and WR-342 in Tables 17 and 18).
The San Marcos gabbro, and especially the quartzbiotite norite facies, is spatially associated with the
Green Valley tonalite. To quote Miller (1937, p.1411):
"... the conspicuous development of
the porphyritic rocks and quartzbiotite-bearing rocks from Vista to
Escondido and south to the boundary of
the quadrangle, in the same area in
which the Green Valley tonalite is
prominent."
Larsen (1948, p.54) describes the Green Valley tonal
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ite:

"Inclusions of a dark, fine-grained
rock are present in nearly every outIn places they'
crop of the tonalite.
numerous,
but
in
most
places they
are
are widely scattered. They nowhere
resemble the drawn-out inclusions of
the Bonsall tonalite. These inclusions are mostly less than a few

In places, small inacross.
clusions are so abundant that an
ordinary hand specimen will carry one
or more. These inclusions are chiefly
fragments of the rocks of the Santiago
Peak volcanics or of the (San Marcos)
gabbro in various states of digestion.
In general the contacts with older
rocks are sharp, but west of Vista
there appears to be a rather broad
zone of intermediate rock between the

inches

Green Valley tonalite and the San
Marcos gabbro."

Larsen also states (p.55):
"The plagioclase is somewhat zoned and
averages andesine

(An40)

in

composi-

tion in most of the rocks. In some,
it is dusted with small inclusions of
hornblende, biotite, and iron oxide,
or less commonly with pyroxene.

In

the dark rocks, the larger plagioclase
grains are clouded with submicroscopic, black inclusions which tend to be
arranged zonally in the crystals. As

many as 12 of these dust zones were

counted in some feldspar crystals. In
nearly all the rocks, some of the
larger plagioclase crystals have in
the interior of the crystals irregular
remnants of calcic bytownite or
anorthite."

dust zones" are identical to the inclusion-rich mantles of the "R" type plagioclase. A chemical
The "cloudy

analysis of the dark facies of the Green Valley tonalite
(Table 18) shows it to be transitional between andesite
and dacite, and slightly rich in Fe. A lava flow from Mt.
Recheschnoi, which is constructed of mixed lavas, is
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similar chemically (Table 18).

Either of the two rocks

would appear to serve well as the silicic end member of
the mixed lava sequence at Green Ridge. The slight
Fe-enrichment of the Recheschnoi lava and the tonalite may
be due to the fractionation of plagioclase produced by the
mixing process.
To summarize, chemical

and modal evidence suggest a

hybrid origin for the mixed lavas at Green Ridge, and
imply the existence of a plagioclase, olivine, and augite
cumulate body at depth. The hybrid is probably formed
between basaltic andesite and andesite end members. Field
and petrographic evidence suggest a hybrid origin for the
"quartz-biotite norite",of the San Marcos gabbro, which
contains cumulate bodies of olivine norite and(?) norite.
Hybridization of gabbro and tonalite produced the quartzbiotite norite. The latter rock is chemically similar to
the mixed lavas at Green Ridge, so presumably both are
formed in the same way.
Emphasis should be placed on the complexity of the
The Green Valley tonalite-San Marcos
mixing process.
gabbro contacts are extremely complex in detail. The

averaged Green Valley tonalite composition is dacite
(Larsen, 1948, table 7), and the body includes large
masses of rock with a water-free silica content of 69.5
percent which have included calcic plagioclase cores.
These facts are not consistent with the "simple" hybridization of basaltic andesite and andesite that might be
assumed from considering the mixed lavas alone.
The petrogenesis envisaged here is consistent with
the concept of Smith (1979) that the effects of magma
mixing are diluted in magma systems with large volumes,
as, for example, in the Green Valley tonalite. The pro-

duction of the tonalite by fractional crystallization of
the gabbro at its present level of exposure is not a
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viable hypothesis because the volume of tonalite in the
southern California Batholith is three times the volume of

gabbro (Larsen, 1948).

The tonalite and the gabbro appear

to be independent bodies brought fortuitously into con-

tact. The evidence for fractionation and the accumulation
of crystals in the gabbro is easily explained by the mixing

hypothesis.

Mixing of a mafic and silicic magma

inevitably leads to cooling and crystallization of the
mafic end member, as it is certain to have a higher ini-

tial

Therefore, the increase in phenocryst
temperature.
content in ash-flow tuff deposits from base to top

(reviewed by Hildreth, 1981) is not necessarily evidence
for fractional crystallization.

Dacites

A minor but persistent component of the Deschutes

section at Green Ridge is lava of dacite composition. The
lava flows are usually 80 to 120 feet thick and are often
platy jointed on a fine scale, rendering collection of
intact samples difficult.
Chemical and modal data are presented in Table 19.
Plagioclase is the dominant phenocryst, with subordinate
hypersthene, augite, opaque minerals, apatite, and oliWith the exception of olivine, the phenocrysts tend
Plagioclase is usually An45,
to occur in glomerocrysts.
and may contain inclusions of opaque minerals, apatite,

vine.

and augite.

The plagioclase is often resorbed in appear-

ance, with embayments of groundmass invading the subhedral
to euhedral crystal outlines, and may rarely be seen to
possess reverse zoning. RC-202 contains 1.8 percent
microphenocrysts of plagioclase which are included under

plagioclase in the mode.
The pyroxene and opaque phenocrysts are also often
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TABLE 19.

Anal. i

Chemical and modal analyses of dacites and rhyodacites.
79-8a

AVD

RC-452

RC-202

65.5
1.03

4.5

TiO2

65.8
0.93

A1203

15.3

15.8

15.8

15.7

15.6

15.6

6.0
3.2

5.3
3.8

5.0
3.8

5.3

Si02

RC579D

HCD

' 63.9
1.10

1.32

4.4

1.02

65.3
1.09

RC761c
70. t8

0.48
15.3

4.9
2.95

4.95
3.2

MgO

1.0

1.1

1.1

1.4

Na20

4.6

5.1

4.9

1.4
4.8

3.1
1.1

5.0

4.9

3.4
1.9
0.45
5.2

2.18

2.55

2.35

2.33

2.53

2.77

98.84

99.33

6.0
0.6
0.5
0.6
0.2

11.7
2.0
1.6
1.8
Tr

FeO
CaO

K20
Total

2.86
98.36

99.90

Mode:

Phenol:

plag
hyp
aug
opaq

apatite

olivine
gm

Plag An

14.4
1.7

0.5
0.6
0.2
82.6
45?

Anal. i

MIXD

Si02

65.2
1.06

T102

Tr

92.0

82.8

2
1

0.5

-

97.4

45?

46?

63?

MIXD2

MIXD3

MIXD4

65.1

0.77

16.0

15.0

15.4

5.1

CaO

5.4
3.7

MgO

1.5

2.33

A1203

1

Tr

Tr

65.8
0.67

2.6
Tr
Tr
Tr
Tr

9

65.0
0.83
16.2

45
MIXDS

MLOLD

AVGDIO

AVRD

65.4

66.1

66.9
0.57

70.1
15.5
3.4
2.0

0.77

0.65

0.53

16.1

15.3

15.7

5.2
4.0

5.3
4.0

3.8
3.6

1.8

4.5

1.8
4.4

4.0
3.8
2.0
3.8

3.8

0.6
4.9

2.28

2.24

3.33

3.07

2.94

Na20

4.8

5.3
4.5
2.3
4.2

K20

2.20

2.27

RC-452:

Lava at elevation 3300

feet.

SE 1/4 section 11, T. 12

RC-202:

Lava at elevation 3640

feet,

center section 1, T. 12 S.. R. 9 E.

RC579D:

Lava at elevation 3920 feet, SE 1/4 section 23. T. 12 S.. R. 9 E.

HCD:

Average of two High Cascade dacites from Hughes (1983. Table 4-3.
t TS-689 and ST-395).

79-8a:

"Platy

FeO

4.35
2.2
4.3

andesite"

1982, Table 2).

1.6

S.,

R. 9 E.

from Medicine Lake volcano (Gerlach and Grove.

Contains 10 percent phenocrysts of plagioclase.
and spinal. Plagioclase is the dominant

augite, hypersthene,
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TABLE 19, continued:

phase and is

reverse zoned from An45 to An52.

AVD:

Average Deschutes formation dacite lava (RC-452. 202, and 579D).

RC761c:

Lava at elevation 3880 feet, section 1. T. 12 S.. R. 9 E.

MIXD:

One-to-one mixture of average aphyric andesite (AVA, Table 15)
and average rhyodacite (AVRD, Table 19).

MIXD2:

Mixture of 60% High Cascade rhyolite
average of TS-690 and
(WR-4, Table 3).

BT-385)

(Hughes,

1983, Table 4-5.

and 40% Ti-rich diktytaxitie basalt

MIXD3:

One-to-one mixture of High Cascade rhyolite and Ti-rich Deschutes
basaltic andesite.

MIXD4:

Mixture of 67% rhyodacite (AVRD, Table 19) and 33% Ti-rich
Deschutes basaltic andesite.

MIXDS:

Mixture of T5% rhyodacite (AVRD, Table 29) and 25% Ti-rich basalt
(WR-4, Table 3).

MLOLD:

"Older

dacite"

at Medicine Lake volcano (Gerlach and Grove. 1982,

Contains dark streaks with olivine and calcic plagioclase phenocrysts typical of basaltic andesite in a light matrix
Table 2).

with silicic
AVGDIO:

sodic plagioclase and orthopyroxene phenocrysts.

Average granodiorite from Nockolds

(1954.

Table 2. / III).

Total

Fe expressed as FeO.
AVRD:

Average Deschutes Formation rhyodacite (RC761c, RC-285, A5WH.
AVHTGR, A6CrWH, and RC-403).
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embayed.

Sometimes the portion

of a hypersthene grain

contained within a glomerocryst will appear fresh while
the remainder of the grain which protrudes into the
groundmass will appear corroded. Augite and hypersthene
are often in parallel growth arrangement. The pyroxenes
have reacted with the groundmass in some cases to produce
amphibole

or

biotite(?). Both pyroxenes often contain

opaque minerals and apatite.
Apatite, which is prismatic and pleochroic from brown
to black, occurs independently and as an inclusion in all
A trace of oliof the other phenocrysts except olivine.
vine is usually present; the mineral is strongly resorbed

and is often covered with an opaque jacket. In RC-202,
olivine may be surrounded by hypersthene.
The groundmass of the dacite lavas is composed of
plagioclase, two pyroxenes, opaque minerals, quartz,
The
K-spar(?), and traces of amphibole and biotite.
groundmass is coarser-grained around and within the glomerocrysts than elsewhere. The texture varies from cryptocrystalline to pilotaxitic.

A silica

probably
The groundmass is often
mineral,

tridymite, is often present.
banded, probably because of minute differences in grain

size

between bands.

Chemically and mineralogically identical dacites
occur in the High Cascades (Hughes, 1983) and at Medicine
The
Lake volcano (Gerlach and Grove, 1982) (Table 19).
Deschutes dacites are rich in Fe, Ti, and Na and poor in

Mg compared to the average calc-alkaline granodiorite
Any theory of their origin must
(Table 19).
chemical features as well as the petrographic
disequilibrium

seen in the

explain these
evidence for

phenocrysts.

It is unlikely that the dacites

are derived

tional crystallization of diktytaxitic basalts.
of basalt fractionation is towards

by frac-

The trend

Fe-enrichment, and
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do not crystallize in the basalts
Anderson and Gottfried (1971) note that
until very late.
dacite (66% SiO2) glass is often found in the residuum of
diktytaxitic basalts, but it contains up to two percent
Derivation of dacites from basaltic andesites or
Ti02.
andesites is equally unlikely because the latter two
classes of rock display the same Fe-enrichment trends as

magnetite and apatite

the basalts (Figure 27). The phenocryst assemblages of
dacite and basaltic andesite are different.
Fractional crystallization cannot easily explain the
disequilibrium features noted in the dacite phenocrysts,
and some type of magma mixing model appears more likely
for this reason.

Several authors,

(e.g., Eichelberger,

1975; Grove and others, 1982) have proposed basalt- or

basaltic andesite-rhyolite
type

mixing as a mechanism.

This

of mixing is interpreted to account

rence of dacites composed of streaks

for the occurand blobs of dark

and very calcic plagioclase within a matrix of light rhyolitic glass containing sodic plagioclase, two pyroxenes, and opaque minerals
Mixing models two through
(Eichelberger, 1975.; Table 19).
andesitic

glass containing

olivine

five in Table 19 represent this type of mixing, and all
are fairly successful in producing the chemical features,
particularly the high CaO/FeO ratios, of average granodiorite and obviously mixed dacite.
The mixing models do not, however, produce the high
Ti, Fe, and Na values characteristic of Deschutes FormaIf the Deschutes rocks are produced by
seems likely, the mafic end member must contain

tion dacites.

mixing, as
a large amount

Mixing models two
of these three elements.
through five in Table 19 all use Ti-rich basalts and basaltic andesites as end members and still fail to generate

more than 0.83% TiO 2* A mixing model using average
aphyric andesite (Table 15), which is rich in Fe, Ti, and
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Na and poor in Mg, as the mafic end member, is very successful at producing the chemical character of Deschutes
dacite (Table 19).
Such a model

is consistent

with the petrography of

the dacites because the aphyric andesite provides heat but
very few phenocrysts. The modest reverse zoning of the

plagioclase phenocrysts and the resorption of the two
pyroxenes and the opaque minerals, all of which probably
grew in the silicic end member fluid, could be explained
by mixing with a slightly warmer magma. The trace of olivine could be contributed by the aphyric andesite, which
often contains very sparse olivine phenocrysts. The
coarser grainsize of the groundmass around and within the

glomerocrysts could be the result of incomplete mixing,
with some silicic fluid trapped near and within the
phenocryst clusters.
A mixing model involving aphyric andesite and rhyodacite or rhyolite seems likely considering the frequent
intimate association of the two magmas in ash-flow tuffs
in the Deschutes

Formation.

The Six Creek Tuff, McKenzie

Canyon Tuff (Cannon, 1985), and RC-221 Tuff all contain
The aphyric character
both of these magmatic components.

of the andesite pumice in these ash-flow tuffs is inferred
to indicate that the two magmas were at similar temperaIf the andesite
tures when they were brought together.
was much warmer than the rhyodacite it should have
Two
crystallized upon contact with the cooler magma.
magmas at nearly the same temperature should be capable of
mixing in all proportions, and if the two ash-flow tuff
magma components were homogenized, the result would be a

dacite.

In Figures 15 and 16 the average dacite plots nearly
on rhyolite-rhyodacite-aphyric andesite lava mixing lines.
The divergence may be the result of very modest plagio-

212

clase fractionation, which strongly affects the CaO/FeO
ratio but not the CaO/A1203 ratio.
In summary, while dacites may commonly be constructed
by mixing of rhyolite-rhyodacite with basalt-basaltic
andesite, the very high Fe, Ti, and Na values of Deschutes
probably the result of mixing equal
proportions of rhyolite-rhyodacite and aphyric andesite
rich in those three elements, possibly followed by a few
weight percent plagioclase fractionation. Such mixing can
account for the petrography of the lavas, and is likely
because aphyric andesite and rhyodacite have nearly the

Formation dacite are

same liquidus

temperature.

Rhyodacite

Only one flow of rhyodacite (RC761c) has been
analyzed from the section at Green Ridge.

The flow is

platy-jointed and nearly 300 feet thick. The chemistry
and mode of the flow are found in Table 19. Very sparse
phenocrysts and microphenocrysts of plagioclase, and
traces of augite, hypersthene, opaque minerals, and

apatite, are present in a cryptocrystalline groundmass.
Glomerocrysts of plagioclase, hypersthene, opaque
minerals, and apatite are also found.
Hales' banded and WR-205 lavas

Hales (1975) mapped a distinctive lava flow in the

drainage which he termed the "banded" lava. The
bands which give the flow its name are alternating light
gray, phenocryst-rich and dark gray, phenocryst-poor
streaks and blobs which form wildly folded, random patSix Creek

terns (Figure 40).

The streaks and blobs vary in width

from millimeters to meters.

The bands are not uniformly

213

1 M

I.

Figure

40.

!

vl.

Large talus block at
roadside in section 17, T. 12 S., R. 10 E. Hammer is
Banding in Hales' banded lava.
approximately 30 cm long.
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distributed throughout the

flow, and are best

developed in

section 17, T. 12 S., R. 10 E. The overall distribution
of light and dark gray material in the flow is complex.

The distal, eastern end of the flow in Fly Creek, which
consists of two flow units, is rather uniformly light
gray, while in section 14, T. 12 S., R. 10 E. the flow is
The proximal part of the flow on the
uniformly dark gray.
west flank of Green Ridge is wildly banded but the differ-

ence in phenocryst content between bands is small. Hales
(1975) correlation of the banded lava with WR-260 and 264
of the "mixed

lava" series

(this work)

was mistaken.

RC-772 and probably 740 (Table 21) are the correct correlatives on the west flank of Green Ridge. Hales noted
the petrographic similarity between the WR-205 lava ex-

posed along the North

Fork of Spring

Creek and the "band-

ed" lava; these two lavas are surprisingly similar, based
upon evidence presented below,

because they occur at different

but cannot

be correlative

stratigraphie

levels (see

Stratigraphy).
The phenocryst mineralogy of the banded lava is dominated by plagioclase, with lesser augite and opaque
oxides, and traces of olivine and hypersthene. The plag-

ioclase (An78) is normal-oscillatory zoned, and is jacketed abruptly with thin sodic rims, probably andesine or
Some of the plagioclase phenocrysts contain
oligoclase.

discrete domains which are deformed; in this respect the
crystals resemble the plagioclase megacrysts in the megaRarely, sodic plagiocryst-bearing lavas at Green Ridge.
clase is found with inclusions of amphibole, biotite, and

Sometimes a plagioclase crystal is
opaque minerals.
"ringed" with small microphenocrysts of augite and opaque
In each thin section from the banded lava a clot
or two of "granulated" plagioclase is present (Figure 41),
oxides.

which sometimes includes augite and opaque minerals, and
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Figure 41.

"Granular" plagioclase glomerocryst in Hales' banded
lava (sample RC772C).

Note similarity to "granular"

plagioclase glomerocrysts in basaltic andesites (Figure
20). Width of field = 1.5 mm. Crossed nicols.
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in one slide

(RC772D)

the plagioclase in a clot has

strongly bent twinning. These granular plagioclase clots
are not unique to the banded lava, but they appear to be

flows at Green Ridge. Perhaps they represent
foreign material acquired at some depth by movement of the
magma along a ductile fault zone, or perhaps their genesis
rare in the

is related in some way to the formation of glomerocrysts
as they contain the same minerals. If the latter is true,
conceivably the clots could offer direct information about
the depth of glomerocryst formation. Microphenocrysts of
plagioclase are always present, in most cases somewhat
separated from both groundmass-size material
and phenocrysts during modal analysis.
Augite is the most abundant mafio phenocryst, and is
present in two forms. The larger, obviously phenocrystic
augites appear unzoned and have a prismatic habit. The
smaller, more prevalent microaugites have an equant habit
arbitrarily

and display strong zoning of sector and hourglass type.
Olivine and hypersthene are rarely present in more than
trace amounts and both show evidence of disequilibrium.
Olivine is resorbed in appearance and may have an opaque
jacket, while hypersthene is often found in the core of

augite phenocrysts.

Tridymite(?), of unusually large size and apparently
The
as phenocrysts, is found in one slide (RC-291).
mineral occurs in clots with other phenocrysts and is not
associated with void spaces. The tridymite(?) is colorless and nearly isotropic, has negative relief and
parallel extinction, and is biaxial negative(?) with a 2V
The latter two characteristics are
of 40(?) degrees.
difficult to determine.
Glomerocrysts are common in the lava. Essentially
every type of phenocryst is found in combination with

every other phenocryst, with the

exception of.hypersthene.
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Small intergrown

clots

of microaugite and micro-opaque

oxides + microplagioclase are the most abundant type. The
groundmass of the lava consists of plagioclase, two pyro-

xenes, opaque minerals, and rare traces of biotite and

glass.
Chemical and modal data for the banded lava are given
in Tables 20 and 21. The modal analysis for RC-740, which
is nearly identical to that of R553X2, is also given in
Table 21.
The modal opaque category includes both phenocrysts and microphenocrysts of opaque minerals. The miscellaneous category includes minor amounts of void, silica
minerals,

and amphibole.

is observed in hand
specimen: with the exception of RC772A, the darker bands
and blobs within the flow are poor in phenocrysts (Table
21; compare R553Xa to 553XaD). All phenocrysts decrease
The modal

data confirm

what

in abundance from light to dark, while their proportions
relative to each other remain fairly constant. All gradations between the analyzed samples probably occur within
the flow.

With the exception of RC772A, the chemistry of

the flow varies linearly with total phenocryst content
(Figure 42) within the limits of experimental error,
To minimize the
except for the MgO content of RC772D.

errors caused by instrumental drift during chemical
analysis, RC772A, RC772D, RC-378, R553X2, R553X1, and
RC-682 were analyzed in two successive groups of three on
the XRF machine, which has three sample ports, and in
succession on the AAS.

The differences between those

samples should therefore be the most precise.

Hales

(1975) analyses were performed using different standard
curves as can be seen from the differences in FeO and CaO
contents, and are not plotted in Figure 42. His WR-174
analysis is suspect because of the low TiO 2 and high Na20
RC-291 and TED656 were analyzed on different XRF
values.
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TABLE 20.

Anal. f

Chemical analyses of Hales' banded and WR-205 lavas.
R553X2
557 8

58-

RC-291

1.41

1.39
17.7

1.40
17.3

7.3
6.4
2.4
4.3
1.20

7.0

99.55

98.78

RC772A

RC-378

RC772D

WR-236

Si02

55.31.44

55.8
1.38

55.2

T102

55.3
1.38

18.9

19.9

19.6

19.6

18.2

8.2
8.2

8.0

2.9
3.8

7.8
7.2
2.7

0.95

2.9
3.7
0.88

8.2
8.7
2.6
3.8

99.97

100.46

100.33

0.95
100.42

1.06
100.19

WR-174

WR-205

RC-682

TED656

AV205

56.7
1.42
18.2

57.0
1.37
18.6

59.0

58.0

17.9

18.3

7.45

7.6

7.5

7.8
3.2

7.1

3.8

6.4
2.6
4.2

2.9
4.0

7.65
6.1
2.8
4.8

1.08

1.34

A1203
FeO

Cao
MgO

Na20
K20

Total
Anal. 0
Si02
TiO2
A1203

60.3
1.05

16.7

8.45

7.95
8.35

2.5

3.8
0.90

1.37

1.44

Cao

7.3
6.2

MgO

1.6

7.8
7.1
2.3

Na20

5.8

3.7

1.35

1.12

1.00

1.17

98.34

100.19

100.34
553X2

FeO

K20

Total

100.30

Anal. /

772A

378

772D

Si02

62.7

62.1

61.4

Ti02
A1203

1.27

1.13

1.44

61.8
1.32

15.3

15.9

15.7

16.4

6.9
4.8

8.1
5.1

2.8
4.7

7.0
5.3
2.5
4.7

1.40

1.37

R553X1

4.05

1.41

79-9g
57.7
1.44
16.5

553X1

60.7
1.34
16.7
6.9

59.2

5.85

2.2
4.5
1.28

14

54.4
1.38
20.1

7.9
8.4
1.9

3.9
0.88

291

ExtLig

61.0
1.24
16.9

60.3
1.40
16.6
6.9

5.5
2.5
4.6

6.0
5.3
2.2
4.8

1.34

1.40

Na20

3.0
4.9

6.6
5.4
3.9
4.6

K20

1.54

1.40

RC772A:

Dark band in lava at elevation 4280
R. 9 E.

RC-378:

Lower flow unit of two exposed in lava at elevation 2940 feet, ME
1/4 section 13, T. 12 S.. R. 10 E.

FeO

Cao
MgO

feet,

5.4
2.2
4.7
1.36

section 12. T. 12 S.,
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TABLE 20,

continued:

RC772D:

Light band in lava

WR-236:

Lava at elevation 3840 feet, section 17, T. 12. S., R. 10 E.
Analysis from Hales (1975). Obviously banded with dark clots and

at RC772 location.

streaks in thin section.
R553X2:

Light-colored clot from sample

RC-553.

feet, NE 1/4 section 17, T. 12

Lava at elevation 3780

S.. R. 10 E.

R553X1:

Dark-colored clot from sample

RC-291:

Lava at elevation 3140
12 S.. R. 10 E.

WR-174:

Lava at elevation 3200 feet, section 14. T. 12 S., R. 10 E.
Analysis from Hales (1975).

