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ABSTRACT 

The calc-alkaline volcanic suite froill the Three Sisters aH,e. nec1~ 

Bend> 0Yegon consists of undeformed 1Iigh Cascade rocks resting unconfcrm

ably on the older Western Cascade calc-alkaline sequence. Host High Cas

cade rocks are younger than the last magnetic reversal 770,000 years ago, 

and the latest eruptions occurred less than llf00 years ago. 

The rocks have been classified on the b&sis of their ,nineralogy and 

chemistry into the following five groups: 

(1) Olivine basalt ( <52% silica) cr:mtains phenocrysts of olivine 

and calcic plagioclase in a groundmass of intennediate to calcic plagio

clase, pyroxene, iron oxides, and glass. 

(2) Olivine andesite (52-58% silica), the most abundant roe'.( tyre, 

has phenoc:rys ts of calcic plogioclase, olivine, and occ?.sion.s.lly hyper

sthene or calcic augite in a groundmass of im:errnediate pla3ioclase, py

roxene, iron oxides, and glass. 

(3) & (4) Both pyroxene andesite (58-62% silica) ana dac:ite (62--68:~ , . 

silica) have intermediate plagicclase, orthopyroxene, calcic 2ugi te, ,md 

iron oxide phenocrys ts in a grouncl'T.ass of intermediate to sodic pla6 io

clase, pyroxenes, iron oxides, and glass; olivine is rarely present as 

phenocrys ts or b lebs in hypers thene phenocrys ts. 

(5) Rhyodacite (> 71% silica) contains phenocrys ts of sodic plc.1.gio

clase, iron oxides, and ferrohypersthene in a groundraass of sodic plagio

clase and abundant glass. 

Three main types of volcanoes are present: (1) shield volcanoes 

constructed of thin flows of olivine basalt aad olivine anclesite, (2) 

composite cones predominantly built of pyroxene andesite and dacite with 

attendant eruptions of olivine basalt, olivine andesite, and rhyodacite, 

and (3) cind,:,r cones constructed of olivine basalt and olivine andesite 

in most cases, but also of pyroxene andesite in some cases. 

Ninety-three samples were analyzed for Ba, Sr, Mn, Ni, Cr, Co, V, 

Sc, Zr, Cu, and Zn using an emission spectrograph. Dr. E. M. Taylor sup

plied major element analyses for the group. The following trends are ex

hibited by the trace elements: 

(a) Ba shows only moderate enrichment tl:rmighout most of the rock · 

sequence, and Sr, only moderate depletion. Ba/Sr values are uniformly 
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low for olivine basalts, olivine aadesites, pyroxene andesites, and da-

cites. 

(b) Both V and Sc abundances are high throughout the olivine basalt

pyroxene andesite range of silica values. Neither shows sympathetic var

iation with a major element. 

(c) Ni, Cr, and Co exhibit marked sympathetic variation with l1g0. 

Olivine ba3alts and olivine andesi.tes can be divided into two groups or 

series, one high and on2 low in HgO-Ni-·Cr-Co content. 

The mineralogic, petrographic, and chemical <la.ta do not appear to 

support hypotheses of mixing, contamination, or low pressure fractional 

crystallization to explain the origins 0£ the erupted magr~,as or the var

iations among them. The analytical data are qualitatively consistent 

with a model involving partial fusion of abyssal tholeiite and eclcgite 

transfonned from tholeiite during subduction in an arc-trench system. 
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INTRODUCTION 

The elongate volcanic belt forming the Cascade Range of British Co

lumbia, Washington, Oregon, and northern California is dominated in cen

tral Oregon by the snow-capped peaks of the Three Sisters. These dis

sected cones and neighboring volcanoes constitute one of the most rerr:ark

able of the recently active calc-alkaline volcanic provinces in the United 

States. Callaghan (1933) divided the Cascade Range into two parallel 

belts: the older 1'1es tern Cascades and the much younger High Cascades. 

Volcanoes of the Three Sisters area discussed in this report are excJ.v--· 

sively High Cascade features. 

Exce.pt for the early work by Callaghan and that of Wil1i2.ms (19 32a, 

1932b, 1933, 1935, 1942, 1944, 1957) and Thayer (1937, 1939), the h:pos

ing cones of the High Cascades were neglected by geologists until re

cently. The Three Sisters area in particular has received sca,1t atten

tion. The initial report by Hodge (1925) on these peaks 2dvancec the 

rather fanciful theory that they rested inside the rim of a gigantic caJ.

dera reminiscent of Crater Lake. The supposed caldera r:iarked the site 

of a colossal volcano, named Haunt Hultnmnah, which was destroyed at the 

close of the Miocene er in the early Pliocene by catastrophic explosions. 

Howel Williams I excellent reconnaissance work in the area (194li) discarded 

Hodge's drar.1atic interpretc1.tion on a number of grounds. Since the work 

by Williams, n0 IT'ajor geologic reports have be2n published on the Three 

Sisters or surrounding volcanic features. Dr. E. M. Taylor is currently 

conducting an extensive field program in the area. He is preparing de

tailed geologic naps of the extrusive units and has performed over 400 

major element analyses of the volcanic rocks. 

Trace element data and petrogenetic descriptions for the lava flows 

from the Three Sisters presented in this report thtow new light on the 

petrogenesis of these rocks. Recent: literature has emphasized the rela

tionship between calc-alkaline suites and arc-trench systems (e.g., Isacks 

et al, 1968; Green and Ring-vmo<l, 1969; S. R. l'aylor, 1969; Taylor et al, 

1969; Dickinson, 1970, 1971). Trace element infonnation sets limits on 

possible petrogenetic interpretations developed in these and related 
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papers. These data from the 'Three Sisters area suggest that this calc

alkaline suite of rocks was derived rn.ainly from partial melting of eclo

gite produced at depth from inversion of oceanic thole:i.ite during Ceno

zoic subduct:ion of oceanic lithosphere. 

LOCATION AND GEOGR,'\PHY 

The area discussed in this report lies along the crest of the High 

Cascades in Oregon from Santiam Pass on the north to Bachelor Butte on 

the south (see Fig. 1). Samples for analysis were collected as foe east 

as the town of Bend on the south and as far east as Black Butte on the 

north. The western edge of sampling is nearly coincident with the bound-

ary between the Wes tern and High Cascades from Santiam Pass to :McKenzie 

Pass. South of McKenzie Pass samples were collected along the western 

slopes of the Three Sisters themselves as far west as the }:!usband. The 

area is approximately 30 miles wide and 25 r.,iles long, and covers por

tions of fou;:- cmmties: Linn, Lane, Jefferson, and Deschutes. 

The crest of the Cascade Range in this region is dominated by the 

glacially eroded cones of the Three Sisters, each of ~,hich excee.ds 10,000 

feet in elevation. To the south and east, Broken Top and Bachelor Butte 

reach heights of 9,000 feet, and to the north, Mount Washington's central 

plug is n2arly 8,000 feet high. Except for Bache:lor Butte, U--shaped r;la

cial canyons cut deeply into the flanks of all these peaks. Numerous 

cinder cones and eroded shield volcanoes dot the surrounding terrain, but 

few of these exceed 6,000 feet in elevation. The western slopes of the 

range drop swiftly from the crestal peaks into deep river canyons that 

cut through the older Western Cascade rocks, but the eastern flank falls 

more gently to merge with the high lava plateau of central Oregon. 