WR-205:

Lava from roadcut at elevation 3360 feet, section
R. 10 E. Analysis from Hales (1975).

RC-682:

Lava at elevation 3000 feet, boundary of sections 34 and 35, T.

feet.

RC-553.

boundary of sections 137 and 14. T.

33, T. 11 S.,

11 S., a. 10 E.

TED656:

Lava at elevation 3000 feet, boundary of sections 26 and 35, T.
11 S..

R. 10 E.

Analysis from Dill (1985).

AV205:

Average of RC-682 and TED656.

79-9g:

"Later platy olivine

andesite" from Medicine Lake Highland
Grove, 1982. Table 2).
Contains about 10%
phenocrysts of plagioclase, mostly bytownite but with rare
andesine, olivine, spinal, and augite.
Hypersthene is present

(Gerlach and

only as inclusions in spinel and augite.
14:

Average of basaltic andesites WR-246 and RC581b, less 5 wtf Fo85

olivine.

772A through

291:
Calculated groundmass compositions of RC772A through
RC-291 using the modal data in Table 21 and the compositions of
An75 plagioclase, Fo85 olivine, augite, and magnetite found in
Appendix 1. Volume percentages converted to wt% using densities

of 2.75. 2.72, 3.4, 3.1, and 5.1 for rock, plag. olivine, augite,
and magnetite, respectively (Deer,

ExtLiq:

Howie. and Zussman.

Extrapolated aphyric liquid composition from Figure 42.
to average

aphyric andesite.

1966).
Compare
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TABLE 21.

Modal analyses in volume percent of
laves.

Anal. #
Tot. phenos:
plagioclase
microplag
augite

RC772A

RC-378

RC772D

WR-236

R553X2

35.9
20.8

34.9
20.9
9.4
0.4
1.7

34.0
21.5
7.5

26.7
15.5
6.7
0.5
3.1

21.3

7.9
0.9
3.5
0.2
0.2
2.4
0.9
63.3

microaug
hypersthene

olivine
opaque

Misc.:
Groundmass:

Hales' banded and WR-205

?

Tr
2.5
0.4
64.7

0.8
2.4
Tr
0.2

?

1.6 a
(4.8)

Tr
0.9
0.9

66.0

T2.3

12.0

4.9
0.2
2.4
Tr
0.4

1.4
1.4

R553X1

9.9
6.8
1.6

0.3
0.5
Tr

Tr
0.7

RC-291

7.5
3.7
1.8
0.2
0.8
Tr
Tr
1.0

77.2

1.7
88.4

0.7
91.8

WR-174

WR-205

RC-682

TED656

RC-377

R553Xa

553XaD

RC-740

plagioclase
microplag
augite

7.1
4.5
1.4
Tr

23.6

20.0
9.4

36.4
21.4

27.5
16.8

7.0
0.4

0.2
Tr
Tr

8.8
0.7
3.4
?

?

9.5
5.7
2.9
0.6
Tr
Tr
Tr
0.3

20.6
11.0

microaug
hypersthene

23.0
12.0
6.4
0.4
3.0

Anal. #
Tot. phenos:

olivine

1.0
1.4
91.6

opaque
Misc.:
Groundmass:

16.5

3.8

0.2
2.4
0.2
Tr
0.5

8.5
0.2
1.9
?

Tr
Tr

1.1

0.0

75.3

79.9

?
?

1.2
0.0
77.0

0.2
1.9

0.7
62.9

1.6

Tr

1.8
1.0
71.5

0.0
90.5

5.8
0.9
1.2

0.3
0.3
1.0
0.0
79.4

RC772D recalculated void-free with the original amount of void in
parentheses.

Locations as in the preceding table. Modal analyses
of rocks chemically analyzed by Hales (1975) were obtained by
cutting billets from the remainder of Hales' samples in the
possession of E. M. Taylor. Mode for TED656 from a thin section

RC772A through TED656:

loaned by T. E. Dill.
RC-377:

Upper flow unit of two exposed at RC-378 location.

R553Xa:

Obviously banded thin section cut from sample RC-553.
slide area counted.

553XaD:

Dark band in R553Xa thin section.
dark band.

RC-740:

Banded lava flow at elevation 3840 feet near boundary of sections
13 and 14. T. 12 S.. R. 9 E.

Entire

Count of 350 points within

RC772A

36-

RC-378
RC772D

33.
30-I

T7.
FeO

27-I

TOTAL

24
AV 205

PHENOS

(%)

R553X2

21

18-{

3.5
15
12-I

R553X1

RC-291

Figure

42.

phenocryst content in Hales' banded lava. Ti02
(about 1.4}0) in all samples. Sample

Composition versus

total.

numbers at right.

See Tables 20 and 21.

not plotted because it is constant
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runs but used the same standard curves as
etc.

RC772A, RC772D,

The phenocryst-rich portions of the flow resemble

andesite with low Mg and high Al contents (Table
7).
The bytownite plagioclase is typical of basaltic
andesite as well, as is the presence of a small amount of
silicic material represented by hypersthene and sodic
plagioclase.
The trace amounts of olivine present agree
with the low Mg and high Al contents of the flow, which
basaltic

be produced by olivine fractionation. Column
14 in Table 20 represents the composition produced by subtracting five weight percent olivine from the average of
two basaltic andesites; the result is in good agreement
with RC-378.
The mafic compositions present in the banded
could easily

lava are therefore probably the result of olivine fractionation from basaltic andesite which was high in Al and
low in Mg. The high CaO/FeO ratios in the flow, in spite
of its high Ti content, are also explained by this
mechanism.
The silicic
andesite,

compositions in the flow resemble aphyric

and extrapolation

of the chemistry

to zero per-

cent phenocrysts in Figure 42 (ExtLiq in Table 20) yields
a composition which closely resembles the average aphyric
andesite.

The linear variation in chemistry (Figure 42) with
total phenocryst content has two possible

explanations.

Fractional crystallization may produce such trends if the
relative proportions and types of the fractionating phases

remain constant

(Wilcox, 1979), a criterion met by the

Alternatively, incomplete mixing of two magmas, one
of which is phyric and the other aphyric or nearly so,
In this case it is very
will also yield the same trends.
flow.

difficult to distinguish between these two alternatives
because the composition of the aphyric magma which could
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be one of the end members is very similar

to the composi-

tion which would be produced by fractionating the phases
present in the phyric end member.
To test these two hypotheses, the groundmass composiThese estimates
tions of some samples were estimated.

assume that all phenocrysts of each phase are of uniform
composition, the phenocrysts have not reacted appreciably
with the groundmass, there are no systematic calibration
errors in the analyses, and all samples are of the same
density (almost certainly not true). If the chemical
variations were produced by fractionation the composition
of the

groundmasses should be constant, while if magma

mixing

occurred

regular

manner.

the compositions should change in a
The estimated groundmass compositions

and possibly in Fe and Si
content (Table 20), supporting the mixing hypothesis. The
calculations are based on a number of assumptions, and are
obviously subject to many errors, so this result may not
appear convincing, especially because the actual phase
compositions in the lava have not been measured. However,

vary regularly

in Al and Mg,

to bring about equality in the groundmass A1203 contents
of RC-378 and RC-291 by fractionation would require an

average plagioclase content of An65 in the former compared
to the An75 assumed in the latter, and this seems most
unlikely considering that RC-378 is more mafic and the
proportions of plagioclase phenocrysts to microphenocrysts
To lower the MgO conare roughly the same in both rocks.
tent of 378 to 2.5 would require an augite with MgO =
23.6% rather than the 16.5% assumed for both RC378 and
RC-291, and a doubling of the amount of augite removed
from RC-378.
These necessary conditions appear unlikely;

does not seem to be enough augite in the flow, regardless of its MgO content, to equalize the groundmass
there

compositions.
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The most likely hypothesis for the origin of the
banded lava based upon the chemical and modal data is

therefore incomplete mixing of a high Al, low Mg basaltic
andesite with an aphyric andesite. Partial mixing of two
such liquids, of which the basaltic andesite probably has
the higher liquidus temperature by 150 degrees or so,
should lead to cooling, crystallization, and fractionation
of the basaltic andesite. This would account for the high
total phenocryst content and the lack of olivine in the
mafic end member. It is possible that the difference
between RC772A and RC-378 and RC772D may be explained by

such fractionation because the higher Ti and Fe, and lower
Al and Ca contents of RC772A are consistent with its
higher opaque mineral, augite, and(?) olivine, and lower
plagioclase contents. The groundmass K content of 772A is
puzzling, however.
Hales (1975) noted the lithologic similarity of the

banded lava and the WR-205 lava, a similarity confirmed by
the data in Tables 20 and 21. The chemistry of the WR-205
lava, represented by AV205, plots on the linear progression in Figure 42 within experimental error. However, the
banded and WR-205 lavas are not at the same stratigraphic
level as far as it can be determined; the WR-205 lava is
Because the WR-205 lava is also inhomogeneous, the
older.
banded and WR-205 lavas probably represent the same mag-

matic process, mixing or fractionation, at different
The WR-205 lava is presumably a more completely
times.

mixed magma than the banded lava.
The banded and WR-205 lavas are not unique.

A

similar flow is described by Gerlach and Grove (1982) from
Medicine Lake Highland (79-9g in Table 20). The petrography of their flow is identical to that of the banded
lava, including the common microaugite-micro-opaque oxide
The chemistry of the 79-9g flow is only
glomerocrysts.

slightly different (compare with

R553X1).

Both end-member

magmas, basaltic andesite with high Ti and Al, and low Mg,
and aphyric andesite are present in abundance at Medicine
Lake (Mertzman, 1977).

RC-717 lava

is a compositionally zoned andesite
(Table 22) found only on the west flank of Green Ridge in
the SE 1/4 of section 14, T. 12 S., R. 9 E. at an elevaThe exposed portion of the flow is
tion of 3800 feet.
approximately 220 feet thick and 1/2 mile long, and dips
northward 4 degrees (Plate 1). The flow is composed of
three flow units: the basal unit, represented by sample
The RC-717 lava

is 20 feet thick and nearly aphyric; the middle
unit is 80 feet thick and sparsely plagioclase phyric
(RC718b); the upper unit is 120 feet thick and moderately
RC-717,

plagioclase phyric (RC-719). The contact between the
lower and middle flow units is abrupt and defined by a

breccia; the middle-upper contact is diffuse
and flow breccia is present only locally. Plagioclase
zone of flow

phenocrysts in the upper flow unit tend to be flowaligned.

Modal analyses of the three flow units (Table 22)
show that plagioclase phenocrysts and cristobalite in-

crease in abundance upwards in the flow. Olivine and
augite phenocrysts, and plagioclase microphenocrysts
decrease upwards.

Opaque oxide and hypersthene pheno-

both present in very small amounts, display no
consistent trends. Augite is usually found in glomerocrysts,

crysts with plagioclase which sometimes include opaque
minerals; these crystal clots are more frequent in
lower, crystal-poor part of the flow. Olivine and

plagioclase are also found in

glomerocrysts,

the

and rarely,
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Chemical and modal analyses of the RC-717 and RC-585 lavas.

TABLE 22.

Anal.

/ RC-719

RC718b

RC-717

RC-585

WR-13

719

718b

57.2
1.44
18.0

58.6
1.66

58.7

55.7
2.12

55.9
2.25

58.2

59.14

15.7

15.1

16.1

16.3

15.2

FeO

8.2

10.2

10.9

10.29.45

7.4

8.9
6.5

9.1

CaO

6.3

6.3

6.2

MgO

2.9

2.9

3.0

3.0

Na20

3.9

4.0

4.1

4.3

6.5
2.5
3.9

3.5
4.0

K20

1.28

1.50

1.58

1.43

1.50

1.66

100.32

99.76

99.59

99.15

99.T5

9.7

9.4
1.2
6.5
0.8
0.2
0.7

Sic2

T102
A1203

Total

1.71

1.80

717

CalLiq

59.0

5
1.83

1.79

1.74

14.3

14.8

5.95

9.5
5.9

9.2
6.2

2.9

2.7

3.0

4.05

4.1

4.1

1.67

1.76

1.60

14.6

Mode:

Tot.phenos:
20.9

plag
18.8
microplag 1.6
olivine 0.3
opaque
0.2
augite Tr
hyper
Tr
sil.min.
1.3

void
gm
RC-719:

6.2
2.3
0.3
0.2
0.5
0.2

Tr

8.8
3.1
1.3
3.8

0.2
-

0.2

0.2
0.5

0.0
0.0

0.8
2.5

77.T

89.8

90.7

79.5

Lava at elevation 3680 feet, section 14, T. 12 3., R. 9 E.
RC-717 flow

120 feet above base.

RC718b:

Lava at elevation 3580 feet, section
RC-717 flow 20 feet above base.

14, T. 12

S.. R. 9 E.

RC-717:

Lava at elevation

14, T. 12

S., R. 9 E.

3560 feet,

section

Base

of RC-717 flow.
RC-585:

WR-13:

Lava at elevation
T. 12 S., R. 9 E.
Analysis

of

3760 feet
Strongly

near boundary of sections 25 and 26,
magnetic.

RC-585 lava by E. M. Taylor (pers. comm.).

719 through 717:

Calculated groundmass compositions of RC-719 through
Assumes plag = An65, microplag = An50, olivine = Fo85,
opaque mineral and augite have compositions as in Appendix 1;
RC-717.

rock density (D) = 2.60, plag D = 2.70, microplag D = 2.68.
olivine D = 3.4, augite D = 3.1, opaque D = 5.1, and silica
mineral D

CalLiq:

=

2.33 (Deer, Howie, and

Zussman,

1966).

Composition of possible end member magma with zero plagioclase

phenocrysts obtained by extrapolation in Figure 44.

226

The groundmass of the flow

olivine and an opaque mineral.

is very fine grained, almost cryptocrystalline, and contains some glass and traces of biotite. The groundmass is
composed of dark-and light-colored bands similar to those
found in the aphyric lavas and the dacites'(Figure 43).

The plagioclase phenocrysts average 3-5 mm across and
are reverse zoned with large, sometimes "patchy" cores of
An65 surrounded by a mantle of An76 or so; this mantle is

overlain with a thin, normally zoned rim of An64. Hypersthene and augite phenocrysts, and plagioclase microphenocrysts, are of small size and are less than 0.5 mm across;
opaque crystals are less than 0.2 mm. In RC-719 one grain
of hypersthene

is surrounded by olivine; a similar rela-

is sometimes found in the lavas of Three Fingered
Jack (Davie, 1980).
The chemistry and mode of RC-719 is similar to ande-

tionship

site

(compare to RC-672 in Table 12).

RC-719 is

also similar to

The chemistry of

WR-205 (Table 20).

The abun-

dance, size, and reverse zoning of the plagioclase phenocrysts in the RC-717 flow are similar to those in porphyritic, reverse-zoned, plagioclase-bearing basaltic andesites (see Basaltic Andesites). The chemistry of RC-717
is similar to aphyric lava rich in Fe and Ti (Table 14).
The chemistry of the RC-717 flow varies linearly with
plagioclase phenocryst content within the limits of experimental error (Figure 44). This relationship is similar
to the linear variation found in Hales' banded lava
42), but the latter correlation is based upon
total phenocryst content. There is no correlation with

(Figure

total phenocryst content in the-RC-717 flow
all of the phenocryst variations

because not

are in the same

direction.
Two possibilities for the production of the variation

in the flow seem most likely:

fractional crystallization
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Figure

43.

Banding appears to parallel
flow alignment of plagioclase microphenocrysts, and is
defined by differences in average grain size. Width of
Banding in RC-717 lava.

field

=

3.0 mm.

Uncrossed nicols.

RC-719

PLAG

FILUIUS

M

RC718b

RC-717

Figure 41.

Composition versus plagioclase phenocryst content in the RC-717 lava.

numbers at

right.

See Table 22.

Sample
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The presence of discrete flow
composition in the flow implies that

or incomplete magma mixing.

units of different
whatever mechanism was responsible operated before the
If fractional crystallization proeruption of the lava.

presumably the large plagioclase
phenocrysts floated in the magma while the augite and
olivine phenocrysts, and augite-plagioclase glomerocrysts,
sank.
(It seems highly unlikely that the plagioclase
phenocrysts could simply sink in a magma while augite and
olivine crystals remain suspended, because plagioclase is
duced the

variations,

of lower density.) It is difficult to account for the
distribution of plagioclase microphenocrysts with this

mechanism. The zoning in the flow, with the most dense,
Fe-rich (but possibly least viscous) portion at the base,

and the least dense, plagioclase-rich portion at the top,
does not necessarily rule out the preceding scenario because the

may have tapped the lower (or least
of the magma first. To test the frac-

eruption

viscous) portion
tional crystallization hypothesis

the groundmass composi-

tions of each analyzed sample were estimated (Table 22).
If simple crystal settling or floating was the cause of
the chemical variations, the groundmasses of the three
samples should be identical. The estimated compositions
display consistent variations in Si, Al, Fe, Ca, and Mg,

in apparent disagreement with the hypothesis. The consistent variations could be partly a reflection of the
constant density assumed for all three samples, an
However, if fractional
assumption almost certainly false.
crystallization was the cause of the variation, the estimated groundmass of RC-719 should be very similar to the

measured composition of RC-717 because the latter contains
so few phenocrysts. The two are nearly equal in every

Because the Fe- and
element except Fe and Mg (Table 22).
Mg-bearing minerals increase in abundance downwards in the
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flow (this is not due to crystal settling after eruption),
fractional crystallization cannot account for the difference; the Fe and Mg contents of RC-717 should

than those in 719, not less.
If incomplete magma mixing

be greater

produced the linear chemi-

cal variation with plagioclase phenocryst content, presumably the end members of such mixing are a plagioclase-phy
ric basaltic andesite and a nearly aphyric andesite similar to CalLiq in Table 22. The plagioclase-physic
basaltic andesite may be similar to "RC588b (Tables 7 and
11), a porphyritic, reverse-zoned, plagioclase-bearing
type petrographically similar to RC-719 except for the
lesser modal content of olivine in the latter.
The similarity of the RC-717 flow to Hales' banded
lava has already been noted. Tentatively, it is concluded
that the chemical variations within both lavas are due to
incomplete magma mixing. The end members of such mixing
are unusually plagioclase-rich basaltic andesite and
aphyric andesite.
positionally

It seems significant

zoned lavas discovered

the two comfield area are

that

in the

similar in bulk composition (compare RC-719 to WR-205).
This may imply that incomplete magma mixing events are

only preserved directly in lava with a relatively high
viscosity.
RC-585 lava

The RC-585 lava is a basaltic andesite unusually rich
in Fe and Ti (Table 22) found only at the southern border
of the field area on the west flank of Green Ridge (Plate
The flow is considered separately because its com1).

position is very unusual for basaltic andesite; it is
similar to aphyric basaltic andesite (Table 14), but it
contains over ten percent phenocrysts. The RC-585 lava is
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about 120 feet thick and is jointed in an irregular man-

ner.

Brunton compass needle is strongly deflected close
to samples or outcrops of the flow.
A

Plagioclase, opaque minerals, olivine, and augite
occur as phenocrysts in the lava, in that order of

abundance (Table

22).

Plagioclase is An73+, up

across, and rarely includes grains of olivine.

to 1.5 mm
Olivine,

mm, often has a rim of fine-grained opaque
material; some grains have inclusions of an unknown
Small
mineral. Opaque minerals are up to 0.5 mm across.
microphenocrysts of plagioclase and augite are scattered
throughout the-ground mass, which is glassy and black
because it is charged with very fine grained opaque minup to 0.4

erals.

Traces of biotite and

the groundmass.

amphibole(?) are found in
Glomerocrysts of plagioclase, olivine,

either alone or in combination with
present. A silica mineral is common as a

and opaque minerals,
each other, are
vesicle filling.

RC-585 has the highest TiO 2 content

of any lava

analyzed at Green Ridge; it also has the lowest CaO/FeO
ratio of any basaltic andesite (Figure 22). Presumably,
extensive plagioclase and olivine fractionation from a
basalt produced the flow because of its low Ca, Al, and Mg
contents.

It is very unlikely that the opaque minerals

present in the flow participated in any fractionation as
their removal would quickly lower the Fe and Ti values.
The opaque minerals are probably present because plagioclase fractionation has resulted in the Fe- and
Ti-enrichment necessary for their growth.

Megacryst-bearing Basaltic Andesites
DESCRIPTION AND POSSIBLE GENESIS
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At least three lavas containing megacrysts of plagioclase, ilmenite, apatite,

and(?) two pyroxenes occur near

the top of the Deschutes Formation section at Green Ridge
The lavas are basaltic andesites
(Plate 1; Stratigraphy).

16 for a trace element analysis) and
vary in thickness from a few feet tows much as 120 feet
where confined to paleovalleys. The total exposed volume
Two megacrystof the flows is approximately 0.1 km3.
bearing lavas are found one above the other in the north(Table

23; see

Table

ern part of the field

area (RC-Kl, and RC-J2 and RC-QB1).

units of a single eruption because they
The contact between
are chemically similar (Table 23).
the two is a thin zone of flow breccia only locally exposed; the RC-K1 flow is nearly devoid of megacrysts, howThese may be flow

enabled the two flows to be mapped separately.
A megacryst-bearing lava on the west flank of Green Ridge
in section 24 is the westward extension of a megacrystever, which

bearing flow (RC-559) from the southern part of the
area (Plate 1). A flow on the west flank in section

field
1

may be the extension of the RC-J2 and RC-QB1
flow; an extension of the RC-K1 flow has not been recognized on the west flank of Green Ridge. The megacryst(RC-591)

bearing lavas appear to be confined to a short stratigraphic interval immediately above the "mixed lava"
sequence.

Plagioclase (An66-70+) is the predominant megacryst,
comprising 0.75 volume percent of sample RC-QB1 as
determined by a macroscopic count of nearly 6000 points
9 sawed slabs. The plagioclase is transparent with
rounded outlines, often ovoid in shape, and ranges
Megacrysts 1
from 0.3 mm across to 5 cm by 1.5 cm.

on

in size
cm

across are common; the average size is 2-3 mm. Cleavage
is rarely observed in the megacrysts in hand specimen;

most are broken along closely spaced, subparallel,
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TABLE 23. Chemical analyses of megacryst-bearing lavas and Precambrian rocks.
Anal.

/

Si02

RC-559

RC-J2

TiO2

52.8
1.53

A1203

18.1

FeO

10.0

CaO
MgO

7.7
4.8

Na20

3.55

4.1

K20

0.55

Total

Anal. /

56.1

RC-QB1

RC-K1

AV-JQK

55.0

54.7
1.39

55.3
1.38
18.7

1.42

1.32
18.6

19.1

9.1
6.85

9.6
7.2

3.5
0.71

3.5
3.8
0.63

99.03

100.28

ARCH1

T102

52.8
0.98

Al203

Si02

FeO
CaO

3.85
0.71

9.3
7.1
3.7
3.9
0.68

100.25

99.60

100.06

ARCH2

ANMPAR

DESAV

CBVLB

57.3
0.86

53.2
1.0

53.3
1.34

50.1

16.8

18.3

17.3

17.8

19.7

9.9

6.3

9.1

8.9
8.6

8.1
11.5

12.18.25

8.7

4.5

6.1

3.2
0.42

3.2
0.8

K20

4.5
2.5
0.34

RC-559:

Lava at elevation 3920

MgO

Na20

18.4

9.15

7.2
4.2

0.56

6.9
2.45
0.18

5.9
3.35
0.75
feet.

SE 1/4 section IT. T. 12 S., R. 10

E.

RC-J2:

Lava at elevation

3570

feet. SW 1/4 section 22, T. 11 S.. R. 10

E.
RC-QB1

Lava at elevation 3540
E.

Same flow as RC-J2.

SW 1/4 section 22, T. 11 S., R. 10
For trace elements see Table 16.

feet,

RC-K1:

Lava at elevation 3750 feet, NW 1/4 section 28, T. 11 S.. R. 10
E. Flow or flow unit above RC-J2 flow. Very sparse megacrysts.

AV-JQK:

Average of RC-J2.

ARCH1:

"Aphyric high-alumina tholeiitic

QB1,

and K1.
basalt"

associated with

plagioclase megacryst-bearing lavas from Archaean Knee Lake
greenstone belt (Green, 1975, Table 1, 03; recast volatile-free
with total Fe as FeO). Compare to Deschutes Fm. diktytaxitic
basalts; note high CaO/FeO ratio and low K. Na. and Ti.
ARCH2:

"Aphyric high-alumina tholeiitic

andesite" associated with

plagioclase megacryst-bearing lavas from Archaean Knee Lake
greenstone belt (Green, 1975, Table 1. #4; recast volatile-free
Fe as FeO). Compare to Deschutes Fm. andesites with

with total
low Ti02.
ANMPAR:

"Parent magma" of the anorthosite-norite-mangerite series rocks
in southern Quebec (Philpotta, 1966, Table 5).

DESAV:

Average of 17 Deschutes Fm. basalts and basaltic andesites.

CBVLB:

Calculated bulk composition of the Archaean Bad Vermilion Lake,
Ontario anorthosite complex and associated mafic rocks (Ashwal
and others. 1983).
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irregular fractures resembling conchoidal fracture in
quartz. The fracturing is apparently typical of plagioclase megacrysts elsewhere (Suneson and Lucchitta,
1983), and is perhaps ascribable to rapid decompression.

The cores of the plagioclase crystals are unzoned or very
slightly zoned; the cores are mantled by a thin reverse
zone (An75-75+) which contains glass and inclusions of
minerals present in the groundmass of the lavas. These
mantles resemble in all respects the reverse-zoned mantles
found on "type R" plagioclase (see Mixed Lavas). The
mantles are also seen to "intrude" along fracreaction
tures in the plagioclase. The rims of the crystals are
clear and normally zoned; in RC-559 the outer edges of the
rim are rounded and conform to the round shape of the
megacrysts; in RC-J2 and RC-QB1
euhedral and the rims are wider.

the outer edges are more

In some thin sections of
megacrysts faint streaks of antiperthite appear to be
present in the cores of the crystals. Inclusions of
opaque minerals and apatite are common; where these occur
at the edge of a grain the reverse-zoned mantle is absent
Some
(Figure 45). One inclusion of augite was found.
megacrysts contain small, spiral-shaped plates of opaque
material along cleavage planes; these are best seen under
the binocular microscope and appear to have resulted from
The megacrysts usually conthe exsolution of Fe and Ti.

tain thin, widely spaced albite twins and some Carlsbad
Some crystals, however, have discrete domains
twins.
where twinning is prevalent, and albite as well as pericline(?) twins are abundant. The albite twins in such

domains often have

degrees.

a gentle curvature of as much as ten

The "twinned" domains are slightly deformed and

are separated from the "untwinned"

domains by irregular

surfaces (Figure 46).
Ilmenite

megacrysts are present in trace amounts;
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Figure

45.

Plagioclase megacryst with apatite inclusion in megacryst-bearing basaltic andesite RC-QB1. Note rounded,

resorbed outline of crystal, thin "type R" mantle, clear
rim, and thin, widely spaced albite twins. A Carlsbad
twin is also present. Width of field = 3.0 mm. Crossed
nicols.
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Figure 46.

Selective deformation of a plagioclase megacryst in
megacryst-bearing basaltic andesite RC-559. Note

presence of twins (pericline?) at right angles to the

albite twins; the latter are slightly bent. Selective
deformation of plagioclase phenocrysts was found in
Hales' banded lava and may be present in basaltic
andesites.

Width of field = 3.0 mm.

Crossed nicols.
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five grains were found in sample RC-QB1.

The ilmenite

crystals are 2-5 mm across and are strongly resorbed in
appearance (Figure 47). A thin reaction rim surrounds the
crystals except where they abut plagioclase megacrysts.
The ilmenite crystals appear to contain twin boundaries

and thin exsolution lamellae.
Apatite up to

0.5 mm across is a common inclusion in

the plagioclase megacrysts (Figure 45). A single large
grain of hypersthene which is mantled by opaque material
and augite was found in sample RC-J2; hypersthene may be
part of the megacryst mineral assemblage.

The host lavas are essentially aphyric basaltic andesites similar to the Squawback Ridge petrographic type.
The RC-559 flow consists of plagioclase, elinopyroxene,
olivine, and opaque. minerals in that order of abundance.
The larger plagioclase grains are often in glomerocrysts
with olivine. Olivine may be subophitie with respect to

plagioclase; usually it is intergranular. Clinopyroxene
is in subophitic to intergranular arrangement; often it
appears to have overgrown olivine.

The RC-J2 and RC-QB1

lava contains plagioclase, clinopyroxene, hypersthene,
titanomagnetite, and rare olivine in clots with plagioThe clinopyroxene is subophitic to intergranular
clase.
The RC-K1 flow is very similar to the RC-J2
as in RC-559.
and RC-QB1 lava; however, at least some of the clinopyroxene in the former is pigeonite, which often surrounds
hypersthene in optical continuity.
It is unlikely for two reasons that the megacrysts
crystallized from the host lavas in which they are found:
the plagioclase and ilmenite crystals have been strongly
resorbed by the host magmas and have reacted with them,
and the chemistry of the host lavas is not consistent with
the crystallization of the megacryst phases. The host
lavas are fairly typical basaltic andesites (compare with
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Figure 47.

Resorbed ilmenite megacryst in megacryst-bearing
basaltic andesite RC-QB1. Note the reaction rim defined

by the slight color difference around the margin of the
crystal. Width of field = 1.5 mm. Partly crossed

nicols under reflected light.
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Squawback and High Al- low Mg types); the phenocrysts
normally found in such magmas at Green Ridge are An80-85
Ilmenite and apatite crystalliplagioclase and olivine.
zation should occur in an Fe-, Ti-, and P-enriched fluid
produced by extensive plagioclase and olivine fractiona-

This is indicated by the very late crystallization
of opaque minerals and apatite in the basalts and basaltic
andesites at Green Ridge. Also, the single basaltic andetion.

site flow which contains abundant opaque phenocrysts
(RC-585) has over 2.1 wt. percent T102 and 10.2 wt.
For these
percent FeO, which is an extreme composition.

that the megacrysts are highpressure phenocrysta, which have simply reacted with their
hosts at low pressure, is considered unlikely.
Three possible mechanisms for introducing the megacrysts into the host lava are: magma mixing, crystal settling, and assimilation. 'If magma mixing occured, presumably the end members were aphyric basalt or basaltic
andesite with a low Fe and Ti content, and a fluid enriched in Fe, Ti, and P which contained the megacrysts.
This possibility appears to be a plausible one because it
reasons, the possibility

is consistent with the mechanism proposed for basalt and
basaltic andesite evolution (see Diktytaxitic Basalts).
It is also consistent with the experiments of Philpotts
(1981), who notes that plagioclase can easily attain
megacryst size only if it is grown in a magma enriched in
Fe, which therefore has low viscosity and permits rapid
Crystal settling, in which the megacrysts sink
diffusion.
or float into a basaltic andesite magma from a magma rich
in Fe, Ti, and P, is unlikely because the latter magma is
much denser than the former; the ilmenite crystals would
sink in either magma and a dense magma overlying one less
dense is gravitationally unstable. Assimilation of a rock
consisting of nearly pure plagioclase (anorthosite) with
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subordinate ilmenite and apatite by a basaltic andesite
magma may be likely considering the deformation present in
some of the plagioclase crystals; deformation of crystals
suspended in a liquid is unlikely because liquids cannot
transmit shear forces. Deformation of plagioclase similar
to that described here is very common in anorthosite
bodies (e.g., Isachsen, 1969). Of the three possibilithe last one seems the most likely. However, the
possibility of magma mixing cannot be ruled out because
ties,

turbulence during mixing could rip up and entrain parts of
a cumulate crystal "mush"; possibly a "mush" is capable of
transmitting shear stresses.
SIMILARITY TO ARCHAEAN MEGACRYST-BEARING LAVAS

The author is not aware of any descriptions of similar megacrysts from other Tertiary cale-alkaline suites.
basalts from southeast Oregon are known to
contain plagioclase megacrysts (E.M. Taylor, pers. comm.).
"Tholeiitic"

Most megacryst occurrences are in alkalic rocks (e.g.,
Frisch and Wright, 1971; Irving, 1974; Gutman, 1977), and
the dominant megacryst mineral is usually clinopyroxene.
However, similar plagioclase megacrysts are found in

"basalt" pillows, flows, dikes, and sills in Archaean
greenstone terranes

(Green,

1975).

Green states (p.

1774):

"The high-alumina content of many
Archaean basalts has frequently been

interpreted as indicative of

cale-alkaline volcanism."

The Archaean plagioclase megacrysts are An75-87,
unzoned or weakly zoned, and semitransparent and waterygray in color where fresh; the megacrysts have rounded

outlines and ovoid shapes, and range in size from
6 cm (Green, 1975).

1

mm to

The Archaean megacrysts may comprise
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as much as 80 percent of the rocks. The Archaean
megacryst-bearing lavas are associated with aphyric
basalts, basaltic andesites, and andesites which have

high

Al203, and which are chemically similar to rocks in the
Deschutes Formation (Table 23). Green (1975) demonstrated
that in the Knee Lake greenstone belt the megacryst-

bearing lavas were

found at specific stratigraphic levels
where a change in the bulk chemistry of basalt and
basaltic andesite flows occurred. Mafic flows below the
megacryst-bearing lavas were classified as "low-alumina
tholeiites"; those above were termed "high-alumina
This situation could be analogous to the
tholeiites".
occurrence of the

Deschutes Formation megacryst-bearing

graben west of Green Ridge the megacrystbearing flows are probably near the contact between the
downdropped Deschutes Formation rocks and the overlying
High Cascade lavas; the A1203 content of mafic rocks at
Green Ridge never exceeds 20 wt. percent, and most rocks,
especially aphyric lavas, have much less; in the High
Cascades basaltic andesites are fairly common with A1203
contents in excess of that amount (Taylor, 1978; pers.
lavas.

In the

comm.). These latter rocks often contain abundant
plagioclase phenocrysts.
ARE THERE ANORTHOSITE BODIES BENEATH THE CASCADES?

If the megacryst-bearing lavas at Green Ridge originate through magma mixing, one end member of the mixing is
a magma apparently capable of depositing a cumulate body

of coarse plagioclase crystals with minor amounts of ilIf the megamenite and apatite, i.e. an anorthosite.
crysts are the product of assimilation, the digested rock

material is almost exclusively plagioclase, i.e. the

assimilated rock is anorthosite.

Several lines of evi-

dence support the interpretation that anorthosite bodies
are present beneath the north-central Oregon Cascades:
The physical characteristics of the plagioclase
1)
megacrysts, especially the wide range in grain size, large
grain size, lack of zoning, selective deformation, and
presence of exsolved Fe- and Ti-oxide minerals, are typical of the

plagioclase in Proterozoic (usually labradoand Archaean (usually
anorthosites (Philpotts,

rite-andesine, rarely bytownite)
bytownite

in a "mafic

matrix")

1966; Isachsen, 1969; Emslie, 1970; Ashwal and others,
1983).

the plagioclase in large, ultrabasic
is of more modest and uniform grain

In contrast,

layered intrusions

size (Wager and Brown, 1967).
The megacryst assemblage of plagioclase, ilmen2)

and(?) two pyroxenes is typical of anorthosite bodies, which are invariably associated with concentrations of Fe- and Ti-oxide minerals and apatite (e.g.,
ite, apatite,

The presence
of ilmenite, with its high density, presumably means that
Philpotts, 1981; Ashwal and others, 1983).

no lighter phases (e.g. olivine and pyroxenes) have
appeared from the assemblage by crystal settling.

dis-

The variation in chemistry of diktytaxitic basalts, basaltic andesites, and andesites in the Deschutes
Formation, especially the drop in CaO/FeO versus Ti02,
constancy of Ca0/Al203 versus Ti02, and the drop in A1203
versus Ti02 at constant MgO, is evidence that plagioclase
3)

fractionation is the dominant compositional control.
Plagioclase is the predominant mineral phase in all of the
rocks, and the dominant phenocryst phase in all but the
basalts.
These facts suggest a plagioclase reservoir in
which the plagioclase removed by fractionation is
deposited, i.e. an anorthosite body.
The chemistry of the aphyric
4)

fine-grained, Fe-

and Ti-rich rocks at Green Ridge is consistent with ex-
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tensive plagioclase fractionation from basalt and/or
basaltic andesite; this suggests an origin involving
production of a plagioclase cumulate body, i.e. an
anorthosite (see Aphyric

5)

the

Lavas).

Several investigators, including Buddington

(1939), Philpotts (1966),

and Morse (1982), have suggested

that the "parent magma" of anorthosite is a "high-alumina"
basalt. This seems to be an obvious assumption given the
requirement of producing bodies composed dominantly of
plagioclase. From his study of two Proterozoic anorthosite localities in southern Quebec, Philpotts (1966) proposed that the basalt was calc-alkaline, based upon the

chemical similarity of the most mafic rock he inferred was
not a cumulate, to modern calc-alkaline basalts. His
selection is essentially identical to an average of
Deschutes Formation basalts and basaltic andesites (Table
23). Ashwal and others (1983) estimated that the exposed
Archaean Bad Vermilion Lake
anorthosite-gabbro complex could approximate the composi-

bulk

composition

of the

tion of its parent magma; their calculated "parent" is
similar to "primitive" Deschutes Formation diktytaxitic
basalt (Tables 23 and 4).
Melting experiments on natural basalts of
kinds at

1

several

atm support, but do not prove (among other

things, the effects of volatiles are ignored), the contention that "high-alumina" basalt is the most suitable

basalt parent

In most basalts plagiocrystallize within a few degrees of

for anorthosite.

clase and pyroxene
each other, pyroxene often preceding plagioclase; however,
in "high-alumina" basalts plagioclase precedes pyroxene on
the liquidus by as much as 70 degrees (Kushiro, 1979).
The "high-alumina" basalts tested included calc-alkaline

basalts from Medicine
ocean ridge basalt.

Lake and Paricutin,

and also a mid-

6)

Windley and Bridgwater (1976) propose that the

Archaean high-grade tonalite-quartz diorite gneiss-greenstone-anorthosite association is produced at continental

margins as the result of subduction (see Plutonic and
Metamorphic Xenoliths).

7)

Ashwal and others

(1983)

note the similarity of

plagioclase megacrysts in Archaean anorthosites and in the
Archaean lavas, sills, and dikes described by Green
They state (p. 259):
(1975).
"These megacryst-bearing extrusive and
intrusive rocks may represent a link
between the anorthosite complexes and

volcanic rocks of the greenstone belts
proper."
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ASH-FLOW TUFFS OF THE DESCHUTES FORMATION

Introduction
Possibly as many as thirty separate ash-flow tuffs
were mapped in the Deschutes formation at Green Ridge

(Plate 1; Stratigraphy; Appendix 2). The tuffs were placed into four categories: "black knocker", "andesitic",

"silicic", and "lithic-rich".

The Hoodoo Tuff and Fly

Creek Tuff (see below) are each unique, with the exception

tuff, which resembles the Fly Creek Tuff
(Appendix 2), and form their own categories. The exposed
volume of individual tuffs is between 0.05 and 3.0 km3;
most are on the small end of that range.
"Black knocker" ash-flow tuffs contain two types of
pumice, one black and aphyric, and the other white or gray
and crystal-poor. The black pumice is the most prominent,
and is up to one meter across, hence the name. Mixed pumice, composed of bands of black and white pumice, is present in small amounts. The matrix of the tuffs is often
Lithbrown, but may be gray, or orange- or yellow-brown.
ic fragments comprise 10 to 15 percent of the tuffs.
of the RC-685

"Black knocker" tuffs are sometimes welded; the welding
may be near the base as in the Six Creek Tuff, or near the
top as in the RC22lb tuff. Where unwelded, the tuffs are
similar in hand specimen. One criterion used to distinguish them is the plagioclase phenocryst content of the
black

pumices, which varies from less than one (Six Creek

three percent (RC221b). The chemistry of
the pumices is another criterion (Tables 14, 25, and 26).
The black pumice is andesite, rich in Fe and Ti, while the
white pumice is dacite or rhyodacite.
"Andesitic" ash-flow tuffs are characterized by
abundant gray pumice up to 30 cm across in a matrix of
Tuff) to two or
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gray ash. White pumice is also present, but in smaller
amounts and dimensions. The amount of lithic fragments in
the tuffs varies from a few percent to as much as 30
The gray pumice consists of a dark gray core
surrounded by a light gray rim. Sometimes the core is
percent.

unvesiculated glass containing 5 to 15 percent phenocrysts; often both the core and the rim are vesicular.
On the west flank of Green Ridge the light gray rims are
often absent, and the unvesiculated cores are 10 to 30 cm
The dark gray cores are andesitic (Table 26;
across.
RC-304 and 753b) and contain the phenocryst assemblage
typical of andesite, including both reverse and normally
Fragments of light gray glass are also
zoned plagioclase.
present in the dark

gray cores.

Sometimes large

of plagioclase or large plagioclase phenosurrounded by light-colored glass, are also

glomerocrysts

crysts

present.

predominantly crystal-poor
white pumice in a white to pink matrix are termed "silicAsh-flow tuffs containing

Small amounts of gray pumice are usually present, as
Rare black pumice is found in
well as banded pumices.
Some ash-flow tuffs mapped as
some "silicic" tuffs.
"silicic" contain larger amounts of gray pumice; probably
ic".

all gradations exist between "andesitic" and "silicic"
The "silicic" tuffs are usually very
ash-flow tuffs.
poorly exposed, and are thus difficult to trace.
Two "lithic-rich" ash-flow tuffs, with about 30
percent of lithic fragments, were mapped. These contain
mostly gray pumice in a gray matrix, but the pumice is
only 0.5 cm across on average; presumably the small size
of the pumice is due to abrasion by the lithic fragments.
White, bluegray, and black pumices, all crystal-poor, are
also present.

For further descriptions of individual units, inter-
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ested readers

are referred to Appendix 2.

Fly Creek Tuff

Hewitt (1970) mapped a
tuff over

distinctive,

welded ash-flow

a wide area in the Fly Creek and lower Metolius

River canyons.

Hewitt referred to the tuff as "Unit 5",

but mistakenly included a number of additional ash-flow
tuffs within his map unit. He also believed erroneously
There is
that the source of the tuff was to the south.
now little doubt that the source.of the "Unit 5" tuff,
which is informally termed the "Fly Creek Tuff" in this
report and in Dill (1985), was west of Green Ridge (Plate
The tuff has been traced to within two miles of the
1)
crest of Green Ridge, but is not exposed on the west flank
of the ridge because it has been downdropped by faulting
below the level of exposure.
The Fly Creek Tuff varies in thickness from 30 to 120
feet, reflecting the topography on which it was deposited,
as well as erosion before deposition of the overlying
units.
The tuff has a sheetlike geometry, but it was
probably deposited on topography with low relief

and east-

trending valleys. The thickest deposit of the tuff is in
section 5, T.12 S., R.11 E. The tuff is invariably welded
near its base; the degree of welding varies from incipient

Where lightly welded, the welded
to densely vitrophyric.
zone is about a meter thick, and about that far above the
base of the tuff. The vitrophyre may reach a thickness of

3 or 4
the

meters,

base.

and its center

The degree of

is about that distance above
welding probably varies with the

thickness of the original deposit; the valley-filling
portions of the tuff have the thickest vitrophyre zones.
This relationship is well displayed in the SW 1/4 of
section 5, T.12 S., R.11 E. The thickness of the tuff
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increases toward that quarter from both north and south,
as does the degree of welding. The color of the tuff
varies with the degree of welding.

Lightly welded and

nonwelded portions are usually pink; more heavily welded

parts are light brown or gray; vitrophyre is black.
The Fly Creek Tuff is compositionally zoned (e.g.,
Lipman and others, 1966). Pumice in the lower part of the
tuff is almost exclusively rhyodacite in composition and
phenocryst-poor, while the upper part of the tuff contains
both rhydodacite pumice and crystal-rich scoria that is

nearly basaltic (Table 24). The rhyodacite pumice, which
attains a maximum size of 30 cm, varies in color from
white where nonwelded or lightly welded, to gray where
heavily welded. The scoria, which is the same size, is
gray to black; the outer margins are often yellow.
Streaks and bands of white, phenocryst-poor pumice are
often found within the scoria; where these are abundant
the scoria is termed "banded" pumice.
Using the terminology of Smith (1960, 1960b), the Fly

Creek Tuff is probably the result of a multiple-flow unit,
simple-cooling unit, ash-flow

eruption.

The presence of

multiple-flow units in the tuff is suspected for three
(1) A flow unit contact defined by a zone of
reasons:
abundant pumice overlain abruptly by a pumice-poor layer
(Sparks and others, 1973) is present in the tuff on the
Fly Creek highway grade in section 4, T.12 S., R.11 E.,
(2) The upper crystal-rich scoria zone is not present in
all outcrops of the tuff, even where the tuff was apparently preserved from erosion before deposition of overly(3) Crystal-rich scoria is present, but in
ing units,
very small amounts, in the lower parts of the tuff; the
transition to the upper part of the tuff where scoria is
abundant is abrupt. Flow unit contacts can be very subtle

and thus difficult to detect (e.g. Bacon, 1983, p92).
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The most complete exposures of the tuff are in the SW
1/4 of section 5, noted above. An excellent exposure,
displaying all of the essential characteristics of the
tuff, is at the eastern "nose" of the "3036" ridge in
section 8, T.12 S., R.11 E. Where the base of the tuff is
well exposed, an underlying air-fall pumice layer up to

two meters thick is often found. The lower part of this
layer is well-sorted and interbedded with fluvial material;-the upper part is massive, unsorted and overlain by
the base of the tuff, which is always very fine grained
and free of pumice and lithic fragments for a few centi-

meters above the contact.
The rhyodacite pumice

contains very sparse pheno-

crysts of andesine(?) and traces of hypersthene, hornblende,

magnetite, and augite.

In the scoria the crystal
content varies from.3O to 50 percent or more by volume.

hornblende, hypersthene, and
The plagioclase is strongly
zoned, with spectacularly resorbed, "patchy-zoned" cores
of bytownite (An 75+), surrounded by wide margins of clear
Plagioclase, olivine, augite,
opaque minerals are present.

labradorite and thin rims of clear andesine. The plagioclase sometimes contains small inclusions of olivine and
resembles the "type N" plagioclase of the "mixed lava"
Olivine is invariably altered almost completely
sequence.

to iddingsite and is usually surrounded by augite and
Augite, in turn, is observed to have
opaque material.
reacted to form hornblende (Figure 48), which is thus a
Augite is also found
late crystallizing mineral.
containing large cores of hypersthene.
Augite and hornblende from the scoria have been
analyzed using the microprobe, courtesy of E. D. Mullen
The augite is Mg-rich and the three analyses
(Table 24).
The hornvary from Mg46-Fe10-Ca44 to Mg44-Fe12.5-Ca43.
blende is very rich in Ti and more enriched in Fe than the

-**1
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Figure 48.

Textural relations in Fly Creek Tuff scoria. Augite
surrounds iddingsitized olivine, plagioclase, and opaque
minerals; hornblende (left center) appears to have
nucleated on augite. Large, iddingsitized olivine
crystal at lower left. Width of field = 1.5 mm.
Uncrossed nicols.
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augite it

grows on.

These trends are

consistent with the

trend of increasing Fe/Mg and Ti-enrichment with fractionation found for the bulk chemistry of the scoria (Figure
49).

According to Anderson (1980), the stability of hornblende in cale-alkaline basalts is increased by the presence of augite and olivine, which may serve as nucleation
sites for hornblende growth, and by a high Fe/Mg ratio in
Both of these conditions apply to the Fly
Creek Tuff scoria. Anderson estimates that the temperature of hornblende formation in such basalts is between
the liquid.

960 and 1080 degrees,

and only 2 to 4 weight percent water

is required.

The chemistry of the rhyodacite pumice is very uniform, regardless of its color (degree of welding) or where
it is collected.

The average of eleven analyzed samples

In contrast, the chemistry of the
However, when plotscoria is quite variable (Table 24).
ted against K20, which is a measure of fractionation beis given in Table 24.

no K-bearing phases in the
Fe, Ca, Mg, Ti, and Na form reg-

cause there are essentially
scoria, the oxides of Al,

Unfortunately, Si02 calibraular patterns (Figure 49).
tion problems were experienced during the four scoria
analyses undertaken by the author, and the Si02 values
The
or 2 percent.
obtained are probably too low by
patterns in Figure 49, in which Mg and Ca decrease, Fe
Al remain constant, and Na and Ti increase with K, are
1

and

qualitively consistent with fractionation of the plagioclase, olivine, and augite present in the scoria. Olivine
fractionation would lower Mg drastically, decrease Fe, and
raise everything else, while augite would lower Mg and Ca,
Plagioclase would lower
and raise Fe, Al, Na, Ti, and K.
the Ca and Al, and raise all the others. The amount of
plagioclase removed must balance the amounts of olivine
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TABLE 24.
Anal. I
Sio2

Chemical

analyses of Fly

Creek Tuff pumice, scoria.

and minerals.

TED665

RC-369

51.8?

RC427b
52.5?

RC407b
51.3?

RC427a
53.3?