GEOLOGIC SETTING 

The Western Cascades have been described for much of their length 

in Oregon by Peck et al (1964). Earlier work includes that of ~Tells and 

Peck (1961) and Thayer (1936, 1937). This longitudinal belt consists 

of maturely dissected, folci2d, and faulted volcanic rocks ranging in age 

froJI Lat2 Eocene to Pl:i cce:ie. The topography b2ars no r'3lationship to 
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original volcanic forms. The rocks attain a stratigraphic thickness of 

nearly 20,000 feet and consist of interbedde<l flows of tuff-breccia, la

pilli-tuff, and other pyroc.lastic debris. Compositions range from oli

vine basalt through basaltic andesite (called olivine andesite in this 

report), pyroxene andcsite, and dacite to rhyodacite. As described by 

Peck et al (1964), the Western Cascade rocks are lithologically similar 

to the High Cascuc1e rocks of the Tliree Sisters arE-a, but the relative 

abundances of different rock types are different in the two suites. The 

rocks of the Wes ter11 Cascades are, on U,e average, more siliceous than 

the rocks of the High Cascades discussed in this report. Pyroxene an

desite and dacite predorainate in tl1e Western Cascades, whereas olivine 

andesite and lesser basalt form tte bulk of the volcanic rocks in Oregon's 

central High Cascades. Thayer (1937) and Greene (1968) noted that the 

two suites also differ chemically. They both found that High Cascade 

rocks are lo~wr in K20 and total iron, and higher in .Al2o
3

, than Western 

Cascade rocks. 

In detail, Peck et al (1964) found that vents in the Western Cas

cades fall into three subparallel longitudinal groups. The oldest belt 

of vents lies at the western edge of the Cascades, and progressively 

younger belts lie farther east. A fourth belt, that of the High Cascade 

vents, lies farthest east and is youngest of all. 

The High Cascades in the area of Figure 1 consist of Pleistocene and 

younger volcanic rocks which are predominantly basalt, olivine andesite, 

and pyroxene andesite. Some centers have produced dacite and rhyodacite 

in small arnounts froai the Three Sisters south to Mount Lassen in Califor

nia. Mount Garibaldi at the northern end of the range in British Colum

bia also has produced highly siliceot~ rocks. The centers erupting varied 

lavas contrast with the large composite cones from the }f.iddle Sister north 

to Garibaldi. These have erupted basalt and olivine andesite with a uni

fonnly narrow range of silica content. Mc.Birney (1968) has described 

the olivine andesite lava suites with limited compositional variation as 

the "coherent" type, and the contrasting suites displaying a large range 

of silica content as the "divergent" type. He noted that "divergent" 
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centers typically have an early history of andesitic and dacj_tic erup

tions succeeded by a later period during which contrasting basalts and 

rhyodacites are erupted without associates of intermediate cornposition. 

In the "divergent" suite of the Three Sisters area, however, some rhyo

dacite was erupted early, and the most recent eruptions included not only 

basalt and rhyodacite, but olivine and pyroxene andesites as well. 

High Cascade lavas in the Three Sisters area are almo~.:;t cmrpletely 

undeformed and rest on a basement of eastwa·cd-dipping We2t'3rn Cascade 

volcanic rocks. Tertiary strata which underlie the plateau to the east 

and presumably interfinger with Western Cascade rocks beneath the :ligh 

Cascades include the Clarno, John Day, and Hascall Format:5.ons, and the 

Columbia River basalts. It is not known wh::ctr.er d2eper beserricnt rocks 

include the pre-Tertiary uni ts that crop out in south1;1es tern Oregon and 

apparently pass under the High Cascades in the vicinity of Crater Lake 

and Newberry Crater to reappear farther east near Prineville and Hitchell. 

The Three Sisters apparently stand at the southern edge of a proposed 

simatic embayment in the pre-Tertiary sialic basement (see ~cBirney, 1968, 

p. 102). Significantly, not a single fragment of recognized pre-Ter

tiary rock has been found among the ejecta from cones in the Three Sis

ters area. 

Linear arrangements of cinder cones and composite volcanoes, in both 

the Three Sisters area and the surrounding region, suggest that the lo

cations of vents were controlled in detail by extensive normal faLllting. 

Within the High Cascades, these presumed faults are obscured by the vol

canic piles erupted along them. However, to the southeast numerous major 

faults strike toward the Three Sisters area. These include the Brothers 

Fault Zone, Walker Fault, and Green Mountain Fault. Newberry Crater 

southeast of the Three Sisters appears to stand at the juncture of these 

three faults (Higgins and Waters, 196 7, 1968), To the north, the Hood. 

River Fault displaces High Cascade rocks parallel to the trend of the 

range. East of the High Cascades, the faulting has procluczd typical 

basin-range topography which trends southeast into Nevada and northeast

ern Califor-nia. 



6 

FIELDWORK ANT_> SANPLING 

Fieldwork was completed during the summer of 1969 with the aid and 

direction of Dr. E. M. Taylor. Extensive use was made of his geologic 

maps and familiarity with the region during sample selection. Since many 

of the rocks are porrhyriti.c, relatLveJy large fjeld samples, usually on 

the order of three to five pounds or more, were collected. Samples were 

selected to provide the most complete geochemical representation of the 

volcanic rocks in the area; sa1,1ples for trace element analyses were cho

sen from flows that Dr. Taylor had 211.alyzed for major eleiilents. Several 

samples were collected from different points along the lengths of various 

flows to give some idea of variation in chemical composi.tioa within dis

crete batches of magma. 

PETROGRAPHIC CLASSIFICATION 

The petrcgniphic classification used in this paper reflects l•oth 

the chemical composition and modal mineralogy of the rocks and gener

ally follows the scheme proposed by Williams et al (1954). Greeii.e (1968) 

used a similar scheme in his description of volcanic rec.ks from 'Mt. J2f

ferson. For Mt. Hood lavas, Wise (1969) used plots of Differentiation 

Index and color index versus silica to separate rock types. The norma

tive calculations required for this scheme were not suitable for this 

pape:r since all major element analyses available are only partial whole

rock analyses. Wise's use of the term "olivine andesite" is adopted here 

in a strictly descriptive sense in preference to "basaltic andesite". 

The latter has been defined in such a variety of ways that its present 

usage is confusing. 

The following classification used here is based on mineralogy of 

phenocrysts and silica content: 

Olivine Basalt •••••• <52 per cent silica; olivine phenocrysts> 
calcic plagioclase phenocrysts. 

Olivine Andesite •••• 52-58 per cent silica; calcic plagioclase 
phenocrysts>olivine phenocrysts; calcic 
augite phenocrysts rare or absent; hyper
sthene occasionally replaces olivine pheno
crysts. 
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Pyroxene And2site ••. 58--62 per cent silica; intermediate plagio
clase phenocrysts>pyroxene phenocrysts; 
augite and hypersthene phenocrysts about 
equal in amount. 

Dacite .••••••..••.•• 62-68 per cent silica; intermediate to so
die plagioclase phenocrysts; hypersthene> 
augite phenocrysts. 

Rhyodacite •..•.•.•. ,>71 per cent silica; sodic, corroded plagi
oclase phenocrysts with ferrohypersthene 
microphenocrysts; augite phenocrysts absent. 

The division between pyroxene andesite and dacite is arbitrary since 

the two are completely gradational in chemical and minera.logieal proper

ties. It has been set at 62% silica to accord with the usage of Wise 

(1969) and S. R. Taylor (1969). Hmvever, the divisions between olivine 

and pyroxene andesit:e and between dacite and rhyodacite are more distinct. 

Intermediate representatives are generally lacking or tot&lly absent (Fig. 

2). E. M. Taylor (personal communication) found a similar distribution 

in a plot of over lf00 unpublished silica analyses from the area. 

The basalts correspond to the high-alumina type described by Kuno 

(1960, 1968a, 1969a, 1969b). Alkali content is generally low, and the 

rock sequence as a whole lies on the boundary of the calcic and calc

alkaline. series as defined by Peacock (19 31) and discussed by McBirney 

(1969). Total alkalis exceed the weight percentage of CaO only above 61% 

silica (see Fig. 9). 

AGE RELATIONSHIPS OF THE LAVAS AND VOLCANOLOGY 

Recent work in the Three Sisters area has emphasized the apparent 

youth of all High Cascade rocks in the region. A paleomagnetic survey 

conducted by E. M. Taylor has revealed that only a few flows at the base 

of the High Cascade platform have reverse polarity. The entire series 

above this is normally polarized and must be younger than the last rever

sal 770,000 years ago. The most recent flows are probably less than 1400 

years old (E. M. Taylor, 1965, p. 145). Despite these very youthful 

eruptions, there are virtually no active hot springs, fumaroles, solfa

taras, or any other signs of present volcanic activity in the area. The 

region can not be presumed dead, however, and eruptions may resume on 
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almost any scale in the future. Table 1 gives the approximate age rela

tionships of eruptive centers for which analytical data have been gath

ered during this investigat:Lon. 

The volcanoes in the Three Sisters area can be divided into three 

main types: (1) large shield volcanoes constructed of thin b.e.s&lt and 

olivine andesite flm·rn; (2) composite strato-volcanoes constructed of py

roxene andesite and dacite with attendant flank eruptions of olivine ba

salt, olivine andesite, and rhyoclacite; and (3) cinder cones constructed 

predominantly of basalt and olivine ande.site. In the area as~ whole, 

olivine andesites and olivine basalts are followed in abundance by pyrox

ene andesites and small amounts of dacite and rhyodacite. 

The first two volcanic types are found on or nea:c the crest of the 

range in a chain of high peaks from Mount Washington south to Bachelor 

Butte. The cinder cones are found scattered throughout the area. in short, 

arcuate chains trending north-south. One volcano, Broken Top, does not 

fit this simple classification. ::)uring most of its history, activity was 

of the shield variety, but culminating eruptions were siliceous pyroxene 

andesite.s similar to those found in composite cones. 

Shield Volcanoes and Related Platform Rocks -·------ --------------
Shield volcanoes are among the oldest and youngest larger volcanic 

structures in the area. The former include the North Sister, Mount Wash

ington, Mount Scott, the Husband, and Broken Top (earlier history). Pro

gressively younger shield volcanoes in.:.'.lude Trout Creek Butte, Tumalo 

Mountain, and Belknap.Crater, a very young structure. An early High Cas

cade platform was built by the coalescence of the oldest shield volcanoes 

and is composed of thin flows of diktytaxitic olivine basalt and olivine 

andesite. The oldest and least siliceous rocks, containing less than 50% 

silica, are found at the base of this platform. 

Williams (1944) described the growth of the shield volcanoes with 

the North Sister as a model. Initial eruptions were of the quiet, effu

sive type which built an enormous, broad shield approximately 8000 feet 

high. This stage was capped by a steep surrnnit cone, approximately 3000 

feet high, built of pyroclastic material consisting of interbedd2d lapilli-
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T.A.BLE 1 

APPROXH1ATE AGE RELATIONSHIPS OF VOLCANOES .AND THEIR 
ASSOCIATED LAVAS IN THE THREE SISTERS AREA 

Rock Types Age Volcanoes and Uni ts I 
Oldest--~~---~~--~--~-~---~-~~-~1--~-~-~~--

Rocks have Flows with reverse magnetic po- Mainly diktyt.ax-
reverse magnetic larity along Squaw Creek; Black itic basalt and 
polarity. Butte. olivine and.esite. 

-770 ,000 yrs.--+----------------------+-------------
B. p. 

Early platform 
and shield 
lavas. 

Siliceous 
lavas and 
shield rocks 
of intermed
iate age. 

Circa 

Diktytaxitic basalts from Tumal.o 
Falls, near Trout Creek Butte, · 
Santiam Pass, and near Black I 
Butte; the North Sister, Little I 
Brother, Mount Washington, the 
Husband, and the shield portion 
of Broken Top; De~r Butte. 

Culminating siliceous ~rup Llum; 

of Broken Top(?); lavas of the 
Middle and South Sister; Two 
Butte; Garrison Butte; Scott Mt.; 
Graham Butte, Bluegrass Butte, 
and Sixmile Butte; Trout Creek 
Butte; siliceous flows of Kath
leen Butte and Kokostick Butte; 
siliceous flows of Hayrick Butte 
and Hogg Rock; Hoodoo Butte; 
Tumalo Mountain. 

All olivine ba
salt and olivine 
andesite. 

Include olivine 
basalt, olivine 
andesite, pyrox
ene andesite, 
dad.te, and rhyo
dacite. 

~10,000 yrs.~--+~~~~~~~~~~~~~~~~~-i-~~~~--~--~~ 
B.P. 

Post-glacial 
shields and 
cinder cones. 
Earliest are 
forested. 

Recent shields, 
cinder cones, 
and siliceous 
flows. All 
are barren. 

Maxwell Butte; early Bachelor 
Butte and Belknap flows; Sims 
Butte; Sand Mountain group; Le 
Conte Crater; Nash Crater. 

Later Bachelor Butte and Belk
nap flows; Cayuse Crater; Yap
oah flows; Col Her Cone; s urnmi t 
cone of South Sister; Newberry, 
Rock Mesa, and Devils Hill rhyo- 1 

dacites. 

Include olivine 
basalt, olivine 
andesite, pyrox
ene andesite, 
dacite, and rhyo
dacite. 
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tuff, tuff-breccia, and scoria as well as vesicular basalt flows. This 

summit cone and the shield below it were cut by hundreds of dikes and 

sills during and after their growth. Late in the eruptive 2.ctivity of 

the North Sister, a parasitic cone, the Little Brother, appeared on its 

western flank and duplicated the gro,;s1th of its parent on a i::rnaller scale. 

The Husband ancl Mount Washington shield volcanoes (Brown, 19lfl) have 

very similar histories except for the presence cf largt~ cc·ntral plugs. 

These shields and others in the area had their summit gi·owth augment2d 

by fissure eruptions on their flanks c>.nd by associated parasitic cones. 

Glaciation has bitten so deeply into the c:.;lopes of the older shields that 

their internal structures are aL11ost ca,npletely ex~)0.'3ed. All that re-· 

mains of the summits 0£ these older shields are radiating, knife-edge 

aretes separating deep, glacial cirques that lead into U-shaped canyons. 

Their original appearance prior to glaciation must have resembled that 

of Belknap Crater or Tumalo Mountain. The most siliceous lavas erupted 

by these volcanoes, as distinct from the composite cones, contain only 

56-57% silica, except for the final eruptions of Broken Top, which are 

considerably more siliceous. 

Composite Cones and_ Related !onr,s 

The construction of the first large shields was follm·,ed by the de

velopment of centers that eru:ited more siliceous Javas. The two major 

volcanoes of this type are the Middle and South Sisters. The initial 

phases of activity for these two cones may have produced low broad shields 

(Williams, 1944), but the evidence for such forms has been obscured by 

later activity. 

Both peaks consist chiefly of pale gray, platy pyroxene andesite and 

glassy, black dacite lavas interbedded with thin layers of scoria and 

pumice. Sum~it eruptions were acccmpanied by voluminous flank outpour

ings. Large, glassy dacite domes protruded from the slopes of both moun

tains. Smewhat less viscous andesites also erupted through fissures 

near the bases of the volcanoes. Rhyodacite flows with silica contents 

of 71% or more produced tabular obsidian sheets typified by obsidian 

cliffs on the west2rn slopes of the Middle Sister. Just west of Green 



12 

Lakes at the eastern foot of the South Sister are some very old rhyoda

citic flows which must have been among the initial eruptions of siliceous 

material from this volcano. The bulk of the foregoing activity was ac

complished not long prior to and during the period of maximum glaciation. 