TED575
59.1

TiO

55.6
1.40

1.23

1.44

1.81

17.1

17.3

17.2

2.01
17.2

1.51

A1203
FeO

9.4

9.2

9.1

9.55

9.3

CaO

7.7

8.6

5.4

4.7

Na20

6.6
3.0

9.3
6.2

8.4

MgO

2.8

3.2

3.3

K20

0.61

0.67

0.74

0.78

0.87

1.19

1.53

2.08

101.41

98.50

97.98

97.24

98.23

98.80

100.02

98.07

RC-380

RC-428

RC423A

RC4238

71.0

71.4
0.40

70.8
0.42

M-6
70.9

A5WH

T1.1

A5BL
52.9?

2

Total

Anal.
Si02

TiO

f

0.40

2

0.44

17.2

15.7

15.3

15.5

15.7

FeO

2.8

2.8

2.9

CaO

1.5

2.8
1,7

1.5

1.6

MgO

0'-4

0.5

Na20

4.2

4.0

0.4
4.0

K20

4.01

3.94

100.11

Si02
TI02

A1203

Total

Anal.

I

Al203

16.6

15.3

7.8

7.2
6.2

6.5
5.2

6.0
4.7

4.05

3.0

2.4

2.7

3.7

4.4

4.7

4.3

70.6

0.40
16.4

0,40

1.58

15.72

17.2

2.84
1.67

0.4
4.4

2.8
1.9
0.3
3.2

0.48
4.0

9.3
8.4
5.4
3.2

3.99

3.55

4.40

3.77

0.74

99.68

99.99

99.77

100.30

99.48

98.72

CrLKB1
56.7

CrLKB2
57.5

CrLKHH
70.2

0.82

1.08

0.55

4427
42.7
3.56

R427
50.4

0.94

19.5

15.6

11.5

FeO

6.2

6.4

2.8

10.4

6.9

CaO

7.9

7.1

2.6

11.1

20.8

MgO

4.4

3.3

0.65

14.3

15.4

Na20

3.8

4.1

4.8

2.5

0.3

Total

TED567

-32.0
1.39
0.99

16.2

19.6

K20

TED566

X1.7

4.4

0.96

1.10

2.65

0.3

n.d.

100.38

100.08

99.85

96.57

99.38

TED665:

Black, crystal-rich scoria from Fly Creek tuff (Dill, 1985).

RC-369:

Black, crystal-rich scoria at elevation 2920
13, T 12 S, R 10 E.

feet,

SW 1/4 section
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TABLE 24, continued:
RC427b:

Slack, crystal-rich scoria at elevation 2700

feet,

12 3, R 11 E.
RC405b:

section S. T

Black, crystal-rich scoria at elevation 2620 feet, SW 1/4 section
33, T 11 S, R 11 E.

RC427a:

Black, crystal-rich scoria at RC427b location.

TED575:

Black, crystal-rich scoria from Fly Creek

TED566 and 567:
RC-380:

"Banded"

pumices from Fly Creek

tuff

tuff

(Dill. 1985).

(Dill, 1985).

Large gray, slightly flattened pumice at elevation 2610 feet, SW

1/4 section 33. T 11 S, R 11 E.

RC-428:

White pumice at RC427a and b location.
White pumices from elevation 2620
S, R 11 E.

RC423a and 423b

M-6:
A5WH:

feet,

section 4, T 12

Pumice from elevation 2600 feet, center of section 33. T 11 3, R
11 E. Collected and analyzed by E. M. Taylor.

Average of 11 white pumices from the Fly Creek Tuff. Includes
145, 338. 340. 483. and

RC-380, 428, 423a, 423b, M-6 and TED91,
739 from Dill
A5BL:

Average of 5 black scoria analyses from the Fly Creek Tuff.
Includes TED665, RC-369, 427b. 405b, and 427a.
Compare to
basaltic

CrLKBI:

(1985).

andesite and basalt

chemistry.

Average of 9 hornblende-rich scoria analyses with Ti022 : 0.76 0.91 percent from Crater Lake culminating eruption (Lldstrom,
1972. Table 1. 02, T. and 8. and Table 4, 92. 5, 6. 7, 10, and
12)

CrLKB2:

Average of 5 hornblende-rich scoria analyses with Ti022
1.05 1.13 percent from Crater Lake culminating eruption (Lidstrom.
1972, Table 1, 911 and 12, and Table 4, 93, 9 and 11).

CrLKWH:

Average of 4 dacite pumice analyses from Crater Lake culminating
eruption.
(Lidstrom. 1972, Table 1. #20, 21, 23, and 26).

4427:

Amphibole from crystal-rich scoria at RC-427 location. Analysis
courtesy of Ellen D. Mullen. Amphibole is either titanian
magnesio-hastingsitic hornblende or titanian pargasitic

hornblende depending on the ratio of ferric iron to
six-coordinated aluminum (Leaks. 1978). Analysis includes 0.17
wt.%. MnO and 0.02 wt.% Cr203.
R427:

Augite from crystal-rich scoria at RC-427 location. Average of
three analyses of separate grains from the same sample as 4427;
courtesy of Ellen D. Mullen. Augite is Mgua4 Fe12 Ca44.
Analysis'includes 0.17 wt. g MnO and 0.15 wC.%
Cr203.
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Figure 40.

Coy cositic^ versus C20 content in the Fly Creek Tu.!f.
Filled symbols represent Fly Creek T'aff analyses; oen
s;; cls represent average analyses from Crater Lake_
culminating eri ption (see ia: le 24). Fields cf Mack,
banded, and white pumices are indicated. = .yodacite
pu,;,,ices in both deposits are very uniform chemically;
black scoria is crystal-rich and chemically hetergeneous. Patterns in scoria probably reflect fractionation of olivine., augite, and plagioclase.
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and augite in order to keep the content of Al and Fe con-

stant.

Because the decrease in Mg is more pronounced than
that of Ca it seems likely that olivine fractionation preHornblende fractionation is very unlikely
dominates.
because the Ti varies directly with K.
Another possible cause of chemical variation in the
The two obviously
scoria is mixing with the rhyodacite.
banded pumices, TED 566 and 567, have compositions intermediate between scoria and pumice. Sample TED 575 is reported as black and crystal-rich, but its composition is
Disregarding the "banded"
consistent with slight mixing.
pumices, there is a "compositional gap" (e.g. Hildreth,
1981, figure 1) in the Fly Creek Tuff samples between
about 59 and 70.5 percent Si02.
The Fly Creek Tuff strongly resembles the ash-flow
tuff produced by the culminating eruption of Mt. Mazama,
which formed Crater Lake caldera 6845 years B.P. (Williams, 1942; Ritchey, 1980; Bacon, 1983). The compositional zoning of both tuffs is similar, as is the location
of the welded zone. Hand specimens of moderately to
densely welded "Wineglass Tuff", collected by the author

at the base of the "Crater Lake Tuff", are indistinguishThe crystalable from basal Fly Creek Tuff specimens.
rich scoria in both tuffs is also indistinguishable in
hand specimen and contains the same minerals with identical textural features when viewed under the microscope.
The scoria in both tuffs is quite variable in composition,
while the rhyodacite pumice is very uniform. The average
scoria composition at Crater Lake closely resembles basaltic andesite erupted in abundance from vents throughout
the Crater Lake area (Williams, 1942); the average Fly
Creek Tuff scoria strongly resembles transitional Deschutes Formation basalt-basaltic andesite (Tables 24 and 23;
compare A5BL with DESAV). The chemical trends in the
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scoria at Crater Lake are identical to the trends found in
the Fly Creek Tuff (Figure 49). Also, there is a compositional gap at Crater Lake between about 62 and 70
percent Si02 (Bacon, 1983). Because of the similarities

between the two tuffs, it seems likely that they were pro-

duced by a similar

process.

Many authors have speculated

on the origins of the Crater Lake Tuff deposit, most
arguing that it represents the eruption of a zoned, layered magma chamber (McBirney, 1980; Ritchey, 1980; Hildreth,
1981; Bacon, 1983). In this context Hildreth (1981), McBirney (1980) and Ritchey (1980) appear to regard the
rhyodacite as a derivative of basalt by fractional crystallization,
proceeds.

the mineral phases changing as the process
According to Ritchey (1980, p. 380):

"The indicated crystallization

early separation of
olivine and clinopyroxene followed by
sequence is:

cotectic crystallization of these

minerals and plagioclase together to
produce a liquid of andesitic-todacitic composition; reaction of
olivine and clinopyroxene with the
liquid to form hornblende, followed by
cotectic crystallization of hornblende
and plagioclase (+ orthopyroxene) to
produce liquids of rhyolitic
composition."
The process envisaged by Ritchey (1980), McBirney
(1980), and Hildreth (1981), is unlikely for the following
reasons:

It fails to account for the large
"compositional gap"; i.e., there is
abundant evidence of fractionation
from 56 to 62 percent Si02, but no
evidence of fractionation proceeding
between 62 and 70 percent SiO
2) Ritchey (1980) notes that 3odic
plagioclase and hypersthene pheno-,
crysts are normally zoned when found
in the rhyodacite pumice, but are
reverse-zoned where present in the
scoria, and that opaque oxides are
1)

.
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invariably associated with reversezoned hypersthene when present in the
These features, along with
scoria.
the spectacular resorption of calcic
plagioclase in the scoria, are inconsistent with fractionation, and
suggest a magma mixing model instead
(e.g. Bacon, 1983, P. 110-111).
3) The weight of rhyodacite which can
be produced according to Ritchey's
(1980) mass balance calculations is
about 40 percent of the original
It is unlikely that
weight of basalt.
such fractionation takes place at
shallow levels as Ritchey (1980) and
McBirney (1980), propose; it has been
demonstrated many times that the
dominant volume of continental margin
epizonal and mesozonal plutonic
sequences is granodiorite. Gabbro is
always subordinate. in such sequences

and is never very abundant (e.g.
Larsen, 1948; Taubeneck, 1957).
4) No satisfactory explanation of why

the scoria, the alleged result of
extensive accumulation of crystals
from fractionation which produced a
large volume of rhyodacite, still
resembles common basaltic andesite in
composition.
5) The uniformity of the rhyodacite
magma and the variability in the mafic
It seems
magma are not explained.
reasonable that the higher viscosity
of the silicic magma would tend to
retard crystal settling much more than
the mafic magma; therefore, evidence
for fractionation would more likely be
preserved in the silicic magma than
the mafic, the opposite of what is
observed.
6) The continuity in measured Fe-Ti
oxide equilibration temperatures
between pumice and scoria (Ritchey,
1980; Hildreth, 1981) is not
necessarily evidence for a genetic
relationship between the two magmas.
Basaltic andesite coming into contact
with rhyodacite will cool and
crystallize until the temperature
The large
equalizes between the two.
volume of phenocrysts in the scoria

could be explained in this manner.

7) The only demonstrated fractionation
trend in the scoria is toward in-

creasing Fe/Mg and Ti-enrichment

(Figure 49).
8) The fractionation hypothesis does
not easily account for the partly

fused blocks of granodiorite which
were ejected during. the last stages of
the eruption (Taylor, 1967; Lidstrom,
What is the heat source for
1972).
remelting this material?
It appears more likely, for the reasons considered
above, that the two magmas present in each of the Fly
Creek Tuff and the culminating Mazama ash-flow tuff were

to each other in any way, and that they were
only fortuitously brought into contact (Lidstrom, 1972).
An independent evolution and chance, meeting of the
two magmas accounts easily for the compositional gap,
textural relations among the phenocrysts, resemblance of
the scoria to basaltic andesite, and for the uniformity of
the rhyodacite and fractionation in the basaltic andesite.
not related

This last

feature is simply the result of the low-

viscosity

scoria magma encountering the cooler rhyodacite,

resulting in cooling, crystallization,

and fractionation

The partly melted granodiorite fragments
could represent cooled wall or floor rocks at the margins
of the former.

of the rhyodacite magma as the two are chemically identiThe heat supply for fusing the
cal (Lidstrom, 1972).
fragments could be provided by the warmer basaltic ande-

site magma which invaded the margins of the silicic magma
chamber.

Lidstrom (1972) proposed that the Mazama eruption was
triggered by the injection of the basaltic andesite magma
into cooling, water-rich rhyodacite magma. The addition
of heat to the nearly saturated silicic magma resulted in
the exsolution of volatiles

and an increase

pressure which eventually exceeded confining

in volatile

pressure.
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Further support for the thesis of Lidstrom (1972) is
found in the plutonic record of continental margin arc seThere are no described plutons zoned from basaltic andesite to rhyodacite, as predicted by the MeBirney (1980), Ritchey (1980), Hildreth (1981), and Bacon
(1983) model, in the Sierra Nevada (Compton, 1955; Larsen
and Poldervaart, 1961; Bateman and others, 1963; Bateman
quences.

and Chappell, 1979) or southern California Batholith
There are, however, many examples of
(Larsen, 1948).
large, uniform magmas of rhyodacite composition which are
in apparently fortuitous contact along parts of their
margins with rocks of mafic composition. Examples include
the contact of the Bonsall tonalite with the San Marcos
gabbro in the southern California Batholith (Hurlbut,
1935; Larsen, 1948), and the northern contact of the
Swedes Flat pluton in the western Sierra Nevada (Compton,
As described by Hurlbut (1935, p.611) such a
1955).
contact resembles the union of two dissimilar, independent
intrusions:

"Field evidence in several instances points to the fact that the
original differences in composition of
the Bonsall tonalite have been emphasized locally by marginal assimilation
at the contact of the San Marcos
On the geologic map
Mountain gabbro.
of the San Luis Rey quadrangle, these
two rocks are shown in contact with
one another for several miles, but, in
spite of this fact, it is impossible
to trace the contact for even one
The reason for this is
hundred yards.
that there is apparently no true
contact between the two.
However, there are places where one
can cross from one body to the other
If
and continue to observe bed rock.
at one of these favored localities a
traverse is made from tonalite to
gabbro, the rock gradually becomes
One may start in
increasingly darker.
rock that is unquestionably tonalite
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and as it gets darker it still retains
the properties of the tonalite, but at
the same time begins to resemble the
Over a distance of several
gabbro.
hundred yards, therefore, there is a
transition zone of intermediate rock,
a hybrid, having been formed by the
union of the two major intrusives."
The original authors who described such contacts did
not ascribe them to the injection of mafic magma into the
margins of large silicic magmas, but instead often be-

lieved that the complex "reaction zones" between the two
materials were due to metamorphic reaction of wallrocks of
amphibolite compositon with silicic magma. The former
interpretation is preferred (e.g. Eichelberger and Gooley,

one is untenable from a thermal
standpoint. The mineralogy of the mafic marginal rocks
and inclusions prove, that they were warmer and reacted
upon the cooler silicic magma, not vice-versa. The
textural features in the "reaction zones" closely resemble
those noted in "net-veined" complexes where mafic and
silicic magmas are intermingled (e.g. compare Compton,
because the latter

1977)

1955, p. 20 and 21 and Plates 2 and 3 to Wager and Bailey,
1953).

In summary, the essential features of the Fly Creek
Tuff are identical to the ash-flow tuff produced by the
culminating eruption of Mt. Mazama. Both ash-flow tuffs
probably resulted from mafic magmas fortuitously intersecting large silicic magma chambers of uniform composition. Such intersections are common phenomena, and many
examples are well-preserved in the plutonic rock record.

Six Creek Tuff
The informal term "Six Creek Tuff" is used here for a
prominent "black knocker" ash-flow tuff which filled an
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east-trending paleovalley in the center of the field area
The tuff contains both gray and black crystal(Plate 1).
poor pumice, and is between 200 and 300 feet thick on the
west flank of Green Ridge, and approximately 120 feet
An excellent and easily
thick in the Fly Creek drainage.
accessible exposure of the tuff is found north of Six
Creek in the SW 1/4 of section 10, T.

12 S., R.

10 E.

The

main body of the tuff is concentrated in an east-trending
channel about 1/2 mile wide, but the tuff appears to have
a sheet-like distribution throughout the field area (Plate
At least two other ash-flow tuffs similar in appearance to the Six Creek Tuff occur at approximately the same
stratigraphic level (Stratigraphy; Plate 1; Appendix 2).
Unaltered hand specimens of the'tuff are character1).

ized by abundant black pumice and somewhat less abundant
gray pumice (Figure 50) in a matrix of gray or brown ash.
Ten to 15 percent of lithic fragments are always present,
as well as a few "mixed", black and gray banded pumices.
Altered hand specimens are orange- or yellow-brown and
usually better indurated than unaltered material. Black
pumice alters to a yellow color, while gray pumice turns
pink.

Joints are rare in the tuff and consequently

weathering produces hoodoos, "castellated" cliffs, or
smooth slopes.
The Six Creek Tuff is only incipiently welded near
its base on the west flank of Green Ridge; is unwelded on

the east flank; and contains an unknown number of flow
The flow units are defined by the presence of
units.

discontinuous "lag" deposits with high concentrations of
lithic fragments, and abrupt changes in the degree of
The lower flow units(?) on the west flank
alteration.
appear to be more altered and to contain more black
In the Fly Creek drainage the black pumice
pumice.
Basal exposures of the tuff
appears to be reverse-graded.
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Figure 50.

"Black knocker" type ash-flow tuff: the Six Creek Tuff
in section 10, T. 12 S., R. 10 E. Note black and white
pumice.
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are more lithic-rich than average; pumice is rare at the
Locally, irregular layers of small
base of the deposit.
pumice and ash are found at the base.
percent plagioclase
Black pumice contains less than
phenocrysts, traces of olivine and pyroxene, and is
usually vesicular although the vesicles are very small in
diameter (less than 1 mm) compared to vesicles in gray
1

pumice.

The few crystals present in the black pumice,

with the possible exception of olivine, are concentrated
within rare glassy streaks and clots. These streaks
sometimes have a texture resembling that produced by
Unvesiculated crystal-poor black glass
partial melting.
The black pumices are usually rudely
spherical, but pancake-shaped ones can be found, sometimes
Bands and streaks of
with their long dimension vertical.
gray pumice are frequently found "intruding" the margins
is also present.

of black pumices. The black pumices almost invariably
contain a few foreign rock fragments up to 5 cm across.

These appear to be altered pieces of lava, usually
basaltic andesite, or possibly shallow plutonic fragments.
The rock fragments appear to have served as sites for the
nucleation of volatiles in the pumices (E.M. Taylor, pers.
comm.), because they are often surrounded by large
irregular void spaces. The largest black pumices are

m

1

in long dimension; pumices 15-25 cm across are common; the
average size is perhaps 2-3 cm.
Gray pumice from the Six Creek Tuff is crystal-poor

and usually vesicular; unvesiculated gray glass contains
less than 5 percent plagioclase phenocrysts. Rare
crystal-rich clots of plagioclase and two pyroxenes,
surrounded by glass, are present. Gray pumice lacks the
contained lithic fragments so common to black pumice.
largest gray pumices are 20 to 30 cm across, and while
pumices 10 cm across are not rare, the average size is

The
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perhaps 1-2 cm.
Chemically, the black pumice is identical to aphyric

andesite lava (Tables 25 and 14), while the gray pumice is
rhyodacite (Table 25).

The only compositions intermediate

between those two end members are mixed pumices (Table
25); there is a Si02 compositional gap of nearly 10
percent. With the exception of the Al203 values of the
rhyodacite pumice, most of the analyzed samples plot close
to an average aphyric andesite -- rhyolite mixing line
All rhyodacite analyses are very similar,
(Figure 51).
and may be identical considering the determinative errors.
There is some slight but consistent variation in the
andesite analyses; WR-334 apparently represents a more
WR-386 was reported as
mafic composition -than average.
black (Hales, 1975), but its chemistry is transitional to

mixed pumice, suggesting that some gray "bands" may have
been present in the sample.

The petrogenesis of the Six Creek Tuff is constrained
by the extreme difficulty in relating the two magmatic
It seems
compositions present in the tuff to one another.
easier to believe that the two magmas evolved independently, and are only found together for fortuitous reasons
because:
1) In many ash-flow tuffs an inverse
relation between crystal and SiO2
content is present (Hildreth, 1951),
which is consistent with the pro-

duction of the Si0-rich rocks by
However,
fractional
in the Six Creek Tuff the rhyodacite
crystal22lization.

pumice appears to contain more
phenocrysts than the andesite pumice.

It is impossible to relate the

andesite and rhyodacite compositions

to each other by fractional
crystallization because there are no
crystals present with which to do so.
2) The 10 percent Si0 compositional
gap in the tuff is only bridged by
mixed pumices,

which could represent
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TABLE 25.

Anal. 1

Chemical analyses of material from the Six Creek Tuff.
RC-268

WR-334

RC-7

TED526

TED528

WR-386
59.0

TED429

TED428
68.0

58.8
1.52
16.4

61.4?

16.3

59.2
1.58
16.9

17.5?

16.9

16.6

15.7

7.7
5.9
2.7
4.6

7.6
5.7
2.7

7.8
5.8
2.8
4.8

6.1
4.1

1.8

1.9

4.9

7.6
5.7
1.7
4.9

8.2
5.8

Na20

8.3
6.4
2.2
4.T

4.7

5.0

4.4
2.6
1.0
5.2

K20

1.10

1.02

1.17

1.18

1.14

1.55

1.89

2.45

98.37

99.60

98.79

101.59

100.35

99.05

99.11

100.39

DAV508

WR-336

RC267A

RC267B

RC-13

A6CrWH

WR-335

68.9

68.0

69.5

69.5

68.7

68.93

0.54
16.2

0.56
15.71

15.8

3.95
2.1

4.14
2.24

3.9
2.9

0.6

0.66
5.31

0.3
6.0

2.29

2.14

99.84

99.00

Si02

57.7

Ti02

1.67

A1203
FeO
CaO
MgO

Total
Anal.

/

Si02

Ti02

0.55

0.60

1.61

0.56

0.58

16.2

59.5
1.61

15.0

15.5

17.1

FeO

4.2

4.2

4.1

CaO

2.3
0.1

2.25

MgO

2.3
0.7

1.0

4.0
2.15
0.7

Na20

5.2

5.4
2.45

4.9

5.5

2.14

2.39

5.85
2.11

98.55

101.57

101.00

100.05

A1203

K2O

Total

2.31

99.16

63.1
1.32

1.40

0.84
15.9

66.6
1.36

WR-334:

Aphyric black pumice at elevation 4340 feet, MW 1/4 section 13.
T. 12 S.. R. 9 E. Analysis from Hales (1975).

RC-268:

Aphyric black pumice at elevation 2880
12 S., R. 11 E.

RC-7:

Black aphyric pumice from same location as WR-334.

feet,

SW 1/4 section 8, T.

TED526 and 528:
Analyses of black aphyric pumice from the Six Creek Tuff
from Dill (1985).
WR-386:

Black aphyric pumice at elevation 3400
S., R. 10 E. (Hales, 1975).

TED429 and 428:
Creek

DAV508:

section

Analyses of mixed black and white pumices

Tuff

Average of

11. T. 12

from the Six

(Dill. 1985).
TED508A,

the Six Creek Tuff.
WR-336:

feet,

B, and C from

Dill (1985);

white pumices from

White pumice from the WR-334 location (Hales, 1975).

RC267A and B:

White pumices from the RC-268 location.

RC-13:

White pumice from the WR-334 location.

A6CrWH:

Average Six Creek Tuff white pumice; includes DAV508, WR-336,
RC-267A and B, and RC-13.

WR-335:

Glassy dacite lithic fragment from WR-334 location (Hales. 1975).
Represents common type of lithic fragment in the tuff.

A1203
o

6

Na2O

Six Creek Tuff

O

A

'

4

811oodoo Tuff
ORC-,402 Tuff

FeO

Ti02

70

55

Si02

Figure 51.

6

5,

7b

5102

Harker diagram for the Six Creek, Hoodoo, and RC-402 Tuffs.

Average aphyric

andesite - rhyolite mixing line is indicated for each of the oxides.
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purely mechanical intermingling of two

separate

liquids.

3) The aphyric andesite composition is
a fairly common magma type in the
Deschutes Formation (Table 14; Plate

1). If a mass of rhyodacite was
between,the andesite magma and the

surface, interaction between the two
would be likely.
4) In the McKenzie Canyon Tuff
(Cannon, 1985) of the Deschutes
Formation, essentially identical

aphyric andesite (Table 14) is found
in association with rhyolite, instead
The only intermediate
of rhyodacite.

compositions in the MCT are mixed
pumices.

For these reasons the two magmas in the Six Creek
Tuff were probably each generated independently, and only
This hypomade contact with each other fortuitously.

thesis accounts for the compositional gap and the mixed
pumices in the tuff. It may also account for the lack of
crystals in the andesite magma.