Much 1ater, the final eruptions near the summit of the Middle Sister. 

produced black, scoriaceous basalt flows. Similar rock occurs on the 

South Sister, whose SLlfilmit is capped by two cones of dark scoria. The 

most recent cone still has a central crater lake &nd is quite youthful 

in appearance. The scoriaceous material on both peaks is more si1iceous 

than its basaltic appearance ,,rnuld suggest. Analyses for silica of 57. 5% 

(McBirney, 1968) and 59% (this report, Appendix II) show that these lavas 

can not properly be termed basalts, despite the presence of olivine, but 

rather fall near the boundary between olivine and pyroxene andesi.te. 

Very r2ce.nt fissure eruptions near the southern base of the South 

Sister have produced several 1arge rhyodacitic domes and flows, notably 

the large flow that constructed Rock Mesa. In addition, a linear array 

of domical protrusions extends south parallel to the axis of the Cascade 

Range from Newberry (obsidian) to Devils Hill. The eruptions were un

doubtedly very closely spaced in time. All of these lavas are extremely 

fresh in appearance and devoid of vegetation; surficial flow features e.re 

completely intact. 

Other minor centers of siliceous eruptions include Hogg Rock and 

Hayrick Butte near Santiam Pass as well as several vents south of the 

South Sister at Kokostick and Kathleen Buttes. The latter two are pro

bably closely associated with the history of the South Sister and may 

represent distant, flank-type eruptions. All of these flows are glaci

ated, siliceous, pyroxene andesites which closely resemble those found 

on the Middle and South Sisters. 

Although the Hiddle and South Sister are i,.11posing in stature rela

tive to their surroundings, their siliceous andesites, dacites, and rhyo

dacites represent volumetrically 2 small fraction of the total material 

erupted along this segment of the High Cascades. The more basaltic flows 

from the surrcending shield volcanoes and cinder cones far outwei~h them 
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in bulk. 

Cinder Cones 

Some of the numerous cinder cones merge with shield structures in 

cases where associated olivine basalt and olivine andesite flows form 

broad lava fields in and around the cones, Groups of cones co:nmonly have 

distinct north-south alignments (E. M. Taylor, 1965) typified by the Sand 

Mountain group, Four-in-One aligrnnent, and Yapoah--Collier cones. Other 

cones are erratically distributed about the area with no apparent rela-

tionship to other vents. These latter are typified by Le Conte Crater 

and Cayuse Cone to the south of the South Sister. The recently active 

cinder cones in all these groups have bleak sloper~ free of veg~tation and 

are surrounded by fresh lava fields. 

There are many exarn.ples of scoria cones that are much older. Black 

Butte to the east, despite its almost perfect symmetry, may be one of the 

oldest cones in the area (personal communication, E. M. Taylor). The 

Garrison Butte chain, Sixmile Butte, Graham Butte, and Hoodoo Butte are 

also older cinder cones with associated lava flows. 

The cones are all similar in construction, and consist of small a

mounts of tuff-breccia and lapilli-tuff ejecta intenningled with the pre

dominant scoria and cinders. Various sizes and shapes of bombs are also 

commonly present, together with accidental ejecta picked up by the erup

tions as they passed through morainal debris and other ground cover. Vo

lt.nninous lava flows often breached the ,.,alls of the cones and destroyed 

their other~ise perfect symmetry. These flows have scoriaceous, blocky, 

or ropy surfaces depending on their contents of silica and volatiles. 

Cones and flows obviously related along lineaments have very similar 

lava types. The Sand Mountain group of vents built a large and complex 

lava field of thin, fluid, intertonguing flows with silica contents of 

52 to 54%. The Yapoah-Collier vents and the vents in the Four-in-One a

lignment all produced significantly more siliceous lavas, 57-62% Si02, 

in distinctly lesser amounts. These more siliceous flows tend to be more 

blocky with high-standing margins, pressure-ridges, and lava-gutter drain

age systems. Presumably, the near-surface plmnbing produced a seri2s of 



cones closely relate:d in time and composition in each of these instances. 

Because of thL physiraJ sin:ilar5-ty of all cinder cones in the area, 

regardlesa of the silica contents of their associated lavas, there h.s.s 

been a tendency by previous workers to emphasize the basaltic nature of 

this group at the expense of the more siliceous representatives. As a 

result, both Willia;J1s (1941,) and later He.Birney (1968) ., stressed the di

vergent character 0£ the Tiost recent eruptions. Very siliceous lavas 

were erupted south of the South Sister at Rock. Nc,sa, Newberry, and Devils 

Hill <luring the same time interval that many of the younger cinder ccnes 

formed. However, Table 2 demonstrates the intermediate character of many 

recent flows and suggests that recent lavas of different composition were 

erupted j_n roughly the sa'll.e proportions found among older flmvs in the 

area .. 

Both shield and cinder cone vulcanism have been continu01.!s p:rocesses 

during the entire history of the High Cascades in this·region. Older 

cinder cones are found only along the eastern edge of the area, but this 

is probahly due to their total obliteration along the crest of the range 

by glacial advance. Undoubtedly their fragile structures were swept away 

by the ice. Black Butte and Garrison Butte are good examples of old 

cones that were beyond the reach of the glaciers. 

PETROGRAPHY 

Technigues 

Ninety-seven thin sections were prepared for petrographic investi

gation. The universal stage was employed to determine compositior:.s of 

feldspar, olivine, and pyroxene phenocrysts. Plagioclase microlites in 

the groundmass were also determined in some sections. Four polished sec

tions were examined to determine compositions of groundmass opaque oxides 

in a representative sampling of olivine basalt, olivine a.ndesite, pyrox

ene andesite, and dacite. 

Olivine compositions were obtained by measuring the optic axial angle 

and correcting for refraction using Em.man's graph (1943, pl. 8). For

sterite was detennined by comparing corrected values with those given on 

a graph prepared at Stanford by Dr. C. 0. Hutton (personal communication). 
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Sample ·J: 

TABLE 2 

SAMPLING 
OF PARTIAL MAJOR ELEMENT ;\_NALYSES OF RECENT LAVA 

FLOWS FROa THE THREE SISTERS AREA 

(Total Iron Reported as FeO) 

10 29 67 68 80 

15 

87 
--------·------

Si02 51. 20 52.80 57. 70 58. l!O 62.50 71.80 

Al
2
o3 16.00 17. 30 18.00 17.20 18.00 15.30 

FeO 9.00 8.60 7.00 7.20 6.50 2.90 

MgO 8.50 7. 20 5.00 3.50 2.30 0.70 

Cao 9.40 8.20 7.20 6.40 4.70 2.10 

Na
2
o '1:* ** 3.15 4.43 3.40 ** 

K
2
o 0.59 0.67 0.74 1.32 1.55 2.92 

Ti02 1.06 1.30 0.74 1. 29 0.63 0.32 

All analyses were performed by E. M. Taylor except for Na2o, which 
were produced by the Oregon State Department of Geology and Hineral 
Industries, 

Na
2
o analyses presently unavailable. 

Location Key: 

10 Flow f:i:om Cayuse Crater 

29 Belknap Crater, western lava flow. 

67 Collier Cone flow; sample collected near 

middle of series of related flows. 

68 Cinder sample from summit cone of the South Sister. 

80 Collier Cone; sample collected from flow 

near base of cone. 

87 Devils Lake; recent extrusive dome of rhyodacite. 
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2V's are generally quite large for all the olivines measured (usu5.lly 
0 

above 80 ) , and the corresponding large scatter for multiple determina-

tions suggests that measurements are accurate to no more than ±3°. This 

corresponds to ±6% Fo. 