The chemistry of aphyric

andesite is consistent with its production as a residual
fluid from extensive fractionation (see Aphyric Lavas).
The liquidus temperature of a residual fluid should be
much lower than the liquidus temperature of the parent
magma which produced it; therefore, when the aphyric andesite and rhyodacite magmas came into contact, they may
both have been at nearly the same temperature, thus
explaining how andesitic magma could be in such intimate
The
proximity to rhyodacite and still be crystal-poor.
fortuitous meeting hypothesis may also account for the
slight chemical variation in the andesite as a slight
mixing of the two liquids. The composition of the most

mafic pumice

(WR-334),

average black pumice, and average

gray pumice are colinear within experimental error (Figure
Such slight mixing is also consistent with
51; Table 25).
the chemical data of Cannon (1985), who studied the
compositionally similar McKenzie Canyon Tuff, and
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demonstrated that the rhyolite pumice in the MCT is of
uniform composition, while the andesite pumice is somewhat
variable.

The variations within the andesite pumice are

nearly linear with respect to SiO 2 content and suggest
mixing of the andesite and rhyolite components. The

variation in the mafic component, and the uniformity of
the silicic one in the Six Creek Tuff and the MCT (and
also in other ash-flow tuffs such as the Fly Creek Tuff),
may be due to the strong viscosity contrast between the
two intermingled magmas; the liquid with the lower viscosity should convect and mix much faster than the high

viscosity liquid. The lower viscosity of the andesite is
indicated by its Fe-rich chemistry and the small vesicle
size which it can support, and by entrained rock
fragments.

A highly viscous magma such as a rhyodacite

is not able to pick up many lithic fragments because it
cannot inject itself along joint planes, and any loose
fragments it encounters are liable to be pushed aside
instead of engulfed.
If the "fortuitous meeting" hypothesis is correct,
ash-flow tuffs such as the Six Creek Tuff should be of

widespread occurrence around large shield volcanos with
central calderas.

Aphyric andesite lavas are often found

in abundance in the caldera walls of such shields. The
silicic magmas erupted from the calderas might occasionally be intersected by an andesite magma, resulting in the
eruption of a "Six Creek Tuff". One example of a sub-

caldera intersection of two such magmas on the Isle of
Skye has been described by Wager and others (1965).
Hoodoo Tuff
ash-flow tuff distinguished by an abundance of
and banded pumices is found throughout the lower Fly

An

mixed
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Creek drainage and between Fly and Spring Creeks (Plate
1).

The tuff is informally termed the "Hoodoo Tuff"

because of the spectacular hoodoos it forms below the
"Metolius River overlook" in section 33, T. 11 S., R. 11
The hoodoos develop where the tuff is locally capped
E.
by fragments of the overlying welded Fly Creek Tuff.
Complete exposures of the Hoodoo Tuff, which is unwelded,
are approximately 80 feet thick; an airfall pumice layer
is often present just below the base.
The
The Hoodoo Tuff is composed of two flow units.
contact between the two is defined by a pumice-rich zone
which is abruptly overlain by a pumice-poor one.

This

The
contact occurs slightly above the middle of the tuff.
basal flow unit appears to be rich in light gray pumice;
darker colors of glass and pumice are more often found in
the upper flow unit. The tuff is reverse-graded in lithic

fragments, and some unusual, partly melted granulite-grade
plutonic and metamorphic xenolith"s have been found in the

uppermost part of the tuff above Fly Creek Ranch

site (see

Plutonic and Metamorphic Xenoliths).
"Clastic dikes" are common in the Hoodoo Tuff, and,
range in width from a few centimeters to a meter or more,
and in length up to 10 or 20 m. The margins of such dikes
are composed of fine-grained ash; the cores contain coarse
fragments of ash through cobble size that are often sorted

The layers may be vertical as well as horiinto layers.
zontal; for fuller descriptions the reader is referred to
The "elastic dikes" are probably produced by
Dill (1985).
steam streaming upward through the tuff during consolidation (E.M. Taylor, pers. comm.).
The pumice in the Hoodoo Tuff often displays great

variability in color and texture, even within single fragSome
The color ranges from white to nearly black.
ments.
of the range in color is due to the degree of vesicula-
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tion; vesiculated glass is lighter than less vesiculated.
In addition, some color differences are due to variation

darker glass tends to be more mafic than
lighter (Table 26).
Dark streaks within vesicular, lightcolored pumice are usually unvesiculated. Often the cores
of large, dark gray, unvesiculated glass fragments are
surrounded by successively lighter and more vesiculated
rims. When white or light gray streaks are present in
dark gray pumice, the lighter colored glass is more
Often both colors of glass are
vesicular, but not always.
The
vesiculated, even when streaked or banded together.
bands or streaks of different colors may be less than mm
in thickness, and preserve that thickness over a length of
a few centimeters. Some dark gray pumices contain
ellipsoids of white pumice which are more vesicular than
in

composition;

1

their host.
There is little

difference in the crystal content of

different bands in most streaked pumice; most contain
about 5 percent plagioclase and rare hypersthene, augite,
and opaque oxide phenocrysts; the plagioclase is up to 7
mm

across.

However, in the

"ellipsoidal"

pumice, the dark

crystal-poor and the rare plagioclase
phenocrysts are invariably surrounded by a thin coating of
white glass.
The pumice in the Hoodoo Tuff can be as large as 40
gray glass

cm

across;

Rarely,

outer

is

fragments 10-20 cm in diameter are common.

dark gray pumice is found with a breadcrusted

rind.

Lithic fragments are fairly rare in the

pumices and are found more often in the dark gray types.
The chemistry of the pumices in the Hoodoo Tuff
ranges from rhyodacite to dacite (Table 26); the former is
volumetrically dominant. It is possible that more
analyses of dark glass would yield even more mafic
compositions because the most mafic pumice is reported as
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TABLE 26.

Anal.

Chemical analyses of pumices from the Hoodoo Tuff and other

ash-flow tuffs.
DAVMGR

RC406b

RC406c

AVHTGR

RC406a

TED330

5102

69.5

69.8

70.0

69.6

67.0

65.0

T102

0.62
15.0

/

A1203

0.64

0.62

0.61
15.5

15.6

15.1

FeO

3.7

CaO

2.1

3.6
2.1

3.55
2.0

3.7
2.1

MgO

Na20

0.7
4.8

0.7
5.2

0.7
5.2

K20

3.00

2.63

2.69

99.42

100.27

100.25

TED334

RC-304

63.9

62.6

Total

Anal. i
S102

Ti02

1.04

0.91
16.0

0.93
15.6

4.8

0.7

4.5
3.05
1.2

4.9

5.2

2.89

2.24

5.3
2.24

99.61

100.10

98.27

RC753b

RC-403

RC-402

WR-373

61.4

68.4

60.0

68.0
15.9

3.1
1.3

15.T

17.1

16.6

0.73
16.2

1.63
15.9

5.3
3.5

3.8

5.1

7.1
5.3

4.3

2,3

MgO

1.5

5.2
2.10

2.4
4.8

2.6
4.6

1.50

1.52

0.75
5.1
2.64

0.1

Na20

5.8
5.2
2.5
4.5

6.3

CaO

1.54

2.80

100.25

99.29

99.92

98.67

98.27

Al203
FeO

K20

Total
DAVMGR:

98.24

1.05

1.17

0.67

2.3

4.2

Average of five analyses of "gray" pumice from the Hoodoo Tuff
(Dill, 1985, f TED543. 544. 545, 650, and 654). Pumice colors

range from black to light gray; all are from the lower flow unit.
RC406b:

Dark gray glass fragment

RC406c:

Unvesiculated light gray glass fragment from same

with vesiculated margins from Hoodoo
Tuff at elevation 2600 feet, section 8, T. 12 S., R. 11 E.
location as

RC406b.

AVHTGR:

"Average Hoodoo Tuff gray" pumice.

Includes DAVMGR and RC406b

and c.
RC406a:

Unvesiculated dark gray glass

TED330:

"Black" pumice

TED334:

"Mixed" pumice from Hoodoo Tuft (Dill, 1985).

RC-304:

Unvesiculated olive-gray glass from ash-flow tuft at
2700 feet, section 4, T. 12 S., R. 11 E. Roadcut on
grade".

RC753b:

Gray, glassy "knocker" from ash-flow tuff at elevation 3600 feet,
SW 1/4 section 1, T. 12 S., R. 9 E.

RC-403:

Gray pumice from ash-flow tuff at elevation 2780 feet, NW 1/4
section 17. T. 12 S., R. 11 E.

RC-402:

Black aphyric pumice from same

WR-373:

Pumice from ash-flow tuff at elevation 3160 feet, NW 1/4 section
23, T. 12 S., R. 10 E. (Hales. 1975).

fragment from RC-406 location.

from Hoodoo Tuff (Dill, 1985).

elevation
"Fly Creek

ash-flow tuff as RC-403.
Elevation 2820 feet at same location as RC-403.
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The variation in chemistry between
the pumices is nearly linear, and the analyses would plot
"mixed" (Table

26).

close to a line connecting the gray and black pumice
compositions in the Six Creek Tuff (Figure 51).

The petrogenesis of the Hoodoo Tuff is constrained by
its crystal-poor nature. It does not appear possible to

explain the chemical variation in the tuff by fractional
crystallization. Textural evidence indicates that the
crystals which are present may have originated in the
rhyodacite component, and were subsequently mixed into the
The nearly linear chemical variations and
dacite one.

lack of crystals suggest a genesis involving the incomplete mixing of two crystal-poor fluids.

This hypothesis

is consistent with the high proportion of banded pumices
in the tuff.

The most mafic crystal-poor fluid was

presumably not tapped by the eruption, and may resemble
the aphyric andesite rich in Fe and Ti present in the Six
Creek Tuff.

The presence of partly melted granulite xenoliths

containing fresh, clear glass in the Hoodoo Tuff suggests
that the process which produced the tuff took place at a
deep crustal level. The eruption which resulted in the
tuff must have transported the fragments from great depth
in a short period of time, or melted the fragments on the
way to the surface (E.M. Taylor, pers. comm), in order to
prevent the glass from recrystallizing. The partly melted
fragments also suggest a "hidden" mafic component in the

tuff as a heat source for the melting. It is unlikely
that dacitic magma could provide enough heat to partly
melt granitic and gneissic rocks unless there was very
prolonged contact between the two (see Plutonic and
Metamorphic Xenoliths).
RC-402 Ash-flow Tuff
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The RC-402 ash-flow tuff is an unwelded "black
knocker" type found only in the upper Fly Creek drainage.
Complete exposures of the tuff are 60 to 80 feet thick; an
m thick is often found below the
airfall pumice layer
1

base.

The lower part of the tuff contains gray pumice;

quarter contains both black and gray. The tuff
is composed of several flow units; most of these are only
or 2 meters thick and occur in the basal portion of the
The flow units are defined by pumice-poor zones
tuff.
the upper

1

A flow-unit
which abruptly overlie pumice-rich ones.
contact may be responsible for the abrupt appearance of
black pumice in the upper part of the deposit. The best

exposure of the tuff is at the RC-402 location.
Gray pumice in the tuff is dacitic (Table; RC-403)
and crystal-poor; 2 to 3 percent plagioclase phenocrysts
are present. Gray pumice fragments may have very glassy
cores and vesicular rims, and are up to 10-15 cm in
diameter. Black pumice is andesitic (Table; RC-402) and

also

to 2 percent of plagioclase phenopresent, apparently concentrated in clots which

crystalpoor;

1

crysts are
are associated with very
the pumice.

glassy patches and streaks within
m across are known;
Black pumices nearly
1

10-15 cm is a common diameter. Many black pumices contain
lithic fragments; these are extremely rare in the gray

pumices.
The chemistry and crystal-poor nature of the RC-402
tuff is similar to the Six Creek Tuff (Figure 51); a
comparable genesis seems likely (see Six Creek Tuff). It
is not possible to correlate the Six Creek and RC-402
Tuffs because they are separated by the "banded" lava in
section 13, T. 12 S., R. 10 E., and there are slight, but
significant, chemical

differences between them.
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PLUTONIC AND METAMORPHIC XENOLITHS

Fourteen xenoliths of plutonic and metamorphic rocks
were found during field examination of many hundreds of

lithic fragments within ash-flow tuffs. The best
locations to search for the fragments are in basal or flow
unit contact "lag deposits" within the tuffs, or where
reverse zoning of lithic debris concentrated the
xenoliths, as in the Hoodoo Tuff. One fragment (RC-QL)
was found as float not associated with an ash-flow tuff.

range in size from two to fifteen
centimeters in diameter and are of three types: epizonal
The xenoliths

plutonic rocks; propylitically altered rocks; and partly
melted granite and granulite grade metamorphic rocks. The
last two types occur only in the upper portion of the
Hoodoo Tuff.

I.

Epizonal plutonic xenoliths

Five xenoliths of epizonal plutonic rocks were discovered:

two-pyroxene gabbro, augite quartz diorite, two-

pyroxene quartz monzogabbro, hypersthene leuco-quartz
diorite, and a tonalite. Modal and chemical data for the
rocks are in Table 27. The rocks were named using the IUGS
classification (Streckeisen, 1973, 1979). The fine grain
size of the fragments, which averages between 0.5 and 1.0
millimeters, probably indicates very shallow crystallizaThe texture of the
tion (W. H. Taubeneck, pers. comm.).
xenoliths is hypidiomorphic granular, with an interstitial
granophyric intergrowth of quartz and potassium feldspar.

Granophyre is typically developed only at epizonal levels
(Buddington, 1959), as are the occasional vesicles in some
of the rocks.

Another suggestion of crystallization at

shallow depths is the abundance of pyroxene and the
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Modal and chemical analyses of plutonic fragments.

TABLE 27.
Anal. i

RC-77

66.2

qtz

7.1

0.5

K-spar

5.8

5.9

12.7

10.1

1.3
1.9
2.7
4.2
3.3

7.0

augite

hyper

olivine
hbl

biotite
opaque

apatite

0.2

38.7'

Tr
1.4

1.1

4.7
0.2

sphene

-

alt. prod.

-

2.7

-

(1.1)

glass

1

(void)

-

4.3
Tr

-

0.6
5.4

1.5
Tr

4.5
0.8

2.6

1.2

Tr

-

-

0.4

-

48.6
(1.7)

(7.1)

4.1

Tr
-

1.4

-

5.3
2.2
0.4
5.3

-

0.2
Tr

Tr
Tr

-

epidote

-

1.1

RC-244
77.4

10.5
12.0
11.6

25.8
Tr

0.3
2.0

0.4

RC-687
57.3

RC-QL
64.8

8.9

-

Tr

zircon

RC-285

RC-434

61.0

plag

-

(6.1)

-

(6.2) 2

- number in plagioclase column may include potassium feldspar.

1 - recast void-free. Original amount of void in parentheses.
2 - includes 0.8% cristobalite in vesicles.
Sio2
T102

57.5
1.11

72.6

55.5
1.23

0.40

19.9

15.2

6.7
7.35

7.9

.2.4

8.1

2.0

MgO

3.7

4.7

Na20

3.95
1.14

3.6
0.32

0.6
4.6

100.35

101.75

A1203
FeO
CaO

K20

Total
RC-77:

18.9

3.26
101.06

Augite quartz diorite. Round boulder 15 cm in diameter found in
ash-flow tuff (Six Creek Tuff?) at elevation 3980 feet, section

32. T. 11 S., R. 10 E.

RC-434:

Round boulder 15 cm in diameter found in
at elevation 3280 feet, section 22, T. 12 S., R. 10

Two-pyroxene gabbro.

ash-flow

tuff

E.

RC-285:

RC-QL:

RC-687:

Partly fused granite. Dinner-plate size fragment found in
uppermost portion of the Hoodoo Tuff at elevation 2520 feet. NE
1/4 section 4, T. 12 S.. R. 11 E. above Fly Creek Ranch. Glass

is locally

vesicular,

Tonalite.
3200 feet,

7-cm size fragment found as float at elevation
NW 1/4 section 1. T. 12 S., R. 9 E.

Two-flow
found in

resembling pumice.

quartz monzogabbro.

tuff

Vesicular. Thumb size
3780 1 feet,

fragment

elevation

S., R. 10 E.

RC-244:

Hypersthene leuco-quartz diorite. Vesicular. 7-cm size fragment
found in lag deposit in ash-flow tuft at elevation 3920 feet, NE

1/4 section 1. T. 12 S., R. 9 E.
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preservation of fresh olivine in the

fragments.

Pyroxene

is only preserved as rare cores in hornblende in mesozonal
Even in an epizonal
plutons (e.g. Taubeneck, 1967).
batholith such as the Miocene Snoqualmie in Washington,
pyroxene is present only in the more quickly cooled
margins of large plutons, and as cores in hornblende
within the main body of such plutons (Erikson, 1969). The
small, epizonal, late Tertiary plugs and stocks in the
western Cascade Range of Oregon commonly have pyroxene as
their

dominant mafic mineral and perhaps had olivine as

well, but no fresh olivine is reported (Buddington and
Fresh olivine in the Deschutes
Callaghan, 1936).

Formation xenoliths probably means that the xenoliths are
essentially

the same age as the

ash-flow tuffs which

Olivine reacts readily to form pyroxenes or
biotite and magnetite, or. is easily altered to
enclose

them.

phyllosilicates in the plutonic environment.

Plagioclase is the dominant mineral in the xenoliths,
and it invariably displays strong normal zoning. The
cores of plagioclase are often as calcic as An79 and
perhaps greater; usually such cores display "patchy"
zoning, and in one slide (RC-77) the albite twins in the
core are at an angle of ten degrees to those in the reThe outermost rims of plagioclase
mainder of the grain.
sometimes appear to merge gradually into the interstitial
potassium feldspar; the rims are usually as sodic as An25.
It is often very difficult to decide whether

the "average"

plagioclase composition is greater or less than An50, an
important criterion in naming the rock using the IUGS
method; therefore, some rocks labeled "gabbro" may be
"diorite" instead, and vice versa. Many rocks appear to
contain two types of plagioclase, one clear and the other
The
rich in inclusions of augite and opaque material.
latter type is never very abundant, but is usually much
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larger than average and lacks the calcic cores often found
in the clear variety.
Quartz and potassium feldspar are interstitial, late

crystallizers in all rocks except tonalite. Quartz also
crystallized early in tonalite as it is occasionally of

large size

with a bipyramidal habit.
The primary mafic minerals in the rocks were augite,
Both pyroxenes have reacted to
hypersthene, and olivine.
form hornblende and biotite. This reaction was usually

accompanied by the formation of numerous small opaque
spots which appear to "riddle" the pyroxene grains.

Oli-

vine reacted to form hypersthene and opaque material, the
first of which then reacted to form biotite. Sometimes
augite and hypersthene appear in parallel growth arrangement, or augite surrounds hypersthene as if the one pyroxene served as a nucleation site for the other. Hypers-

thene in RC-244 is unusual in that it occurs in radiating
In sample RC-687 there appear to be two generaclusters.
tions of hypersthene; an earlier one with a "blocky"

A similhabit, and a later one with a needle-like habit.
ar occurrence is described from the marginal pyroxene
granodiorite of the Snoqualmie batholith (Erikson, 1969).
The second generation of hypersthene is ascribed to
reheating of the margin upon later intrusion of the granodiorite core of the batholith. The overall mineralogy of
RC-687 bears a strong resemblance to the marginal
Snoqualmie pyroxene granodiorite.
Small amounts of apatite are present in all rocks,
The tonalite
and traces of zircon occur in most rocks.

contains sphene associated with biotite and is cut by thin
veins of epidote. The xenoliths are remarkably fresh
except for RC-434, which contains hematite, chlorite(?),

and a clay(?) mineral.
The xenoliths are notable for their high modal con-
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tents of

plagioclase,

especially RC-244, which contains

77.4% plagioclase. The chemical analyses of RC-77 and
RC-434 are rich in Ca and Al, as expected. The chemical

and modal analyses of the two rocks are in agreement,
generally.

Higher modal quartz in RC-77 is consistent

with its greater Si02

content,

and the higher modal

plagioclase in RC-434 with its greater Al203 and CaO. The
modal amounts of potassium feldspar are roughly equal, as
are the K20 contents, and the rock with the higher value
has the most biotite. The color index of RC-434 (27.1),
including alteration products, is slightly higher than

that of RC-77 (26.1), as would be expected from its higher

FeO and MgO values.
The Al203 contents of RC-434 and RC-77 are about two
RC-77
percent higher than in comparable volcanic rocks.

is very similar chemically to the averaged "mixed lava" in
Table 17, and has the wide range in An content expected of

a "mixed

lava"

plutonic equivalent such as 240A in Table

18, but the amount of Al203 in RC-77 is much higher and

the CaO content is somewhat lower.

RC-434 is similar to

basaltic andesite and as such

be expected to have

would

about 18.0 percent A1203 with its Ti02 and MgO values
The reason for these differences is not
(Figure 17).
apparent.

The extremely high plagioclase content of

RC-244 is especially puzzling.
When viewed in the context of the total lithic fragment population contained within ash-flow tuffs, the rare

epizonal plutonic fragments are not too surprising.

As

noted above, hundreds of separate lithic inclusions were
examined in the field, and these were found to be largely
flow rocks of all types ranging from basalt to rhyolite,
but predominantly basaltic andesite. Most fragments were
Thin sections
fresh and only a few percent were altered.
of 24 fragments from the RC-77 locality were obtained,
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along with 11 from the Six Creek Tuff in other locations.
The sections confirm the field observations. Essentially
all included fragments are lava from shallow levels
including, in addition, scoria, ash-flow tuff, and
The most plausible conclusion is that
conglomerate(?).

the eruptive process which produces ash-flow tuffs rips up
and includes much of the shallow volcanic edifice from
which the eruption proceeds, and a small portion of the
epizonal plugs and stocks that the edifice contains and
Also, it is possible that some epizonal rocks
covers.
were exposed at the time of eruption. The lack of
mesozonal fragments is explained by virtue of the eruptive
turbulence not extending to deeper levels.
The composition of the fragments is also not surprising when considered in the context of other continental
Quartz diorite, gabbro, tonalite,
margin are assemblages.
and granodiorite are typical plutonic rocks where the
roots of such arcs are exposed by erosion. Examples
include the southern California batholith (Larsen, 1948),
the Sierra Nevada batholith (Compton, 1955; Larsen and
Poldevaart, 1961; Bateman and others, 1963; Bateman and
Chappell, 1979), the Jurassic plutons of the Blue Mountains (Taubeneck, 1957), the plugs and stocks in the western Cascade Range (Buddington and Callaghan, 1936; Peck
and others, 1964), and such Tertiary epizonal plutons of
Washington as the Cloudy Pass batholith (Cater, 1969,
1982; Tabor and Crowder, 1969), Tatoosh pluton (Fiske and
others, 1963), and the Snoqualmie batholith (Erikson,
1969).

II.

Propylitically altered

xenoliths.

A few fragments of moderately altered rocks contain-

ing epidote, chlorite, leucoxene, quartz, and unidentified
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alteration minerals were

Two (RC425-3 and RC-86)
are apparently vent breccias as they consist of broken
Another pair (RC-426 and 330)
rock and mineral fragments.
are fine-grained gabbros. Altered gabbroic rocks are
found.

rather common in continental margin sequences (references
above); the alteration usually results from the later
intrusion of adjacent, larger, more silicic magmas. One
fragment (RC306-2) is a porphyritic quartz diorite, probably originally a dike, and the final fragment is a
hornblende-bearing diorite(?).
All of the altered rocks are also probably from very
Similar propylitically altered rocks are
shallow levels.
common in the western Cascade Range where they form extended contact metamorphic aureoles around shallow plugs

and stocks (Peck and others, 1964).
III.

Partly

melted granite xenolith.

A roughly 15 by 15 by 4 centimeter fragment of partly
fused granite was found near the top of the Hoodoo Tuff
close to Fly Creek Ranch (Table 27). The fragment has an
odd appearance due to the white glassy color of its
feldspar, and the presence of clear glass surrounding

Portions of the glass are
vesicular, and the vesicles are drawn out in one direction

nearly all visible grains.
in the same way as

in silicic pumice.
In thin section the fragment displays many features
common to silicic plutonic or sedimentary rocks partly

fused by prolonged intimate contact with basaltic or
andesitic magma (Larsen and Switzer, 1939; Butler, 1961;
Al-Rawi and Carmichael, 1967). The plagioclase, which is
oligoclase of about An21, has a "fritted" appearance on
its margins (Figure 52) due to the invasion of glass along
This invasion is probably aided by
cleavage planes.

'.. .-.-.,
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Figure 52.

"Fritted" margins of plagioclase in partly melted
granite fragment RC-285. "Fritting" is due to invasion
of glass (liquid) along cleavage planes; compare to
"type R" plagioclase mantles in Figure 35. Also note
"clouding" of plagioclase interiors. Quartz (above
center) is rounded and lacks "fritting". Dark areas are
glass.

Width of field = 1.5 mm.

Crossed nicols.
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thermal expansion of the plagioclase. The texture closely
resembles that of the type "R" or reverse zoned
plagioclase in the "mixed lava" sequence. The plagioclase
cores are "clouded" due to the presence of minute specks
of opaque material (MacGregor, 1931). The plagioclase has
a 2V of only 65 degrees; similar to that produced by

artificially heating oligoclase

(Deer,

Howie, and Zussman,

1966).
Potassium feldspar, also with a low 2V, was not
identified in RC-285, but was present in a similar
Partly
fragment with less glass reported by Dill (1985).

fused potassium feldspar and plagioclase would be
difficult to distinguish as they would not be in

grain-to-grain contact.

Potassium feldspar was suspected

because of the high K20 content, but it is possible that
all of the original potassium feldspar has been melted
(Larsen and Switzer, 1939; Piwinskii and Wyllie, 1968,
figure 12).
Quartz is deeply embayed but has very sharp contacts
with the enclosing glass, a reflection of its lack of
cleavage. Quartz and plagioclase are not in grain-tograin contact in either of two slides, although plagioclase-plagioclase contacts are common. Melting generally

begins at the contact between two dissimilar grains where
a eutectic composition occurs on a minute scale.
Only traces of hydrous minerals remain in the rock.
All of the volatiles are concentrated in the glass as eviThe glass also contains abundenced by its vesicularity.
dant perlitic fractures. The hypersthene and augite
probably formed by reaction from hornblende and biotite.
Rare traces of biotite remain inside large areas speckled
with small opaque grains. The first stage in biotite
melting is usually a reaction which forms scattered
magnetite (Al-Rawi and Carmichael, 1967).
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Features unique to RC-285, or not specifically described by others include the following: the glass in
RC-285 must have been quickly quenched because no evidence
of crystallite formation, or the growth of a clear rim
around the "fritted" plagioclase margins is present.

These latter features are common in other examples because
normally the partly fused rocks cool at shallow depths and
are subsequently exposed by erosion. In contrast, RC-285
was "ripped from its moorings", erupted in an ash-flow,
RC-285 has well developed diffusion coronas
and quenched.
surrounding its opaque grains, which are defined by circu-

lar areas of dark brown glass (Figure 53). Both apatite
and zircon appear stable at the fusion temperature as both
are found surrounded by.glass and in apparently good conRC-285 contains an area of granulated plagioclase
dition.
with hundreds of grains approximately 0.1 millimeter in
size in contrast to the.average of one to two, and up to
Many larger
four millimeters typical of the rock.
plagioclase grains contain bands of granulated plagioclase
Butler (1961, P. 871) mentions
which cross them.
granulation of plagioclase as a consequence of shattering

of an arkose before heating by a dolerite plug, a
description which suggests brittle failure at shallow
The granulation in RC-285 appears to be a more
levels.
ductile phenomena and, along with the medium grain size of
the rock, implies that shearing took place at a crustal
level below the brittle-ductile transition. RC-285 is
found in association with two partly melted granulite
fragments, and so is probably also from deep crustal
levels.

Finally, RC-285 was found in an ash-flow tuff whose
most mafic component measured is dacite which contains
It is unlikely that the
63.9 percent Si02 (Table 26).
dacite in the Hoodoo Tuff could provide enough heat to
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Figure 53.
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Diffusion corona (brown) around an opaque mineral in
partly melted granite fragment RC-285. The opaque
mineral is surrounded by glass containing perlitic

Low relief mineral is plagioclase with
fractures.
"fritted" margins against glass and along grain
boundaries. Width of field = 1.5 mm. Uncrossed nicols.
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Partial melting even of granite appears to

melt granite.

require prolonged contact with much hotter material such
For example, the volatile-free
as basalt or andesite.
Si02 content of the andesite plug which partly melted a
large piece of Green Valley tonalite is 59.8 percent
The heat source for melting
(Larsen and Switzer, 1939).
Presumably magma at least
RC-285 is, therefore, hidden.

as mafic as andesite provided the heat at

depth,

but was

not entrained in the eruption which brought the fragment
to the surface.
IV.

Partly

melted granulite xenoliths.

Two fragments of partly melted granulite were found
in the upper

Ranch.

One,

gneiss, four

part of the Hoodoo Tuff above Fly Creek
RC425-1, is a sillimanite-cordierite-quartz
centimeters in size and made up of about 30

layers varying in thickness from 0.1 to 5.0 millimeters.
The gneissic layering is openly folded and the amplitude
of the folds is 0.5 centimeter; the wavelength is about
The other fragment, RC425-2, is of
2.0 centimeters.
two-centimeter size and is less obviously layered than
RC425-1 because it contains much more glass.
The texture of RC425-1 is identical to that of the
classic granulite rocks for which the term "granulite" was
coined (Nockolds and others, 1978, p. 403):
"Long platy crystals of quartz, in
thin section resembling ribbons, are
separated by aggregates of finelygranular quartz and feldspar."

Following the more descriptive usage of Collerson
(1974), the texture of RC425-1 is best termed "granoblast"Granoblastic" refers to any aggregate of
ic elongate".
anhedral mineral grains; "elongate" means that quartz
lenticles are present which separate granoblastic areas
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(Figure 54).
RC425-1 contains 10 to 15 percent glass, most of

which is the result of partial melting of'the large, elongate quartz grains, giving them a skeletal or "spongy" appearance (Figure 54). Other minerals in the fragment

include cordierite, calcic plagioclase, sillimanite,
ferrosalite, andalusite, sphene, green spinel, and an
opaque mineral, in that order of abundance.

Potassium

feldspar is suspected but not proven. It is also possible
that more than one type of plagioclase is present. The
fine grain size of the granoblastic areas makes identification difficult.

Two kinds of cordierite are present. One is pleochroic in shades of violet and contains abundant minute
inclusions of green spinel. This type forms a vein in one
instance, and is often resorbed in appearance and surrounded by glass, or by cordierite of the second type.
The second kind is pleochroic in shades of light brown and
is inclusion-free. This type is never well crystallized

and usually consists of many

small,

separate, round grains

It often appears to
in optical continuity (Figure 55).
have nucleated on cordierite of the first type. Possibly
the violet cordierite is primary, and the brown cordierite

has formed by reaction as a result of partial melting.
Rare grains of andalusite, which are usually found in
continuity with sillimanite and appear to have nucleated
there, may also be the result of partial melting.
Two common compositional bands which define the
(1) "spongy" elongate
gneissic layering in RC425-1 are:
quartz + fine-grained quartz + resorbed cordierite +
opaque grains, and (2) cordierite + sillimanite + opaque
grains.

A single band of ferrosalite + calcic plagioclase + sphene
These three types of layers
+ opaque grains is present.
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Figure 54.

Partly melted granulite fragment RC425-1. Ribbon of
partly melted quartz (center) separates areas with
granular texture.
Black areas
tal.
Crossed nicols.

The quartz ribbon is a single crysglass. Width of field = 0.75 mm.

are
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Figure 55.

Cordierite and sillimanite in partly melted granulite

Cordierite appears to be of two
kinds: well-crystalline violet type (center) associated
with opaque minerals, and poorly-crystalline brown type
(surrounds violet type). Note separate, small grains of
brown cordierite crystals. Width of field = 1.5 mm.
fragment RC425-1.

Uncrossed nicols.
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correspond to quartz-rich, pelitic, and calcareous protoliths, respectively.
The ferrosalite is probably rich in ferric iron as

evidenced by its 2V of about 75 degrees, birefringence of
0.020, maximum extinction angle of 41 degrees, and strong
yellow-brown to bright green pleochroism. Fe+3-rich

optical properties occurs in
calcareous schist inclusions in lavas erupted from
ferrosalite with identical

Santorini

volcano (Nicholls, 1971b).

Fragment RC425-2 is about half glass, and its
original layering is largely destroyed. Two prominent
dark bands of ferrosalite + calcic plagioclase + opaque

The ferrosalite in one band
is optically identical to that in RC425-1, and in the
other band two types of ferrosalite are present, one of
material

are best

preserved.

which is Fe+3-rich and the other Fe+3-poor. The
ferric-poor variety has a 2V of about 60 degrees,
birefringence of 0.030, and slight pleochroism in shades
Ferrosalite in two different oxidation states
of green.
in the same rock would seem to require very local
variations in the fugacity of oxygen.
Other minerals identified in RC425-2 include:

quartz

(1) fine-grained granular with 120-degree
grain intersections and, (2) a "cloudy", skeletal variety,
"clouded", largely granular high-albite with a 2V of 45

of two types:

A mineral with a
degrees, augite, and hypersthene(?).
needle-like habit and high relief and birefringence,
possibly rutile, is also present.
These two xenoliths provide the first direct evidence

for the nature of the deep crust beneath north-central
A literature search for similar lithologies,
Oregon.
which. apparently are absent at the surface in the Pacific
Northwest (W. H. Taubeneck, pers. comm.), has not yet been

conducted, but a few notable localities with identical
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rocks were discovered in researching anorthosite bodies,
which are usually associated with granulite grade
The contact aureoles of the Proterozoic
metamorphism.
Nain and Michikamau anorthosite batholiths in eastern
Canada contain very similar granulites, folded on the same

scale as RC425-1 (Emslie, 1970, p. 8-9, p. 20-21; Berg,
1977). According to Berg the rocks formed under
conditions of 3.7 to 6.6 kbar pressure and temperatures of
645 to 915 degrees.
The conditions under which the granulite fragments
formed and were partly melted cannot be specified without
further study.

However, the environment in which the

fragments were melted was obviously a wet

one,

because of

the extreme melting temperature of dry quartz. Also, the
"calcareous" bands show the least amount of partial
melting,

which suggests that the partial pressure of CO2

was rather high.

Plagioclase megacrysts in some rare lavas at Green
Ridge (see Megacryst-bearing lavas) suggest that
"Archaean" type anorthosite bodies occur beneath the
north-central Oregon High Cascade Range.

The megacryst-

bearing lavas are similar to Archaean megacryst-bearing
Archaean
lavas in "greenstone" terranes (Green, 1975).
anorthosite is often associated with high-grade gneiss
terranes in which sillimanite and cordierite are
frequently developed in pelitic sequences (Windley and
According to Windley (1976), the
Bridgwater, 1971).
Archaean greenstone and anorthosite association, which
also includes abundant tonalite-granodiorite gneisses,
The
probably developed along continental margins.
tonalite gneisses represent the common continental margin

batholithic rocks in this scheme, while the greenstone
terranes represent basalts, andesites, and ultramafic
rocks, as well as supracrustal sediments. It appears
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likely that such terranes
Oregon Cascade Range.

underlie the north-central
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CONCLUSIONS

Petrogenetic summary

Plagioclase is by far the most abundant phenocryst
mineral in the rocks at Green Ridge, with the exception of

the

basalts,

where plagioclase is subordinate to olivine.

Plagioclase is the dominant groundmass mineral in all of
the rocks.

Glomerocrysts consisting mainly of plagio-

clase, but including olivine, are ubiquitous in basaltic
The composition
andesites, and present in some basalts.
of the plagioclase phenocrysts reflects the chemistry of
their host rocks: bytownite, labradorite, and andesine are
found in basaltic andesite, andesite, and dacite, respectively, with low, medium, and high SiO contents, and high,
2

medium, and low CaO/A1203 ratios, respectively. Frequently, rocks with 55 to 60 wt. percent Si02 contain two populations of plagioclase phenocrysts, one of which is bytownite and the other labradorite, and neither of which is
in equilibrium with the host rock.
Forsteritic olivine is an ubiquitous phenocryst mineral in basalts and basaltic andesites, but is present in
more silicic rocks in only trace amounts. Olivine occurs

in the groundmass of basalt, a reflection of the high MgO
content of basalt, but is not stable in the groundmass of
The stability limit of olivine appears
basaltic andesite.
to be at 5 to 6 wt. percent MgO.
Pyroxenes are present in only small amounts as phenoPyroxenes are abundant groundmass
crysts at Green Ridge.
minerals which show textural evidence of late crystallization in the basalts and basaltic andesites. Augite and

hypersthene occur as phenocrysts in andesites, dacites,

and rhyodacites; augite is sometimes present as a phenocryst or microphenocryst, or in glomerocrysts with plagio-
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clase, in basaltic andesites.

Traces of hypersthene

phenocrysts are sometimes found in basalts and basaltic
Pigeonite is present in at least one basaltic
andesites.
andesite, and the presence of pigeonite in the groundmass
of many of the rocks, especially the aphyric rocks rich in
Fe and Ti, is suspected because of their low CaO/FeO
ratios and MgO contents.
Opaque minerals are present in small amounts as

phenocrysts in andesites, dacites, and rhyodacites, but
are late crystallizing groundmass minerals in the diktytaxitic basalts and basaltic andesites. Opaque oxide
phenocrysts are present in one very Fe- and Ti-rich baThe stability field of opaque oxides is
saltic andesite.
probably enhanced by the high amounts of Ti relative to Mg
and Ca present in the more silicle rocks, and in the Tirich mafic rocks. For example, the TiO2/MgO ratio in basalts is often 0.15, while the ratio in rhyodacite is 0.9.
The TiO2/CaO ratio in basalt can be as low as 0.08; in
rhyodacite the ratio is typically 0.27.
The groundmass grain size of the Green Ridge rocks
Diktytaxitic
decreases with an increase in SiO content.
2

basalts have a fine- to medium-grained groundmass, basaltic andesites a fine-grained one, andesites are very finegrained to cryptocrystalline, and dacites and rhyodacites
This progression is
are cryptocrystalline to glassy.
probably due to two factors: the temperature of crystallization and the viscosity of the melt. The high crystallization temperatures and low viscosity of the basalts pre-

sumably lead to rapid diffusion and high crystal growth
rates (Dowty, 1980), while lower crystallization temperatures and higher viscosities in the silicic rocks result
in much slower diffusion and therefore, low crystal growth
The aphyric Fe- and Ti-rich basaltic andesites and
andesites are also more glassy when rich in Si02, but for
rates.
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the same amount of SiO 2 they are much finer grained than

Fe- and Ti-poor basaltic andesites and andesites.

This is

apparently due to their Fe-rich chemistry and low crystal-

lization temperatures (consistent with their derivation as
residual fluids produced by extensive fractional crystallization).

The high amounts of Fe in the rocks imply that

their viscosities are relatively low; low viscosity increases the nucleation rate (Dowty,
in the nucleation of many crystals,
size.

1980),

which results

and hence,

fine grain

The low crystallization temperatures of the rocks

also suggest low diffusion and crystal growth rates.
In a suite of rocks, such as the one at Green Ridge,
in which plagioclase and olivine are the only phenocryst
minerals in the basalts and basaltic andesites, only the
major elements K and Ti are suitable as measures of the
degree of phenocryst

fractionation.

This is so because K
major elements in such

and Ti are the only "incompatible"
a suite (the only ones concentrated in the residuum); all
of the other major elements are present in the two phenocryst phases in large amounts (Appendix 1). Traditional
claims that the Fe/Mg ratio is the best measure of fractionation in basaltic magma (e.g., Wager and Brown, 1967)
are not satisfactory for the rocks at Green Ridge, because
while olivine fractionation raises the Fe/Mg ratio,
plagioclase fractionation has little effect on the ratio
It should be emphasized that even Mg-rich
olivine fractionation lowers the total Fe content;
(Table 29).

plagioclase is the only common mineral whose fractionation
raises the amount of Fe (Table 29).

Therefore, in the

Skaergaard magma the dominant fractionating phase was
plagioclase, because the total Fe content of the Skaer-

gaard magma increases dramatically (Wager and Brown,
1967, table 10).

This conclusion

is consistent

with the

decrease in Ca and Al in the magma, and the abundance of
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cumulus plagioclase. Subordinate olivine and pyroxene
fractionation in the Skaergaard magma was responsible for
the increase in Fe/Mg. The obvious advantage of using Ti
or K as a fractionation indicator, rather than the Fe/Mg
ratio, is that Ti and K record both olivine and
plagioclase fractionation. In this thesis Ti has usually
been employed, rather than K, for two reasons: one, the

CaO/FeO and CaO/A1203 ratios of diktytaxitic basalts,
basaltic andesites, and andesites appear to be a function
of TiO29 and two, the K20 contents of many rocks, for
example, the diktytaxitic basalts, seem somewhat erratic
(recall that there is a rough positive correlation between

Ti and K), as if the K values were partly determined by a
random process which adds K.

Because assimilation of

crustal material may preferentially add K, but not Ti, to
a basalt (e.g., Watson, 1982), Ti is the best measure of
fractionation in the suite of diktytaxitic basalts,
In individual magmas,
basaltic andesites, and andesites.

where random assimilation is not a factor, K may be used
as a fractionation indicator, especially where the
fractionation of Ti-bearing pyroxene is suspected or
proved, as in the Fly Creek Tuff, for example (Figure 49).
or the Skaergaard magma.
Natural examples of diktytaxitic basalt fractiona-

tion, represented by "segregation veins" of material remobilized by the concentration of volatiles during crystallization, show an increase in Fe, Ti, K, and Na, and a
drop in Ca, Al, and Mg with an increase in fractionation
(identical to the trends in the Skaergaard magma) (Kuno,

Surprisingly, Si
1965; Anderson and Gottfried, 1971).
remains fairly constant, and the texture and mineralogy of

the segregation veins is essentially the same as their
host basalt, so that a good rule of thumb appears to be:
"diktytaxitic basalt fractionation results in diktytaxitic
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Because the chemical trends (especially decreasing CaO/FeO, and increasing alkalies, with increasing
Ti02) in the suite of diktytaxitic basalts at Green Ridge
parallel the trends produced by fractionation within individual diktytaxitic basalt flows, it seems likely that the

basalt".

basalt with the lowest Ti and K contents is "parental";
that

is, capable of giving rise to all of the basalts with

and K contents through fractionation and/or
assimilation.
higher Ti

Plagioclase

fractionation

control on diktytaxitic

is,

therefore,

the dominant

basalt chemistry, as seen in the

CaO/FeO ratios and A1203 contents at constant
MgO with incresing TiO 2* Olivine fractionation is a secondary control, seen mainly in the decrease in MgO content
Identical chemical trends are
with increasing Al203.
These fracfound in basaltic andesites and andesites.
tionation controls are consistent with the phenocryst and
glomerocryst mineralogy found in the basalts and basaltic
andesites.
decrease

in

The aphyric basaltic andesites and andesites rich in
Fe and Ti, and poor in Ca, Al, and Mg, are the most extremely fractionated rocks in the field area, and are produced by extensive plagioclase, with subordinate olivine,
The plagioclase fractionation necessary to
fractionation.
explain the chemistry of the aphyric rocks, diktytaxitic
basalts, basaltic andesites, and andesites appears to require the existence of plagioclase cumulate bodies (i.e.,

beneath the north-central Oregon Cascade
The plagioclase megacrysts in some rare lava flows

anorthosites)
Range.

at Green Ridge are similar in many respects to plagioclase
from anorthosite bodies, and provide direct evidence for
the presence of such anorthosites.
If fractionation of low-Ti diktytaxitic
sults in high-Ti diktytaxitic

basalt,

that

basalt re-

may explain why
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extremely Ti-rich diktytaxitic basalts are found which
have erupted from sources within the Deschutes Basin
(e.g., the Seattle Flat Basalt of Hayman, 1984 has Ti02 =
3.22 wt. percent), while more modest TiO 2 contents (0.85
to 1.7) are typical of diktytaxitic basalts erupted from

west of, or along, Green Ridge. The "Basin" basalts presumably had to undergo extensive fractionation in order to
concentrate enough volatiles (recall the vesicle cylinders

or "segregation

veins")

to reach the surface in the

ab-

sence of structural avenues; the Green Ridge basalts were
erupted through a crust undergoing extension, and so presumably did not need to fractionate so much because struc-

tural avenues were available to them.

In the absence of

high volatile concentrations or structural pathways, it is
difficult to imagine how the Fe- and Ti-rich "Basin" basalts reached the surface.

Extensional tectonism is probably also responsible
for the eruption of the "tholeiitic" basaltic andesites
and andesites (the aphyric Fe- and Ti-rich rocks). The
Fe-rich chemistry of the aphyric rocks suggests that they
are denser than "average" rocks with low Fe and Ti conA dense magma can presumably traverse the crust
tents.
much easier if extensional conditions prevail, and structural avenues are opened by normal faulting or kept open
This consideration leads to the
by extensional stress.
speculation that perhaps there are no essential differences in the petrogenetic processes which occur beneath
"tholeiitic" and "calc-alkaline" andesitic arcs (Miyashiro, 1974).

In "tholeiitic" arcs denser, more fractiona-

ted liquids gain access to the surface because of extensional tectonism or thinner crust, while in "calc-alkaline" arcs such dense liquids are formed, but fail to
reach the surface.

This speculation is consistent with

the continuous gradation between "calc-alkaline" and
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"tholeiitic" rock chemistry, and the presence of both
chemistries, in the field area.
For several reasons, it appears likely that magma
mixing is responsible for the generation of basaltic

andesites and andesites from diktytaxitic basalts: one,
fractionation of diktytaxitic basalts leads toward Fe- and
Ti-enrichment, and is incapable of yielding basaltic andesite and andesite compositions; two, the chemistry of basaltic andesite and andesite, especially their Ca0/A1203
ratios, is easily explained by the addition of rhyolite to
basalt; three, there is an increasing amount of petrographic evidence for magma mixing as SiO 2 contents increase
from 50 to 60 wt. percent; and four, many examples of magma mixing, and the fortuitous intersection of unrelated
magmas, appear to be recorded in exposures of plutonic
rocks.

The end members of magma mixing are probably not just
basalt and rhyolite; for example, the "mixed lava" series
appears to have been derived from the complex interaction
of a basaltic andesite and a dacite. The mixing processes
are liable to be quite complicated, and involve all types
of magma, but two rules of thumb may hold: one, the higher temperature fluid of a mixture will be crystal-rich,
and may show fractionation trends toward Fe- and Ti-en-

richment, and two, Fe- and Ti-rich residual fluids produced by extensive fractionation can mix readily with rhyolite at deep crustal levels because the two magmas have
nearly the same liquidus temperatures at high pressures.
The partly melted granulite-grade xenoliths found in
an ash-flow tuff in the Deschutes Formation are direct

one, the existence of granulite-grade metaevidence for:
morphic rocks in the lower crust beneath the north-central
Oregon Cascade Range (probably slightly north of the latitude of Three Fingered Jack), and two, partial melting of
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deep crustal

material on at least

a limited

scale beneath

Such partial melting probably results in
the Cascades.
the generation of rhyolite, and is consistent with heat
flow and aeromagnetic estimates of the temperature profile

with depth beneath the north-central Cascades (Connard,
Connard calculates
1980; Blackwell and others, 1982).
from magnetic anomalies that the 580 degree Curie point is
at a depth of approximately 10 km, while Blackwell and
others conclude from heat flow measurements that the tempPresumably, a
erature gradient is about 60-70 degrees/km.
similar temperature profile was present during Deschutes
time. Because the crust beneath north-central Oregon is
about 35 km thick (Allenby and Schnetzler, 1983), a temperature of 600 degrees at a depth of only 10 km means that
partial melting of lower crustal material is inevitable
(e.g., Tuttle and Bowen, 1958); for example, a temperature
of only 700'degrees is required to initiate melting of
andesite (Piwinskii and Wyllie, 1968). Brown and Fyfe

(1970), and Fyfe (1973), hypothesize that granulite-grade
rocks are produced by the partial melting of amphibolitegrade rocks and the formation of anatectic melts; the heat
source for the melting is provided by the injection of
basalt into the amphibolites.
Perhaps the best way to picture the lower crust beneath the Cascades is to imagine it as an extremely ductile mass of partly melted metamorphic rocks containing
abundant liquid rhyolite "sweat". How does basalt generated in the mantle traverse such a ductile, partly melted
layer?

Presumably, the high volatile contents of the ba-

salts aid in their ascent, but it seems likely that interaction between the basalt and the rhyolite "sweat" will
Much of the petrogenetic evolution of the rocks at
occur.
Green Ridge may have taken place in such a setting.

300

Geologic History

The oldest rocks in the field area are approximately
9 million years old.

Around that time the northern end of

at least two volcanoes, one of
1975; D. Wendland, MS in progress), and the other of basaltic andesite (the "old volIn the Western Cascades of north-central Oregon,
cano").