Plagioclase detenninations were made using the a-nonnal method de

scribed by Rittmann (1929). This method is patticulady good for rapidly 

and e.ccurately obtaining compositions of zoned crystals. Extinction an

gles were compared to the high temperature curve on the graph by Tr8ger 

(1959, pl. 234, p. 111) to arrive at a composition for each crystal or 

multiple compositions for zones in zoned crystals. The measurements are 

accurate to 1ess than ±1°, which corresponds to about ±2% An. 

Orthopyroxene compositions, accurate to ±51~, were obtained by meas

uring optic axial ar,gles and using the graph in D2er et al (1967, p. 28). 

Clinopyroxene determinations included both the measurement of 2V and the 

measurement of the beta refractive index by the oil immersion method. 

These values were plotted on the diagram of Hess (1949, p. 634) to give 

approximate compositions. The tenninology for the pyroxene.s is that of 

.Poldervaart and Hess (1951). Clinopyroxenes in the rocks studied are 

exclusively augite. 

Oli'!'._tne Bes alt ( <52% Silica) 

Basalts occur as dense, pale to medium gray, nearly holocrystalline 

flows and as slaggy, scoriaceous, very dark gray to black, glassy flows. 

The former are predominant among the older shield and platform rocks 

while the latter are found among flows from recent cinder cones and shields 

like Belknap. Nowever, the subordinate variety in each case is not ab

sent £rem either ~ge group. In both types, olivine is the dominant pheno

cryst and constitutes from 3 to 10% of the rocks where present. Calcic 

plagioclase also occurs as phenocrysts but gem~rally is distinctly sub

ordinate to olivine. No completely aphaniti.c rocks were found; olivine 

is present in aphyric rocks as mi.crophenocrysts. No oxide phenocrysts 

occur in any thin sections of basalt examined. Some specimens are quite 

vesicular, with 20-25% vesicles by volume, but most have only 5-15%. 

The older, more coarsely crystalline flows have ophitic to subophi.tic, 

commonly diktytaxitic textures (Fig. 3a) with phenocrysts of olivine 
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A 

B 

Figure 3. Photomicrographs; X 60. (A) Diktytaxitic basalt from Look
out Point with ophitic calcic augite enclosing labradorite laths and id
dingsitized olivine with a fresh core and rim (near extinction). Crossed 
nicols. (B) Olivine andesite from Belknap Crater with black glass enclos
ing phenocrysts and microphenocrysts of olivine and calcic labradori.te. 
Plane-polarized light. · 



18 

Fo
70

_
74 

(2Vy =83-85°), Calcic augite (Wo
41

En
41

rs
18

) encloses no:::-rnally 

zoned plagioclase feldspars with bytownite cores (An
75

_
85

) and labrador

ite rims (An
60 

or greater). The olivines are commonly rimmed with o

paques or altered to iddingsit'3, In some cases fresh cores of olivine 

have an outer zone of iddingsit:e overgrown by a rim of unaltered olivin2 

of the same composition as the core. This phe>nomenon has be.en reported 

previously for the High Cascades by Grc,:ne (1968) at Nount Jefferson and 

by Sheppard (1962) in the Simcoe Mo-.mtains of Washington. 

In many flows, the groundmass consists of a very fine-grained inter

growth of opaque minerals, clinopyroxene, and plagioclase microlites en

closing olivine and normally or o,Jcillatorily zoned plagioclase pl:eno

crysts. Olivine also occurs occasionally as a groundmass phase. 'The 

plagioclase microlites are commonly zoned with rims of intermediate to 

sodic an<lesine and with cores corresponding in composition to ph2nocryst 

rims. The pre.dominant opaque oxide in the groundmass is magnetite with 

minor an10unts of ilmenite also present. ThP. textures in these rocks vary 

from irrtergranular to intersertal, with intergranular predominant; pilc

taxitic textures are rare. 

Glassy varieties of basalts have similar mineralogical characteris

tics. Olivine may be the only phenocryst present and commonly hae a some

what higher 2Vy, approximately 86-87° and corresponding to Fo
77

_
80

• Ol

ivine in glassy rocks is generally fresh and unaltered. Plagiocla~e 

phenocrysts, where present, are typically complexly zoned with bytownite 

cores crnd intermediate to calcic labradori te rims. Groundmass plagio

clase microlites are surrounded by black to brown glass rendered nearly 

opaque by oxide dust. Clinopyroxene needles are locally discernible in 

the glass. The. textures are predominantly intersertal. 

Pyroxene phenocr-<;sts are completely lacking in the basalts. In most 

cases, groundmass clinopyroxene appears to be calcic augite. In the few 

instances where hypersthene (approximately En69 ) occurs in the groundmass, 

olivine phenocrysts show signs of alteration to opaque oxides plus clay 

minerals or direet reaction to hypersthene. 

Olivine Andesite (52-58% Silica) 
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The. most abundant rock type in the area is low-silica, olivine-bear

ing andesite. Intergranular and intersertal textures grading to hyalo

ophitic t,2xtures are common. Dikt.ytaxitic and ophitic textures are rare. 

The lavas range from slabby, pale to medium gray, nearly holocrystalline 

flows to glassy, black vesicular varieties (Fig. 3b). These rocks gener

ally contain more glass than the basalts s especially at the high-silica 

end of the range. Both olivine and plogioclase phenocrysts and micro

phenocrysts are typically present, and constitute from 3 to 50% of the 

rocks by volmne. Most flows contain 10-15% phenocrysts. In rocks with 

less than 5% phenocrysts, olivine i8 typically more abundant than plagio

clase, but plagioclase is dominant where more phenocrysts are pr2s2nt. 

In some instances, orthopyroxene takes the place of olivine. Augite and 

orthopyroxene are not common as phenocrysts in rocks with less than. 57% 

silica. As ·with the basalts, magnetite is confined to th~ groun&,i.ass 

where it occurs either as tiny granules in holocrystalline lavas or as 

irresolvable, opaque dust in hypocrystalline lavas. Minor ait1ounts of 

ilmenite are also present in the grounc:hnass of holocrystalline flows. 

Olivine phenocrysts have 2Vy=80-87° corresponding to compositior..s 

of Fo
63

_
80

• Generally, olivines in the more recent glassy, black, scori

aceous lavas are relatively more magnesian (Fo 75_78) than those found in 

the holocrystalli.ne older flows (Fo
70

_
75

). Also, olivines from older 

flows more commonly show signs of iddingsitization or alteration to mag

netite and other opaque minerals. Olivine alteration is especially 

marked where orthopyroxene is present as phenocrysts or in the ground

mass. In these instances, olivine phenocrysts are either rimmed and em

bayed by granular hypersthene or by opaque minerals. Dark brown chrome 

spinel is a frequent inclusion in olivine phenocrysts of both basalt and 

olivine andesite. Olivine microphenocrysts (Fo63_70 ) and groundrnass ol

ivine are relatively connnon as well. Ground.mass olivine appears most 

frequently in flows that have clinopyroxene needles embedded in opaque, 

black glass but also occurs ir. holocrystalline rocks. Some ground.masses 

contain zoned olivines with ve17 magnesian cores (Fo80 or higher) and 

ferrous rims (Fo
65

_
75

). Olivine grains in rocks containing more than 56J~ 
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Si02 are invariably embayed, show replacement by hypersthene, or are al

tered in other ways. 

Olivine andesites co,,unonly contain 5-20% plagioclase phenocrysts by 

volume but locally contain 35% or more. The groun<ln:1ass of holocrystal

li.ne flows i.s invariably 40% or more plagioclase micro lites; glassy lavas 

usually have 20-30% plagioclase by volume in the groundmass. Most rocks 

display a complete range in size betwee:..1. microlites and phenocrysts, but 

rocks with only large plagioclase phenocrysts surrounded by tiny needles 

of plagioclase are also found. In some flows, plazioclase and other 

phenocrysts fonu clots producing glomero-porphyritic textures (I'i.0 . Lw). 