Green Ridge was the site of
hornblende andesite (Hales,

andesites,

some hornblende-bearing, apparently were the

most common rock erupted from 18(?) to 9(?) million years
ago (Priest and others, 1983).
The eruptions which produced the Deschutes Formation,
with its distinctive diktytaxitic basalts, Fe- and Ti-rich

rocks, and ash-flow tuffs, began approximately 7.6
million years ago (Smith and Snee, 1983). The Deschutes
volcanoes were located along or near the present axis of
aphyric

the High Cascades (Taylor, 1980).

The unconformable rela-

tionship of the Deschutes Formation with the older rocks
in the field area is very similar to the unconformities
found in the Western Cascades where abundant diktytaxitic

basalts and basaltic andesites overlie older, mainly andesitic, rocks (e.g., Flaherty, 1981; Priest and Vogt,

Because of the problems with atmospheric Ar accumulation in some diktytaxitic rocks, K-Ar dating of the
base of the basalt sequences in the Western Cascades is
1983).

not precise; Priest and others (1983) believe the transition from andesite to basalt was 9 million years ago, but
in many localities that age is not supported by the available data, and a younger age in the neighborhood of 7 million years seems more reasonable (e.g., Flaherty, 1981).

the age of the transition, it seems clear
that conditions in the north-central Cascade arc changed
Whatever

Instead of andesite, the Deschutes
dramatically then.
volcanoes produced diktytaxitic basalt and basaltic ande-
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site in

Fe- and Ti-rich rocks and
ash-flow tuffs. The types of volcanoes from which the
Deschutes rocks were erupted were probably different from
abundance, and aphyric,

the older Western Cascade andesite

volcanoes.

Because

ash-flow tuffs and aphyric rocks rich in Fe and Ti are
often associated with calderas, some of the Deschutes volcanoes were probably large shield structures with central
calderas. It also seems likely that basaltic andesite
shield volcanoes were present, as their eastern margins
appear to have reached as far east as Green Ridge.

These conditions persisted at the latitude of Green
Ridge until approximately five million years ago, when
faulting began to downdrop the Deschutes volcanoes into a
graben, and to terminate the deposition of the Deschutes
Formation at Green Ridge. It seems likely that the extension which produced the graben was present throughout
Deschutes time, because extensional conditions would have
allowed easier access to the surface for the dense basalts

and Fe-rich aphyric basaltic andesites of the Deschutes
Formation. Such Fe-rich rocks are present very near the
base of the formation along the lower Metolius River
(Dill,

1985), so it is probably correct to say that

east-west extensional tectonism prevailed during Deschutes
time, and culminated in the formation of normal faulting
at Green Ridge, and in the formation of a graben in the
north-central Cascade Range.
Because the upper part of the section at Green Ridge,

above the Six Creek

Tuff,

lacks ash-flow tuffs and silicic

lavas, and the rate of interfluve coverage east of Green
Ridge slows drastically after Six Creek time (Dill, 1985),
it appears possible that normal faulting was creating
west-facing escarpments several miles to the west of Green
Ridge during the accumulation of the upper part of the
section. Such escarpments could have ponded up large
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ash-flow tuff and other eruptions, and produced a slowdown
in the rate of deposition in the Deschutes Basin. Such
speculation is consistent with the north-south alignment

of vents in the High Cascades, some west of Green Ridge;
according to Taylor (1980), the graben subsidence in the
north-central Cascades was complex, and the subsiding
block broke into many north-south elongate pieces, which
have served to localize later eruptions. The upper portion of the Green Ridge section may have been erupted from

vents localized along developing normal

faults,

either

those mapped in Plate 1, or the possible faults farther
west noted above. Eventually, continued faulting lowered

the source areas below the level at which lava flows could

escape from the graben.
Down-to-the-west faulting of the originally eastward-

flowing Deschutes drainages must have resulted in local
ponding of streams, and the formation of lakes. The small

patch of Pliocene alluvial and lacustrine sediments in
section 1, T. 12 S., R. 9 E. appears to be a remnant of
such ponding. The sediments are disrupted and tilted,
probably because they formed when the fault they are asso-

ciated with first formed an

escarpment,

and were downdrop-

The scarcity of
ped during continued motion on the fault.
such sediment exposures is presumably due to the ease with
which they are eroded.
After (and possibly during) faulting created the

Green Ridge escarpment, an ancestral Metolius River was
established in a configuration identical to that of the
A large diktytaxitic basalt flow, the
present river.
Metolius Intracanyon Lava, erupted from a dike intruded

along one of the Green Ridge fault

planes,

and poured down

the ancestral Metolius valley nearly to its
with the Deschutes River.

intersection
This event probably occurred

between 2.5 and 3.0 million years

ago.

Around 3.0 million
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years ago, the basaltic andesite Squawback Ridge shield
volcano was constructed east of Green Ridge.

Another basalt flow, the Wizard Falls Basalt, also
erupted from a vent apparently localized along a Green
Ridge fault, and entered the Metolius valley in the past
200,000 years. This flow pushed the Metolius River westward at the south end of Wizard Ridge. Two late Pleistocene airfall pumices are preserved in the field area, one
of which is probably derived from an eruption near Mt.
Jefferson.
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APPENDIX 1.

PETROGENETIC MODELING

Fractionation effects of common minerals
Many of the petrogenetic conclusions reached in this
thesis are based upon simple mass balance fractionation
The assumptions used in those calculations
calculations.
are defined in this section, and fractionation of each of
the common minerals plagioclase, olivine, augite, hypersthene, hornblende, and magnetite from basalt are considerIn addition, the effects of adding rhyoed individually.
lite to basalt are discussed.

Because major element analyses of rocks and minerals
are both expressed in weight percent oxide units, simple
mass balance can be used to calculate the removal or
addition of a single mineral component from a rock. The
formula used is:
W

i = u mW m + u r W r ,

where Wi, Wm and Wr are the weight percentages of any
single major oxide in the initial rock, mineral, and
residual rock, respectively, and um and ur are the weight

percent fractions of mineral removed and residual rock,
Assuming that the initial rock represents
respectively.
the composition of a liquid, the residual rock represents
the composition of a residual fluid procuded by fractionation.

The major element chemistry of the minerals used in
the calculations is compiled in Table 28. The mineral
analyses were taken from Deer, Howie, and Zussman (1966),
Hughes (1983), Gerlach and Grove (1982), Carmichael
(1967), and this thesis, and should be representative of
calc-alkaline rocks.
The effects of single mineral fractionation on
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TABLE 28.
Anal. /
Si02

Chemical

analyses of common minerals in calc-alkaline rocks.
85PLG
47.3

75PLG
49.7

61PLG
53.4

Ti02

-

-

-

A1203

33.0

32.6

29.3

50PLG

850L

55.0

40.1

0.02

0.7

FeO

0.5

Cao

17.2

MgO

0.2

-

-

Na20

1.70

2.6

4.37

5.1

0.02

-

-

-

K20
CaO/FeO

Cao/A1203

Anal. R
Si02

34.4

15.3

12.3

17.6

0.47

0.42

AUG

HYP

MAG

52.0

55.2

0.6

0.52

0.37
AMPH
42.7

Ti02

0.57

0.2

14.2

3.6

A1203

2.24

1.0

3.1

11.5

9.28

0.0
6.0
HCSRHY
75.4
0.12
13.1

14.8

78.0

10.4

1.45

CaO

18.3

1.8

0.1

11.1

0.8

MgO

16.6

28.0

2.3

14.3

0.3

FeO

Na20

0.27

K20

-

-

2.5

4.95

-

-

-

0.3

3.68

CaO/FeO

2.0

0.1

0.0

1.1

0.55

Cao/A1203

8.2

1.8

0.0

1.0

0.06

85PLG:
75PLG:
61PLG:
50PLG:
850L:
AUG:
HYP:
MAG:
AMPH:

HCSRHY:

An85 plagioclase.
An75 plagioclase.
An61 plagioclase.
An50 plagioclase.

Fo85 olivine.
Augite.
Hypersthene.

Titanomagnetite.
Amphibole from Fly Creek Tuff scoria (Table 24).
"High Cascade rhyolite". Average of BT-385 and TS-690 from
Hughes (1983).
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"Average Primitive Basalt" from the Deschutes Formation
are displayed in Table 29, and discussed below. The
discussions also apply to other Deschutes Formation
basalts and basaltic andesites, but do not apply to more

silicic rocks.
Plagioclase is the only common mineral
which contains more Al than calc-alkaline rocks, and is
thus the single phase whose fractionation can lower the Al
content. Plagioclase fractionation results in an increase
in Ti, Fe, Mg, and K, a markedly lower CaO/FeO ratio, and
PLAGIOCLASE:

a slight rise in the Ca0/Al203 ratio (cf. Figure 28).

The

effects of plagioclase removal upon Si and Na depend on
the composition of the plagioclase: fractionation of

highly calcic plagioclase increases Si and Na, while removing sodic or moderately calcic plagioclase decreases
them.
OLIVINE:

Olivine (forsterite; all of the olivines

observed in thin section were forsteritic) fractionation
increases Ti Si, Al, Ca, Na, K, and the CaO/FeO ratio, and
decreases Mg and Fe.

Olivine has little effect on the

Ca0/Al203 ratio.
Augite is the only common mineral whose
AUGITE:

fractionation results in a markedly lower Ca0/Al203 ratio.
Augite removal increases Al, Na, and K, and decreases Ca.
Mg, and the CaO/FeO ratio. The effects upon Si, Ti, and
Fe are not pronounced and depend on the composition of the
augite.
HYPERSTHENE:

Hypersthene fractionation is essential-

ly identical in its effects to olivine fractionation, with
the exception that hypersthene removal lowers Si, while

olivine removal raises it.
The opaque minerals are essentially
Fe and Ti sinks; their fractionation increases the abunTITANOMAGNETITE:

dance of all of the other oxides, increases the

CaO/FeO

TABLE 29.

Fractionation effects of common minerals.

Anal. t

AVPB

-20PLG

Si02

50.9

51.8

Ti02
A1203

0.88

1.10

-50L
51.5
0.93

-1OAUG
50.8
0.91
18.5

-10HYP
50.4

-2MAG
51.9

0.96
18.7

0.61

16.9

12.9

FeO

8.9

11.0

8.6

8.2

7.5

CaO

11.45

10.0

12.0

10.7

12.5

11.7

MgO

9.0

11.2

7.1

8.2

6.9

9.1

Na20

2.35

2.5

2.5

2.6

2.6

2.4

K20

0.27

0.34

0.28

0.30

0.30

CaO/FeO
1.29
CaO/A1203 0.68

0.91
0.78

1.40
0.67

1.21

0.58

1T.8

8.85

1T.2

-10HBL
51.8
0.58
17.5

+10RHY
53.4

OHARA1

0.80

52.9

1.59

16.5

1T.9

8.7

8.2

11.2

11.5

10.4

10.4

8.4

8.1

4.5

2.3

2.6

3.8

0.28

0.27

0.61

0.41

1.52

1.56

0.67

0.68

1.32
0.66

1.27
0.63

0.93
0.58

AVPB:

"Average Primitive Basalt" from Deschutes formation (Table 4)

-20PLG:

AVPB minus 20 wt. percent An85 plagioclase.

-50L:

AVPB minus 5 wt. percent Fo85 olivine.

-10AUG:

AVPB minus 10 wt. percent augite.

-10HYP:

AVPB minus 10 wt. percent hypersthene.

-2MAG:

AVPB minus 2 wt. percent titanomagnetite.

-10HBL:

AVP9 minus 10 wt. percent amphibole.

+10RHY:

90 wt. percent AVPB plus 10 wt. percent "High Cascade rhyolite".

OHARA1:

Result of O'Hara model calculation.
RC-239 (Table 3).

Starting composition is
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and has no effect on the CaO/A12O3 ratio. In the
absence of high-Ti amphiboles, opaque minerals are the
ratio,

only ones which can restrain the Ti content during
fractionation.

The effects of amphibole fractionation

AMPHIBOLE:

The amphibole composition
assumed here increases Al, decreases Ti and Na, and has
little effect on the remaining elements or CaO/FeO and
Amphibole and opaque minerals are the
CaO/A12O3 ratios.
only ones which could be used to lower or maintain the Ti
are dependent on composition.

content during fractionation.
The effects of adding
RHYOLITE ADDITION:

rhyolite to

basalt in small amounts are not strongly dependent on the
composition of the rhyolite (but addition of large amounts
is); such addition lowers the Ti, Al, Fe, Ca, and Mg, and
increases the Si, Na, and K (the calc-alkaline trend).
Rhyolite addition lowers the CaO/FeO ratio slightly, and
is the only other process, besides augite fractionation,
which lowers the CaO/A12O3 ratio.

Multiple injection model of O'Hara (1977)
O'Hara (1977) proposed a formula which describes the
chemical behavior produced by fractionation in an open
system. O'Hara (p. 504) describes his model as follows:
"...the magma in a high-level chamber

undergoes continuous fractional crystal-

but is periodically fed with a
In this model, the arrival of

lization,

new batch of the parental magma from
depth.

this new magma batch is assumed to dis-

place a sample of the residual liquid
from the chamber as a lava flow. The
rest of the residual liquid and the new
batch of parental magma then mix, and the
fractionation process continues."
The formula derived by O'Hara is independent of
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pressure, and therefore may apply to all crustal levels.

O'Hara's model is more sophisticated than single batch
fractionation models, and is attractive because, as O'Hara
(p. 505) states:
"
.. it is possible to produce large variations in the ratio of two incompatible elements without large change in the major
element composition of the parental magma."

O'Hara therefore considers his model to be a possible
alternative to models in which mantle heterogeneities are
deemed responsible for producing basalts with different
incompatible element ratios.
Readers interested in O'Hara's formula are referred
to his paper. The number of assumptions involved in using
the formula is very high, and includes an estimate of: 1)
the mass fraction of cumulates deposited by the magma in
each cycle, 2) the mass fraction of magma extruded as a
lava flow in each cycle, 3) the composition of the parental magma, and 4) the bulk solid/liquid distribution coefficients of each element (determined from assumptions
about the types and proportions of the fractionated
For the calculation plotted in Figures 15 and
phases).
16, the estimates used are: 1) 50 percent, 2) 50 percent,
3) parent magma equal to RC-239 in Table 3, and 4) the
proportion by weight of cumulate minerals is plagioclase:
olivine: augite in the ratios 54: 27: 19. The cumulate
mineral ratios correspond roughly to the weight percentage
abundances in diktytaxitic basalts determined by modal
analysis (Table 3).

The result of the model calculation

is displayed in Table 29.
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APPENDIX 2.

UNIT DESCRIPTIONS

It is intended that this appendix be used in conjunction with Plate in order to provide brief descriptions
of all the volcanic units mapped in the field area. The
1

descriptions provided below are of hand sample or outcrop
features; petrographic descriptions, if available, are
found in the text under the appropriate headings. Caution
is advised in accepting the rock names used in this Appendix and on Plate 1; hand specimen estimates of composition
are notoriously unreliable until vast experience in combined mapping and chemical analysis is obtained. The
author is prone to overestimate the Si02 content of hand
specimens; consequently, many "dacites" may in fact be
andesites,

and so on.

Unless a unit has acquired an informal name, each
unit is referred to by its sample number and estimated or
known category, for example, the RC-672 aphyric andesite.
Units which were chemically analyzed by P. 0. Hales or E.
M. Taylor are referred to using their sample number, for
If more than one sample
example, the WR-344 "mixed lava".
was taken at a given location, additional letters may be
suffixed to the numerical designation, for example, the
RC553Xa sample

is

was obtained at the 553 location.

The order in which the descriptions are listed below
from north to south along the crest and west flank of

and thence from south to north on the east
flank. Because the sample density is much higher on the
west flank, the listing proceeds section by section there;
on the east flank the listing is only broken up into three
large areas. The dividing "lines" used on the east flank
are Six Creek and the South Fork of Spring Creek.
The conventions and abbreviations used in the listing
are defined as follows:
Green Ridge,
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(1)

(N) or (R):

(2)

(N?)

probable paleomagnetic polarity of the
unit, either normal or reversed.

or (R?):

possible paleomagnetic polarity of the
unit, but polarity is uncertain because
of weak signal, odd pole location, or
conflicting readings from multiple

samples.
(3)
(4)

oriented sample

):

(

of the unit not taken.

oriented sample(s) taken, but polarity
Some
unknown because of reasons in (2).
units may represent transitional polari-

(?):

ties.
(5)

(TS):

a thin section of this unit was examined.

(6)

(MA):

a modal analysis

(7)

(CA):

a chemical analysis of this unit was

of this

unit was

performed.

performed.

(8) All of the category abbreviations used in Plate are
used here, for example, "aph" for aphyric, fine
grained lava, and "bkt" for "black knocker" ash-flow
1

tuff.

(9) of = olivine; plag = plagioclase; aug = augite; opaq
opaque minerals; hyp = hypersthene.

(10) phenos = phenocrysts; gloms = glomerocrysts.

(11) fgr = fine grained; medgr = medium grained.
WEST FLANK AND CREST OF GREEN RIDGE:

Section 30
RC-563:
RC-R29:
WR-247:
WR-248:

(N)

RC-604:
RC-88:

(

WR-4:

(

)

(R)
(R)
)

(R)

(TS,MA,CA)

Composite db dike.

aph with very sparse of phenos.
(CA) sba of old volcano.
(TS,CA) sba of old volcano. K-Ar date by
Hales (1975) of 9.4 Ma.
(TS) sba of old volcano
olba.

Section 25
TS,CA) db with sparse of and plag phenos
(
and gloms.
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RC-603:

(N?) medgr db with 2-3% plag phenos to 6 mm.

RC-521:

(R)

RC-525:
RC-93:

upper "Block Road".
(TS,CA) olba.
(R)
(R?) pob with 5-10% of phenos

Very sparse of phenos.
olba; appears to be base

of olba sequence on
less than

1

mm.

Section 36
(TS,MA,CA) olba.
(R)
(CA) olba.
( )

RC-533:
WR-250:
RC-114:

(

RC-537:
RC-101:

(R)
(R)

RC-90:

)

(R)

(CA) roadcut with colluvial hornblende-bear-

ing pumice.
olba.

(CA) lightly welded bkt with sparse black
Toward base where welding
is absent the gray pumice is almost white.
Both pumices are crystal-poor; black pumice
has about 1-2% plag phenos, concentrated in
glassy clots. Hand specimends strongly
and gray pumice.

resemble RC-689 bkt and RC-221 bkt.
Possibly = RC-47.
(TS,CA) pob with 5-10% of phenos less than

1

mm.

RC-694:

(R)

(TS) slightly altered pob; strong
resemblance to RC-680.

Section 35
(TS,MA,CA) db; Metolius Intracanyon Lava.
RC-120:
(N)
Section 2
olba with 5% of phenos.
RC-678:
(

)

Section
RC-680:
(

)

RC-29:

(

)

RC-27:
RC-22:

(R)
(R)

RC-37:
WR-102:
RC-74:

(R)
(R)
(N)

WR-260:
WR-104:

(R)
(R)

RC-23:
RC-595:

RC-594:

(

)

(

)

(R)

1

(TS) pob with ol, plag, opaq, and a trace of
hyp phenos.
aph, probably andesite; very similar to
RC-672.
(TS,CA) olba with 4-5% of to 4 mm size.
aph, probably andesite; very similar to
RC-672.
olba with 2-3% of phenos.
(CA) aph; Hales (1975) K-Ar date of 5.3 Ma.
ba with 2% of phenos to 2 mm, and 5% plag
phenos to 4 mm.
(TS,MA,CA) ml.
(TS,MA,CA) ml; 3-4 flows of ml are present
here.
pob

pob with 8-10% of phenos to 2 mm and 1-2%
plag phenos.
aph; extremely fgr with variable groundmass
texture; possibly = RC-550.
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RC-526:
RC-66:

(R)
(R)

RC-591:
RC-517:

(N)

RC-519:

RC-677:
RC-516:
RC-511:
RC-514:
WR-501:

(

)

olba with 4-5% of phenos to 4 mm.
(TS,MA,CA) db, consists of several flow
units; appears to dip slightly west.
mba, resembles RC-QB1 in hand specimen.
diatomite bed in Pliocene fault-related

sediments.

-

(R)

(TS) pob with 5-10% of phenos average 2 mm,

(

pob with 10% of phenos of

)

(R)
(R)
(R)
(

)

RC-QL:

(

)

RC-635:

(N)

RC-150:

(R)

RC-251:
RC-464:
RC-204:
RC-153:

(R)
(R)
(R)
(R)

plus gloms of of and plag.

1

mm size.

aph, extremely fgr.
(TS) altered olba.
altered pob.
(CA) roadcut with colluvial olivine-bearing
pumice.

(TS) plutonic xenolith found as float at
WR-501 roadcut.
d with 15-20% plag phenos of 6-7mm size;
strongly resembles RC-452 and RC-816.
st; mostly white pumice, but includes a fair
amount of gray; transitional between st and
Strongly resembles RC-251 st and RC-464
at.
st.

RC-202:
RC-108:

st, see RC-150.
st, see RC-150.
(TS,MA,CA) and.
at; mostly gray pumice and glass in a gray
matrix; includes some white pumice; glass
fragments have 5-10% phenos, mostly plag.
Base is lithic-rich and has a lag deposit
Possibly = to RC-753
about 1/2 m thick.
and(?) RC-641.
(TS,MA,CA) d.
(R)
bkt with two flow units separated by a
(R)
discontinuous lag deposit up to 2 m thick
Possibly
M.
containing boulders up to
RC-51 bkt.
aph with extremely sparse plag phenos.
(?)
st with a gray matrix and gray pumice of
(N)
cm,
various shades, rarely larger than
also rare black pumice. Has a prominent
horizontal flow unit contact about 15 m
above the base; the lower flow unit has
accretionary lapilli up to 2 cm across.
aph, extremely fgr with variable groundmass
(R)
May be : to RC-53texture.
(N?) and (?) with sparse plag, ol, and opaq
phenos.
bkt; black pumice has 1-2% plag phenos. Has
(R)
a welded basal flow unit(?) and abundant
dacite clasts; silicic pumice is gray as in
RC-221, possibly RC-47 and RC-101 are
correlative.
1

RC-456:
RC-462:

1

RC-468:

RC-643:
RC-47:
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RC-51:

(R)

bkt, unwelded with black and white pumice.
Has a lag deposit up to m thick at the
1

Black pumice has 1-2% plag phenos.
Possibly = to RC-108 bkt.

base.
RC-53:

(R)

(TS,CA) extremely fgr with variable

RC-765:
RC-761:

(R)

sba.

RC-754:

(R)

aph with extremely sparse plag and of

RC-753:

(R)

(TS,CA) at with a prominent lag deposit
about 30 feet above the base. Gray, glassy,
unvesiculated fragments have about 5% plug
phenos and some large gloms of plag. Matrix
is gray with mostly gray and some white
pumice. Almost certainly = to RC-768 and
RC-630; possibly = to RC-153 and(?) RC-641.

RC-649:
RC-648:
RC-752:
RC-647:

(R)
(R)

(TS) gba.

(R)

ba with 2% of and 15-20%

RC-54:
RC-644:
RC-646:
RC-642:
RC-641:
RC-637:

(R)
(R)
(R)
(N)
(R)
(R)

sba, aphyric.
d with 2-3% plag phenos to 3-4 mm.

RC-459:

RC-640:
RC-242:
RC-458:

groundmass texture.
possible = WR-340.

Probably = RC-271;

(N?) (TS,MA,CA) r; groundmass has a greenish

tint; map unit includes a lower flow unit
about 40 feet thick which may be a different
lava with (R) polarity.
phenos.

aph.

(R?) ba, fgr with 2% small plag phenos.
1

mm size plag

phenos.

d identical to RC-644.
aph.

at.
d with less than 2% plag phenos average 2-3
Possibly = RC-640.
mm.
(N?) at(?); mostly white pumice but has some dark
andesite(?) glass with 10% plag phenos; also
has some blue-gray pumice.
d(?) with sparse plag phenos average 2 mm.
Possibly = RC-637.
(R?) d with 10% plag to 6 mm; average 3 mm.
Possibly = RC-458.
d
with 10% plag to 6 mm; average 3 mm.
(N)
Possibly = RC-242.
(R)

RC-639:

(R)

RC-755:

(R)

d(?) with very sparse plag phenos average 2
mm.
d(?) with sparse plag phenos. Possible =
RC-762 and/or RC-766.