Nonnal, oscillatory, and reverse zoning is a prominent characteristic of 

the plagioclases. Phenocrysts invariably have cores with compositions 

ranging from calcic labradorite to calcic bytownite. Bytownite is by 

far the more common. Calcic andesine to inte:r:mediate labradorite form 

the outer zones. In low-silica rocks, the commonly euh2dral bytownite 

cores are rimmed with a thin zone of labradorite. Hith increasing silica 

content, the outer zones become progressively wider as the cores are re-

duced in size. The most siliceous olivine andesites have irregulex, e,.T,-

. bayed bytowni te cores surrounded by wide, complexly zoned rims of a.ndes

ine and labradorite. The inner zones and cores of the phenocrysts are 

often rimmed with granular opaque inclusions later covered by further 

crystal growth. Aligned or randomly oriented zircons and apatites are 

also often present within the cores or outer zones. 

Although the more siliceous rocks tend to have more plagioclase 

phenocrysts, the phenocryst content does not increase in any reguler way. 

Rocks with almost identical chemical analyses may contain from 5 to 45% 

plagioclase phenocrysts by vollllile. Without exception, the microphec1.o

cryst and groundraass plagioclase is more calcic (intennediate to calcic 

labradorite) in rocks with fewer phenocrysts (Fig. 5). Where plagio

clase phenocrysts are abundant, groundmass microlites range from sodic 

andasine to sodic labradorite, depending on how prevelent and how calcic 

the larger plagioclase crystals are. Within any given rock, the outer

most zones of the phenocrysts correspond in composition to the largest 
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A 

B 

Figure 4. Photomicrographs; X 60. (A) Glomero-porphyritic texture 
in olivine andesite from the Little Brother. Phenocrysts are olivine and 
labradorite in a ground.mass of sodic labradorite, clinopyroxene, and ox
ides. Crossed nicols. (B) Olivine reacting to hypGrsthene in olivine 
andesite from the Middle Sister. Calcic augite and oscillatorily zoned 
labradorite phenocrysts are also present in a groundmass of andesine mi
cr.olites, granular oxides, clino- and orthopyroxene with minor gla3s. 
Crossed nicols. 
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Figure 5. A plot of per cent phenocrysts by volume versus anorthite 

content of groundmass plagioclase for olivine basalts and olivine andesites 

from the Three Sisters area. 
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groundmass microlites present. Occasional flow alignment of the micro

lites imparts pilotaxitic textures to some lavas. 

Clinopyroxenes are largely confined to the groundmass chroughout 

most of the compositional rc.nge of the olivine andesites, v,.There augite 

docs occur as microphenocrysts, these constitute only a few per cent of 

the rock by volume. 
0 0 49-52, ZAc=43-45 ). Groundmass clinopyroxene appears to have nearly 

the same composition in those few instances where measurements could be 

made. Glassy, black olivine andesites rarely contain orthopyroxene. Or-

thopyrox:ene. appear with more abundant clinopyroxene in the ground-

mass of holocrystalline lavas. Groundmass orthopyroxene is commonly in-

termediate to hypersthene, but occasionally ferrohypersthene 

is present instead. Locally, ferrous bronzite to n!agnesia.n hypersthene 

partially or completely replaces olivine phenocrysts. Where both min

erals are present in the same rock, olivine shows a definite reaction 

relationship to the orthopyroxene (Fig. 4b) . 

.....,,. __ ~......;........;.. Andesite and (58-62% Sili~~ 

The division between siliceous andesite and dac:i.te is arbitrary; 

there is complete gradation in mineralogic and chemical characteristics 

between the two rock types. The lavas range from holocrystalline to hy

pocrystalline, but complete absence of glass is rare. Textures are most 

commonly either hyalopilitic with brown and opaque minerals inter-

stiti.al to plagioclase microlites, or pilotaxitic with flow-aligned pla

gioclase microlites plus pyroxene, interstitial cryptofelsite, g 

and iron oxides. In both cases, phenocrysts commonly constitute 5-20% 

of the rock by volume. Vitrophyric and aphyric (usually pilotaxitic) 

textures are less frequently encountered. The major phenocrysts are in

termediate plagioclase, calcic augite, and hypersthene. Blocky, euhed

ral, magnetite microphenocrysts occur fn the groundmass and as inclusions 

in larger plagioclase and pyroxene phenocrysts. Rarely, phenocrysts of 

olivine partly altered to hypersthene or opaque oxides plus quartz, but 

occasionally nearly euhedral, are present. Clustering of the various 

types of phenocrysts to produce glomero-porphyritic textures is common. 



Vesicles are often lined with tiny opaque grains and cristobalite or 

. tridymite. G!:ounch-nass opaque granules are predominantly magnetite; il

menite is also present in minor arnounts. 

Plagioclase phenocrysts nonnally constitute 10-15% of the rocks by 

volu.,ne, As in olivine and es i te, the phenocrys ts exhibit nonrral, os cil

latory, and, less frequently, reverse zoning. The cores, however, are 

usually calcic andesine to sodic labradorite. A few rocks, some with as 

much as 65% silicai have large phenocrysts with irregular, embayed, cal

cic labradorite and bytownite cores (Fig. 6a). These rocks usually have 

other phenocrysts, without calcic cores, of the same composition as the 

outer zones of the cored plagioclases. The outer zones range from sodic 

andesine to sodic labradorite in composition. There is typically a defin

ite break in composition between the calcic, relatively unzoned cores 

and the complexly zoned outer portions, Brown glass blebs, opaque min

erals, zircons, arid ap3.ti te needles are frequently present as inclusions, 

Grounclmass plagioclase ranges from intermediate oligoclase to sodic 

labradorite. Sadie to calcic andesine is the most common microlitic 

composition. The largest grounclmass microlites compare closely in com

position with the outermost phenocryst zones. Aphyric rocks generally 

have aligned plagioclase needles ranging from calcic andesine to sodic 

labradorite. There is only a moderate increase of soda in plagioclase 

phenocrysts and microlites from the least to most siliceous rocks in the 

pyroxene andesite-dacite field. 

Clinopyroxene is typically present both as a ground.mass and pheno

cryst phase. Groundmass clinopyroxene grains interstitial to plagioclase 

microlites are far too small for determinations to be made optically. 

The phase locally constitutes up to 25% of the groundmass. Phenocrysts 

are invariably pale green, calcic augite with slightly smaller 2V' s (48-

490) than those found in olivine andesites. Approximate compositions 

from R. I. and 2V measurements are wo 40En35Fs 25 to Wo 43En42Fs 15 • Augite 

phenocrysts become progressively less abundant as silica increases and 

usually amount to less than 5% of the total phenocrysts present in da

cite. Zoning is relatively coIIU11on; preswnably the outer rim becomes 
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A 

B 

Figure 6. Photomicrographs; X 60. (A) Plagioclase· phe~ocryst with 
_bytownite core and oscillatorily zoned labradorite rim in pyroxene an
desite from Middle Sister. Uncared labradorite, augite, and olivine re
acting to hypersthene also present in a groundmass of sodic labradorite 
laths, clinopyroxene, granular oxides, and glass. (B) Zoned sodic labra
dorite-calcic andesine phenocryst with magnetite inclusions ·in dacite 
from Middle Sister. Rypersthene phenocrysts with magnetite and olivir..e 
bleb-like inclusions in pilotaKitic groun~~ass of ?ndesine laths, clino
pyroxene, oxides, and glass.. Both photographed with crossed nicols, 
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progressively enriched in ferrous iron. 

Orthopyroxene occurs as a groundmass mineral as well as phenocrysts. 

The latter are ferrous to hypersthene (occasionally ferrous 

bronzite) in the andesiti('. range of silica values and ferrous hypersthene 

to ferrohypersthene toward the dacitic ead. Very strongly 

zoned orthopyroxenes occasi.onally have eulite rims, Orthopyroxene is 

the dominant pyroxene in the dacites. Groundmass orthopyroxenes occur-

as slender needles and ragged inters patches have approxi-

mately the same composition as the phenocrysts. In the few instances 

where 2V' s could bf\ measured, compositions of intermediate to magne.sian 

hypersthene were obtained. 

Olivine phenocrysts occur in a few of the flows. They are tyrically 

deeply and partly altered to hypersthene or iron oxides plus 

quartz, and have compositions (Fo
70

_
80

) similar to those found in olivine 

andesite (Fig. 6a). Although most crystals tend toward the more ferrous 

compositions, large phenocrysts in the Collier Cone lavas (57. 2.0% 

Si0
2

) are 2s magnesian (Fo
79

_. 82) as any found in the least 

lavas. Olivine also occurs in ev2n more siliceous rocks, containing up 

to 65% Si0
2

, as irregnlar, highly birefringent blebs in ferrous hyper

sthene phe.nocrysts (Fig. 6b). U:1.connected blebs within a d.ngle hyper

sthene crystal often exhibit simultaneous extinction when rotated on the 

microscope stage under crossed nicols. 

Rh2daCit£. ( > 71% :::.:::.:.=::..:..;"-' 

The most siliceous rocks in the area are separated from the dacites 

by a "silica gap 11 in the continuu.m of rock compositions, Rocks contain

ing 68-71% silica are not found. The rhyodacites fonn a small, distinc

tive group of lavas with very similar mineralogic and textural charac

teristics. Phenocrysts and microphenocrysts of plagioclase, orthopyrox-

ene, and magnetite may constitute up to 20% of a by volume. Fresh 

flows have a dense, glassy, gray to black groundmass filled with needles 

of pyroxene(?) and streams of sodic plagioclase microlites (Fig. 7). 

Some flows are devoid of phenocr-1sts; others are streaked with frothy, 

punliceous bands and The ground.mass of older flows has 
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Figure 7. Photomicrograph; X 60. Rhyodacite from Devils Hill with 
corroded sodic andesine phenocrysts containing brown glass-hleb inclu
sions in a glassy matrix filled with needles of oligoclase. Micropheno
crysts of magnetite and ferrohypersthene are also present. Plane-polar
ized light. 
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devitrified to a pinkish, banded cryptofelsite. Tridymite (?), cristo-

balite, opal, acicular apatite, and prisc:1s of oxyhornblencle are minor 

accessories. Hornblende, biotite, and potassic feldspar are absent as 

crystalline phases. 

Corroded phenocrysts of to calcic an<lesine with oligoclase 

rims can constitute up to 15% of the rhyodacites by volume. Brown glass 

inclusions and weak normal, reverse, and oscillatory zoning are co,nErnn 

in plagioclase phenocrysts. The orthopyroxene phenocrysts are 

less than 3-5% of the volume and range in composition from ferrous fcrro·

hypersthene to intennediate hypersthene. Ferric varieties are the 111ost 

prevelent. Groundmass plagioclase microlites have oligoclase composi

tions. 

ANALYTICAL PROCEDURES FOR TRACE .MTD MAJOR ELDlENT DETER'1INATI0NS 

Complete details of preparation and analytical techniques 

for trace element determination are given in Appendix I. Only a very 

brief summary is presented here. 

Samples were reduced to -200 mesh with a jaw crusher and rotating 

disc pulverizer, each with aluminum oxide plates. Samples were spl:i.t to 

appropriate fractions and to -350 mesh with an agate mor-

tar and pestle. 

The powdered sample was then mixed with an equal weight of -350 

mesh, Spec-pure graphite, containing an internal standard, and burned in 

a Jarrell-Ash emission spectrograph. Line intensities obtained from pho

tographic plates were compared with those from a series of artificial ox-

ide standards. 

All major but Na were determined for 85 samples by Dr. E. 

M. Taylor using an X-ray fluoresence technique at Oregon State University. 

Atomic absorption was employed in Na determinations; this work was per

formed by the Oregon State Department of Geology and Mineral Industries. 

Eighteen samples were analyzed for major elements by Dr. Norman Suhr of 

Pennsylvania State University, using emission spectrography. He reported 

an accuracy of ±5% relative error for each determination. Dr. Taylor's 

data on major elements is incomplete and subject to future revisions. 



29 

ANALYTICAL RESULTS 

Maj or Ele~nS_ .....:_..:..:;.:;;:,;;;;;;:;.=;_ 

A complete list of partial silicate analyses for the Three Sisters 

area is presented in Appendix II, Tables 10 and 11. Unfortunately, Dr. 

Taylor could not forward complete determinations of sodium for all sam

ples prier to this report. With this restriction in mind, silica vari

ation diagrams and /01F-CNK diagrams have been cons tru-2.ted using the 

available data. 

Alumina values show considerable scatter wl1en plotted on a silica 

variation diagram (:Pig. 8), especially at the low-silica end of the rock 

sequence. They appear to go through a maxllnu~ between 54 and 55 per cent 

silica. As far s.s can be ascertaine<l from petrographic data, there is 

no relationship between Al
2
o3 weight per cent 2nd the volume percentage 

of plagioclase phenocrysts present in a rock throughout the olivine an-· 

desite-olivine basalt field. High alumina values can be found in rocks 

containing from 5 to 35% or more plagioclase phenocrysts by volume. Alu

mina decreases in a regular way throughout the more silicic range of anal

yses, although there is still considerable scatter. 

Both iron oxide and magnesia decrease with increasing silica con

tent throughout the entire range of silica values, and both show consid

erable scatter when plotted against Sio
2 

(Fig. 8). Ratios of FeO/MgO 

are always greater than 1.0 but are usually less than 2.0 for the olivine 

basalts, olivine andesites, and most of the pyroxene andesites. Dacites 

and rhyodacites have higher FeO/MgO values. 

The trend of decreasing lime with increasing silica is almost lin

ear and shows less scatter than most cf the other major elements (Fig. 

9). Lime content does not vary sympathetically with alumina content, 

suggesting that the two are not controlled by the behavior of the plagi

oclase phenocrysts. Since calcic augite is a very uncommon phenocryst 

phase in rocks with less than 58% Si0
2

, it also should not affect the 

Cao trend within the olivine basalt-olivine andesite range of silica val-

ues. 

The alkalis show the expected increase with increasing silica content 
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(Fig, 9), However, the Na2o plot has considerably more scatter than tr,e 

K20 plot. An increase in potash is not evident in a traverse west to 

east. perpendicular to the longitudinal trend of the range. Dickinson 

(1968) and Dickinson and Hatherton (1967) have pointed out the charac

teristic variati.on in potash values transverse to circum-·Pacific volcanic 

chains. They relate potash content with depth to an inclined seismic 

zone (Ben.:Loff zone) dipping toward continents beneath marginal arcs. 

Dickinson (1970, p. 834) in a specific reference to the High Cascade~ 

places the Benioff ,zone 125 km beneath the Three Sisters area on th1:: ba-

sis of K2o values from previously published analyses of High Cascade 

rocks. The fact that K
2
o does not show the expected eastward increase 

in this group of analyses may be due to the short east-·west traverse ( '\, 

25 miles) covered by the study. 

Soda shows the most irregular distribution of any of the major ele

ments (Fig. 9). In general, the oxide increases throughout the entire 

silica range, but rocks with the sa."Tle silica content can vary widely in 

soda content. There is no apparent reason for this irregular beh&vior; 

any sympathetic variation with plagioclase phenocryst percentages is not 

discernible. 