Section 12
RC-57:

(N)

RC-63:

(N)

aph(?); may be a fgr ba with rare plag and
of phenos.
(TS,CA) aph map unit; actually a fgr ba with
rare large plag phenos and rare of and
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pyroxene.
RC-38:
RC-763:
RC-32:
RC-34:
RC-39:
RC-40:
RC-41:
RC-772:
RC-770:

Appears to be separated from

RC-57 by a thin olba (unsampled).
(N?) (TS,CA) pob.
(R?) ba with 1-2% of of 1-2 mm size and 5% plag,
Resembles a ml.
phenos.
aph, resembles RC-22.
(N)
(TS,MA,CA) ml; flow about 40 feet thick.
(R)
ml, flow about 40 feet thick.
(R)
ml, flow about 50 feet thick.
(R)
ml, flow about 100 feet thick.
(R)
(TS,MA,CA) Hales' banded lava.
(R)

(R?) and with 20% plag phenos average 3-4 mm and
sparse pyroxene.

RC-764:

(N?) r(?), sparsely phyric with 2% plag up to 4-5

RC-631:
RC-630:
RC-815:

(R)
(

RC-766:

(R)

RC-627:

(R)

RC-812:
RC-813:

(R)
(N)

mm, but average 2 mm; groundmass has green-

)

(N)

ish tint; strong resemblance to RC-761.
(TS,CA) aph; possibly = RC-766.
at, probably = RC-753pba with 20% plag phenos average 3 mm and 3%
ol.

d(?) with very sparse plag phenos; possibly
= RC-631 and/or RC-755.
(TS) d with 5-10% plag average 2 mm and up
to 5 mm, and sparse pyroxene; glassy.
db.

RC-634:

st; pink, welded, and oxidized with
Appears
cm by 3-4 cm.
collapsed pumice(?)
to be near-vent.
olba with 3% of phenos to 4-5 mm.
(N)
ba, fgr with very sparse of and plag phenos.
(?)
ba, sparsely plag and of phyric like RC-313(R)
(R?) d(?) with 5-10% small plag phenos; possibly
= RC-622 and.
d(?); appears identical to RC-751; possibly
(?)
= RC-622 and.
ba with sparse of and plag phenos and gloms.
(R)
ba, resembles RC-758 but is slightly
(R)
altered.
d with 5% plag average 2-3 mm; greenish tint
(R)
to groundmass like RC-7 6 1.
aph; possibly = RC-755 and/or RC-766.
(R)
d with 15-20% plag average 4-5 mm; strong
(N)
resemblance to RC-635 and RC-452.
at apparently = to RC-753; 768 has a
)
(
lithic-rich matrix.
(R) ba with sparse plag and of phenos like
RC-758.
at with mostly gray pumice in a gray matrix;
)
(
also has blue-gray altered(?) pumice.
aph with extremely sparse of and plag
(R)

RC-633:

(N)

1

RC-814:
RC-313:
RC-314:
RC-751:
RC-750:
RC-758:
RC-759:
RC-760:
RC-762:
RC-816:

RC-768:
RC-767:
RC-A1:

phenos.

and with 20% plag

average 2-3 mm and sparse
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RC-632:
RC-629:
RC-628:
RC-324:

RC-321:
RC-308:
RC-310:
RC-322:

pyroxene phenos; resembles RC-632.
(R) and; strongly resembles RC-204.
(TS) olba with 2-3% of up to 3 mm.
(N)
d with 20% plag to 6-7 mm, average 3-4 mm.
(R)
st with mostly white and very rare gray
(?)
pumice.
(N?) st with mostly white and rare gray pumice.
(R)
(R)
(N)

RC-749:

(N)

WR-264:

(R)

ba, fgr.
ba, fgr with sparse of phenos.
and with 15% small plag phenos

average 2 mm,

and sparse pyroxene phenos.
and.with 15-20% plag to 6 mm, average 3 mm;
possibly = RC-624.
(TS,MA,CA) ml.

Section 11
and with 30% plag average 2 mm, up to 6 mm,
(R)
RC-810:
RC-811:
RC-452:
RC-624:

(R)
(N)
(N)

Appears to repeat above
and 1% of phenos.
fault (unmarked andesite).
ml(?) with 15-20% plag average 2 mm.
(TS,MA,CA) d.
and with 15-20% plag; possibly = RC-617
and/or RC-749.

Section 13
(CA) bkt - the Six Creek Tuff;
(R)
WR-334:

WR-344:
RC-2:

WR-342:
RC-740:
WR-340:
RC-177:
RC-183:
RC-188:

(R)
(R)
(N)
(R)
(

)

(R)
(R)
(R)

above the

RC-308 location the tuff contains a discontinuous lag deposit about 35 feet above
the base; the lower flow unit below the lag
deposit has large black pumices and some
white; large white pumices are abundant just
below the lag deposit and above it in the
upper flow unit, which has less black pumice
than the lower. The uppermost 3-4 feet of
the lower flow unit appears to contain vertical fossil fumaroles(?) which terminate at
the lag deposit; the fumaroles(?) are orange
Several
cylinders in a brown matrix.
samples were analyzed from the tuff at this
location - e.g., RC-7 and RC-13 (see Six
Creek Tuff).
(TS,MA,CA) ml.
(TS,MA,CA) ml; probably = RC-183.
(TS,MA,CA) ml dike.
(TS,MA) Hales' banded lava.
(CA) aph, possibly = RC - 53; may also be
the same as RC-721 if altimeter error was
present.
(TS,MA,CA) ml.
(TS,MA,CA) ml; probably _ RC-2.
(TS,MA,CA) ml; lowermost flow in series
here; flow about 120 feet thick.
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RC-83:

(R)

ml; appears to be uppermost flow in ml

RC-443:

(R)

and with 15-20% small plag and sparse pyro-

sequence.

xene phenos.

RC-782 through RC-788 series (R) ml'sequence with at least
7 flows.
RC-830: ( ) bkt; may be the Six Creek Tuff, but appears

slightly lower in elevation; possibly =

RC-437 bkt and RC-354 bkt in the Meadow
Creek drainage.
Section 14
and with 15-20% small plag and sparse pyro(R)

RC-742:

xene phenos.

and(?) with 15% plag and sparse pyroxene and
of phenos.

RC-619:

(R)

RC-621:
RC-451:

(N)
(R?)

RC-622:
RC-623:

(R)
(N)

RC-617:

(N)

RC-613:

(N)

sba with sparse of phenos; possibly

RC-614:

(R)

RC-615:

(N)

ba with 25% small plag phenos average 1-2 mm
and 3% small ol; possibly = RC-732.
d(?) with 30-40% plag up to cm, average 4

ba, fgr.

at with mostly gray and sparse white pumice.
Gray pumice strongly resembles pumice in
RC-665 and RC-698.

and(?) with 5% plag phenos to 4 mm.
gba with 3% of and 5% plag phenos and plag
and of gloms.
(TS,MA,CA) and with 15-20% plag phenos;
possibly = RC-624.
RC-731-

1

mm.

(TS,CA) sba with sparse of phenos; possibly
= RC-613(TS,CA) ba; similar to RC-614 in hand

RC-731:

(N)

RC-732:

(R?)

RC-738:

(N)

RC-739:
RC-733:
RC-717:
RC-734:

(TS,MA,CA) and.
(N)
(R?) gba.
and with compositional
(N)

RC-715:

(N)

RC-735:

(R)

RC-716:

(N)

RC-736:
RC-720:

(R)
(N)

RC-737:

(N)

(?)

sample.

and(?) with 15 % plag phenos average 3-4 mm,
up to 8 mm; resembles RC-719.

layering.
st with mostly white and rare gray pumice;
matrix is rich in small lithic fragments.
ba; fgr with very sparse small of and plag
phenos.

ba with abundant small plag phenos and
sparse ol.
ba with 30% small plag and 2% small of
phenos; probably = RC-588.
sba(?) with sparse of phenos.
ba with 10% plag and rare of phenos;
resembles ml.
ba with 20% small plag and 2-3% of phenos.
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RC-721:
RC-724:
RC-723:
RC-706:

RC-707:

(R) aph; possibly fgr ba.
(N) sba(?) with sparse of phenos.
(R?) and(?) with 40% plag phenos average 4 mm and
sparse pyroxene; probably = RC-707ba
with 40% plag average 2 mm and 2% of
(N)
phenos; probably = RC-588.
and(?) porphyry apparently = to RC-723(N)

Section
(R)
RC-727:
(R)
RC-725:
(N?)
RC-728:
(R)
RC-726:
RC-F22:
(
)

24

gba.

mba; equivalent to RC-559 and RC-666.

gba.
ml; probably = RC-G1 ml.
gba with sparse gloms, strongly resembles
RC-190.

RC-626:

(R)

gba with excellent gloms and large plag
phenos.

RC-789:

RC-F18:
RC-729:

RC-F25:
RC-710:

ba; fgr with sparse plag and of phenos;
possibly = RC-46.
gba with spectacular gloms.
)
(N?) (TS,MA) gba with large gloms; overlain by

(N)
(

(

)

(R)

RC-F22.
gba.

aph; possibly fgr ba.

Section 23
(N) and, strongly porphyritic; resembles RC-719.
RC-711:
(TS,MA,CA) ba, probably = RC-712, RC-706,
(N)
RC-588:
Several flow units separated by
and RC-716.
flow breccia are present.
(N?) ba, probably = RC-588.
RC-712:
(N) and(?) with 3-5% plag phenos average 2 mm.
RC-586:
ba(?); fgr with sparse large (4-5mm) plag
(N)
RC-713:
phenos.
sba with 1-2% of phenos; resembles RC-804.
RC-575:
(N)
(R?) db(?) or ba with 5% ol.
RC-580:
(TS,MA,CA) ba with sparse plag phenos;
(N)
RC-581:
similar to RC-799.
pba with 40% plag phenos up to 6-7 mm,
(N)
RC-714:
average 3 mm, and 3% ol; probably = RC-589
and RC-577.
sba with 1-2% of phenos; similar to RC-575(N)
RC-576:
sba with 1-2% of phenos to 3 mm; similar to
RC-590:
(N)
RC-575RC-577: (N) pba with 40% plag average 3-4 mm, and 2% ol;
apparently = to RC-589 and RC-714; very
similar to RC-801.
pba; probably = RC-714 and RC-577RC-589:
(N)
(TS,MA,CA) d with 15% plag phenos average
(N)
RC-579:
3-4 mm, up to 6-7 mm.
(TS,MA,CA) Wizard Falls Basalt.
RC-773:
(N)
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Section
(R)
WR-178:
(R)
WR-179:
(N?)
WR-181:
RC-705:
RC-F16:
RC-701:
RC-702:
RC-790:

(R)

RC-792:

(N)

RC-794:
RC-795:

(R)
(N)

RC-584:
RC-583:
RC-585:
RC-799:
RC-798:

(

)

25
(TS,MA,CA) gba.
(TS,MA,CA) ml.
(TS,MA,CA) and; similar to RC-583 and
RC-584.
(TS,CA) db, transitional to ba.
aph; almost certainly = RC-667 and RC-394.

(R?) gba.

large gloms.
gba; overlies unmarked RC-791 gba (R) with
very large gloms.
gba with very large gloms; underlies RC-791

(N?) gba with very

(R)

gba.

db, fgr with sparse of and plag phenos.
ba with 10% plag phenos, average 2-3 mm, and
2-3% ol; similar to RC-798.
(R?) and with 10% plag phenos, average 3 mm;
similar to RC-583 and WR-181.
and similar to WR-181 and RC-584.
(N)
(TS,MA,CA) ba unusually rich in Fe and Ti.
(N)
ba with sparse plag phenos, average 3 mm,
(N)
and 2% ol; similar to RC-581.
ba with abundant plag and 2% of phenos.
(N)

Section 26
(TS,MA) pba similar to RC-803 and RC-577(N)
RC-801:
ba with abundant small plag and 2-3% small
(N)
RC-802:
of phenos.
pba with 40% plag and 1% of phenos.
(N)
RC-803:
(TS,CA) sba with 2% of to 3 mm; similar to
(N)
RC-804:
RC-809:

(R)

RC-575; part of a pile of at least 4 flows,
all of the same polarity.
ba with 2-3% of phenos; at least 2 similar
flows are present.

WIZARD RIDGE
RC-775:
WR-189:

(R)
(R)

RC-780:

(R)

db, very similar to RC-705.
(CA) gba; several gba flows are present
here, all of (R) polarity; the WR-189 flow
has been K-Ar dated by Hales (1975) as 4.6
Ma - the WR-189 gba appears to be in the R4
paleomagnetic polarity interval (see Paleomagnetic Stratigraphy).
ba; either gba or ml, slightly altered;
several flows are present here, all of (R)
polarity.

SQUAWBACK RIDGE
RC-358:
RC-360:

(N)
(N)

(TS,CA) sba with 2-3% of phenos.
(TS,CA) sba with 2-3% of phenos.
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RC-SB:

(

RC-658:

(N)

(TS,CA) sba with 1% gloms of plag and ol,
and 1-2% of phenos.
sba; probably from Squawback volcano.

)

EAST FLANK OF GREEN RIDGE

.South of Six Creek

(TS,MA,CA) db; probably =Canadian Bench
Basalt, which has a K-Ar date of 5.0 Ma
(Armstrong and others, 1975).
mba; probably = RC-559 and RC-725.
(TS,CA) aph; probably = RC-394 and RC-F16.
(TS,MA,CA) db; probably = Fly Lake Basalt.

RC-659:

(N)

RC-666:
RC-667:
RC-560:

(R)

RC-G15:
RC-G1:

(

(

)
)

RC-R14:
RC-354:

(

)

RC-46:
RC-656:
WR-373:

(N)
(R)
(R)

RC-338:

(H)

RC-654:

(?)

RC-434:

(N?)

RC-437:
WR-172:

associated with a light colored glass;
RC-434 is a plutonic xenolith found in the
tuff; the same tuff is well exposed in
section 21 in the Meadow Creek drainage.
(R) bkt; very similar to RC-354 bkt.
(N?) (CA) ml with 4% of phenos; probably =

RC-652:

(?)

ml with 3% ol; possibly = RC-654 and/or

RC-670:

(

ml with less than 1% of phenos; possibly =

)

(

(N)

(R.)

gba.

ml with 1% of phenos; probably = RC-726;
possibly = RC-670.
db; probably = RC-705.
bkt; black pumice has less than 1% plag
phenos like the Six Creek Tuff, but the
RC-354 bkt appears to have less black pumice
than the Six Creek Tuff; possibly = RC-830.
(TS,CA) ba, fgr; possibly = RC-789.
ml with 2% ol.
(CA, see Table 26) lrt with gray matrix,
20-30% lithic fragments, and mostly gray
pumice average 0.5 cm; some white and
aphyric black pumices also present; resembles RC-170; appears to fill a narrow,

N70E-trending channel.

st; pumice-rich with mostly crystal-poor
pumices; appears to fill a narrow,

white and rare gray-and-white banded

N70E-trending channel.
ml with 3-5% of phenos; probably = WR-172;
possibly = RC-652.

at; has dark gray glass pumice cores with
phenos, apparently identical to RC-304;
phenos in dark gray glass are sometimes

RC-654.

RC-656.
)

WR-239:
RC-625:

RC-G1.
(CA) ml with less than 1% of phenos.
(R)
(R?) ml.

RC-F2:

(

)

gba.

5%
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RC-190:
RC-559:
RC-558:
RC-554:
WR-236:
RC-553:
WR-174:

gba with sparse gloms; probably = RC-F22.
(TS,CA) mba with sparse ("one or two per
)
(
hammer bash") plag megacrysts; probably =
RC-725 and RC-666.
(TS) ba, fgr with sparse small of and plug
(R)
phenos; probably = RC-554; possibly
RC-555.
RC-555.
ba; probably = RC-558; possibly
)
(TS,MA,CA)
band;
lava
flow
with
wild
light
)
(
and dark flow bands described by Hales
(1975).
(TS,MA,CA) band, see WR-236.
)
(
(R?) (TS,MA,CA) band, see WR-236.

(R)

(

Between Six Creek and S. Fk. Spring Creek
(N?) ba, fgr; very similar to RC-554.

RC-555:
WR-7:
RC-674:
RC-K9:

(CA) aph.

(

)

(

)

(

)

aph(?); probably = RC-63 or RC-57.
gba with 5% of and plag phenos, average 1-2
cm.
mm; gloms of plag and of up to
(TS,CA) aph; and with rare small plag, ol,
1

RC-672:

(R)

aug, and opaq

RC-137:
RC-192:
WR-238:
RC-700:

(R)
(R)
(R)

RC-145:

(R)

RC-344:

(R)

RC-394:

(N)

RC-550:

(R)

RC-17:
RC-144:
RC-141:
RC-18:
RC-S3:
RC-549:
RC-552:
RC-167:
RC-169:
WR-217:
WR-216:

(R)
(R)
(R)

phenos;

same flow appears to

extend east to Fly Creek; may be two flow
units or two separate flows; probably =
RC-22; possibly = RC-540, 541.
(TS,CA) aph.
ml; probably = WR-238.
(CA) ml.

(R?) ba with 30% plag phenos, average 2 mm, and
1-2% ol.

(

)

bkt; strongly welded, with abundant dacite
lithic fragments; resembles heavily welded
hand specimens of RC-689 and RC-221.
aph, with sparse of phenos; fills a narrow
channel incised into the Fly Creek Tuff.
aph; probably = RC-667; has an alluvial
deposit under it with well-rounded cobbles.
aph, extremely fgr with variable groundmass
texture; possibly = RC-594 and RC-17aph, similar to RC-550.
olba with 3% of phenos to 4 mm.
aph; similar to RC-29; possibly = RC-672.
olba with 3% of phenos to 4 mm.

(

)

olba.

(

)

olba with 3% of phenos to 4 mm.

(

)

olba.

(R)
(R)
(

)

(R)

olba with 3% of phenos to 4 mm.
olba, with 5% of phenos.
(CA) olba.
(TS,CA) aph; informally termed.the "Gunsight
Flow" for Gunsight Pass near the center of
section 36, T. 11 S., R. 10 E.; at the
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RC-504:

(

)

RC-176 location the flow overlies an alluvial deposit with rounded cobbles.
(TS) db; possibly a flow unit of RC-415, but
more likely a separate flow; probable
mappable and = to RC-551.

RC-556:

db; probably = RC-504.
(N?) aph; possibly = WR-216.

RC-540:

(R)

RC-551:

(

)

RC-541:

aph; possibly = RC-672.
(N?) aph; probably = RC-672; appears to be a flow
or flow unit above RC-540.

RC-291:
RC-377:

(R)
(R)

(TS,MA,CA) band;
(TS,MA,CA) band;

see WR-236.

upper flow unit, about 60

feet thick; 10-15 feet of flow breccia

separates upper and lower flow units; see

RC-378:

(R)

RC-369:

(

)

WR-236 and RC-378.
(TS,MA,CA) band; lower flow unit; see RC-377
and WR-236.
(CA) fct; westernmost outcrop known in Fly
Creek drainage; probably 70-80 feet thick

here.

aph; probably = RC-271.
(TS,CA) aph; probably =

RC-271:
RC-415:

(R)
(R)
(R)

RC-288:

near the modern Fly Creek.
(R?) (TS,CA) olba.

RC-406:

(R)

RC-195:

RC-53 and/or WR-340.

(TS,MA,CA) db; slight southward dip toward
Fly Creek represents paleotopography probably a wide, shallow valley was present

(TS,CA) ht.

(R) (CA) Six Creek Tuff (6) - bkt.
(CA)
bkt; layered with white pumices in
(R)
lower half and black and white pumices in
upper half.
(CA) colluvial hornblende-bearing pumice - see

RC-267 and 268:
RC-402:

RC-276:

RC-114.

(TS,CA) fct; thin and only lightly
RC-427 and 428: (R)
welded here; thickness and intensity of

welding increase to both N and S.

RC208-2

(N)

RC-408:

(R)

(TS,MA,CA) db; the "Fly Lake Basalt"; the

small basalt cap one mile due west of Fly
Lake is probably the same flow; the cap rock
is very rich in hyaline opal and overlies an
alluvial deposit with rounded cobbles.
at(?) with 1-2 cm sized white and gray
pumice in a gray matrix rich in small lithic
fragments; possible gradation upward from
white to gray pumice; has rare blue-gray

pumice; resembles RC-417; upper part of unit

may be reworked - appears fluvial and is
slightly porous.

RC-303:

(N)

RC-281:

(R)

st, with mainly crystal-poor white pumice up
to 15 cm, and rare gray and black pumice.
(TS,CA) aph; the "Fly Creek Ranch basaltic
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RC-304:
RC-417:
RC-698:
RC-665:
RC-423:

andesite".
(N?) (CA) at; probably = RC-417; possibly =
RC-698 and 665 and/or RC-434.

(R?) at; probably = RC-304.
at with gray pumice up to 30-40 cm
(
)
containing 2-3% phenos (mostly plag), which
)

(

(R)

tend to occur in clots.
at; probably = RC-698.
(CA) fct; thin here and only lightly welded;
degree of welding and thickness increase
northward and southwestward from here;

crystal-rich scoria is extremely rare at
this location.

RC-285 and RC-425: (R) (TS,CA) ht; 285 and 425 are

xenoliths.

RC-405 and RC-380: (R) (CA) fct.
RC-176:
RC-684:

(R)
(

)

(TS,CA) aph; the "Gunsight Flow".
at; poorly exposed, but appears to have a
"fluvial" top and an ash-flow base;

"fluvial" material is lithic-rich and
slightly porous; resembles RC-408.

RC-686:
RC-685:

RC-162:

(

)

(

)

(R)

at.
fct 2; strong resemblance to Fly Creek Tuff,

but separated from it by an airfall layer
and some pumiceous sediments with one layer
containing accretionary lapilli; the lower
5-10 feet of the RC-685 tuff is rich in
crystal-poor white pumice (to 40 cm); above
that level crystal-rich black pumice with
hornblende is present.
bkt; welded with black pumice containing
2-3% plag phenos; probably = RC-689.

North of S. Fk. Spring Creek
(R?) (CA) pob; probably =

WR-215:

RC-90.

RC-M1:

(

)

and; probably = RC-568.

RC-S14:
RC-568:

(

)

pob.

(

)

RC-683:
RC-170:

(R)
(R)

RC-221:

(R)

RC-689:

(R)

(TS,CA) and; probably = RC-M1.
WR-205 and RC-682: (N) (TS,MA,CA) and; slight composi-

tional heterogeneity.
(TS,CA) ba; poorly exposed.
lrt; probably = Tom Dill's AFT-DB ("ash-flow

tuff - dacite block").

(CA) bkt; welded; black pumice has 2-3% plag
phenos; probably = RC-689.
bkt; welded; black pumice has 2-3% plag
phenos; probably = RC-221 and RC-162;

possibly = RC-145; probably = Tom Dill's
AFT-WM (ash-flow tuff - welded mafic); the
degree of welding increases upward in the
deposit; heavily welded specimens appear to
contain many large (average 5 cm) rounded
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black glass fragments with 10-15% plag
phenos (dacite blocks?), as well as black
collapsed pumices 3-4 cm long; unwelded or
lightly welded samples have a brown matrix
containing crystal-poor black and gray
pumices.

WR-221:
RC-77:

(R?) (CA) pob.

RC-199:
RC-216:

(

RC-687:

(R)

(R)
)

(R)

WR-206:
RC-573:
RC-695:

(R)
(R)

RC-690:

(?)

RC-572:

(R)

RC-692:
RC-693:
RC-A2:

(?)

(

)

bkt; possibly = Six Creek Tuff;
RC-77 is a plutonic xenolith.
at.
st, with mostly white pumice and a fair
amount of gray and blue-gray; crystal-poor.
(TS) at; forms natural outcrops and has rare
(TS,CA)

blue-gray banded

pumice;

RC-687 is a pluton-

ic xenolith.
(CA) aph.
(TS,MA,CA) db.

db; fgr with sparse of phenos to 4 mm;
possibly = RC-573.

ba with 2-3% small of and 5% small plag
phenos; possibly = RC-692; possible
transitional polarity.

(

)

(R)

olba.

(CA) ba, similar to
at.
(CA) ba with sparse

RC-690;

equal to TED436.

of phenos; equal t

TED422.
RC-QB1 and RC-J2: (N; thanks, Dave) (TS,CA) mba with about
1% plag megacrysts.
(TS,CA) mba with traces of plag megacrysts.
RC-K1:
(
)
ba; fgr with sparse of phenos, less than 1
(R)
RC-696:
mm.

COVE PALISADES STATE PARK

RC-236:

(N)

RC-239:

(R)

(TS,MA,CA)

db; "Canadian Bench Basalt";

irregular thickness up to 15 feet.
(TS,MA,CA) db; "Lower Canadian Bench
Basalt"; irregular thickness from 0-15 feet;
separated from RC-236 by 30-40 feet of
sediment.