A plot of total alkalis versus lime gives an alkali-lime index of 

60.5 (Fig. 9). The index is slightly lower than that reported for Jef

ferson by Greene (61, 1968) · and higher than that for the Western Cascades 

(60, Peck et al, 1964). Williams (1942) gives an index of 62 for Crater 

Lake, 63. 7 for Mount Shasta, and 63.9 for Mount Lassen to the south of 

the Three Sisters. To the north, for Mount St. Helens Williarc.s (1942) 

reports an index of 63.2, and Wise (1969) reports 62.2 for Mount Hood. 

AMF and CNK Diagra..'1ls 

The P.MF-CNK diagrams presented in Figure 10 are typical of calc-al

kaline suites. There is no indication of strong iron enrichment typical 

of the Skaergaard or Hawaiian trends (Turner and Verhoogen, 1960, p. 234). 

Olivine basalts, olivine andesites, pyroxene andesites, and dacites plot 

as a cluster in the center of the AMF diagram. The two rhyodacite anal

yses for which Na
2
o is available plot far toward the alkali corner. 
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Figure 10.· AMF-CNK diagrams. Total iron reported as FeO. 
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Likewise for the CNK diagram, all analyses but those of the rhyodacites 

plot as a cluster showing a general trend of moderate alkali enrichment, 

Thus., throughout most of the silica range for rocks of the area (up to 

68% Si02), the suite behaves as a coherent group. Only beyond the sil

ica gap of 68-71% Si02 do analyses plot in separate parts of the respec

tive diagr&'TIS. This implies a genetic relationship, to be explored fur

ther in the discussion section of this paper, for the entire series from 

basalts through dacites. The relationship of the rhyodacites to this 

group is problematic, but a review of the silica variation diagrams in

dicates that the oxides for all analyses plot along definite trends for 

the entire sequence of rocks in the area. The fact that the rhyodacites 

lie along these trends suggests that some close relationship exists be-· 

tween them and the other members of the series. 

Trac':: Element Geochemistry 

Trace element analyses obtained for Ba, Sr, Mn, Ni, Cr, Co, V, Sc, 

Zr, Cu, and Zn are listed in the tables of Appendix II according to their 

associated patterns of behavior. Because the author produced the analy

tical data for manganese, it is included here with trace elements rather 

than being displayed as an oxide weight per cent with major elements as 

is the usual practice. The Sr-Ba, Ni-Cr-Co, and V-Sc groupings in the 

following discussion appear to have a petrogenetic basis; inferences made 

from trace element data will be discussed in the next section with spe

cific reference to the validity of a fractional crystallization hypoth

esis as a model for the production of calc-alkaline rocks in the Three 

Sisters area. Ni, Cr, and Co trends in ·particular, appear to contain val

uable petrogenetic information, and comments on these three elements come 

after discussions of the other trace elements. 

(Sr-Ba) 

The Sr-silica plot resembles the silica variation diagram for alu

mina (Fig. 11); both plots pass through maxima nee.r 54% SiD2• However, 

there is no discernible sympathetic variation of the two elements wheri 

individual analyses from Appendix II are compared. Sr and CaO show only 

limited sympathetic variation in Figure 12; a plot of Na2o against Sr. 
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would show a similar lack of correlation. 

Plagioclase--1iquid distribution coefficients for Sr favor its con

centration in plagioclase of andesine to labradorite composition (Prinz, 

1967; S. R. Te..y1or, 1969; Korringa and Noble, J.971), but the cornplex zon

ing in plagioclase from the Three Sisters rocks makes the prediction of 

Sr behavior difficult. Complications caused by the presence of CaO and 

Sr in other phenocryst phases emphasized by Berlin and Henderson (1968, 

1969) and Brooks (1968) do not occur in these rocks since olivine is the 

only phase, other than plagioclase, present for much of the silica range. 

The only consistent pattern of Sr behavior is found within flows errupted 

from the sa..ne vent or sets of vents. The Sand Mountain group of cind2r 

cones have abnormally high Sr concentrations (600+ ppm) for the entire 

range of si1iea analyses from their lavas. If values for these lavas 

were removed fro,n ure 11, the abundances for Sr would show little var-

iation between 52 and 60~~ silica, and the sense of enr.ichme11t et inter

mediate silica values would be lost. 

Plots of Ba versus silica • 11) and potash (Fig. 12) shm..r con-

siderable scatter also. The Ba-potash plot illustrates the cohenmt be-· 

havior commonly demonstrated by the two elements (Prinz, 196 7; S. R. 

Taylor, 1969). For much of the olivine andesite range, Ba exhibits no 

discernable trend of strong enrichment with increasing silica, Further

more, Ba/Sr values show no marked increase within that same range (Ap

pendix. II). Within the dacite field, this ratio shows a modest increase, 

which becomes stronger above 71% silica for rhyodacites. The bulk of 

the analyses have uniformly low, nearly invariant Ba/Sr values. 

(V-Sc) 

The behavior of vanaditun in Three Sisters· rocks is much like that 

described by Taylor et al (1969) and S. R. Taylor (1969) for Cale-alka

line suites. V content remains variable but high throughout the olivine 

basalt-olivine andesite-pyroxene andesite rock sequence. Abundances 

drop below 150 ppm only above 62% silica (see Fig. 13). A plot of V 

against FeO (total iron) shows as much scatter as the V-Si02 plot (Fig. 

13). Since an o:x:ide phenocryst phase is absent throughout most of the 
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olivine basalt-olivine andesite field, presumably most of the iron is in 

h V 2+ 3+ 
t ere state. The preference of V for Fe sites in iron-titanilll11 ox-

ides could account for the lack of c 

these rocks. 

correlation of V and iron in 

Scandium plots resemble those for vanadtum. (Fig. 14); the element 

decreases slowly with increasing silica. Its relationship to Fe2+ or 
2+ . 

Mg is obscure (Prinz, 1967; Norman and Haskin, 1968; Shimizu and Kur-

oda, 1969). Plots of FeO and :HgO versus Sc show roughly equal amounts 

of scatter (Fig. 14). Sc abundances for the low silica rocks of the 

Three Sisters area resemble those reported for ocean:tc tholeiite (38 ppm 

Sc) by Nonnan and Haskin (1968). 

(Mn) 

Previous workers have found manganese non-diagnostic in explaining 

the chemical behavior of calc-alkaline rocks (S. R. Taylor, 1969), A 

plot of Mn versus silica (Fig. 15a) shows considerable scatter; there is 

a general, but very erratic, decrease of Mn with increasing Si0
2

• No 

close relationship with other major or trace elements is evident in the 

analytical results. The only detectable consistency in the behavior of 

Mn is found within flows erupted from the same vent or set of vents. 

Thus> rocks from the Husband and from Little Brother all have low Mn val

ues (650-850 ppm) when compared with rocks of equivalent silica content 

from other volcanoes in the area. Analyses of Mn for rocks from the 

Sand Mountain group have very similar values (1000-1150 ppm Mn) 

less of silica content. 

(Zr) 

Zirconium shows extreme irregularity and almost complete lack of 

correlation with silica throughout the olivine basalt-pyroxene andesite 

range on a Zr-Si0
2 

plot (Fig. 15b). This may be partially due to the 

analytical data on the element. Zr determinations have the poorest pre

cision values of any trace element examined in this report (Appendix I, 

Table 8). Furthermore, zircon crystals are ent in every rock type, 

and as Prinz (196 7) points out, sample preparati.on and homogenization is 

rendered especially difficult under these circumstances. Despite these 
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L 



42 

considerations, the element must still vary greatly in concentration in 

rocks of similar silica content to show such scatter on Figure 15. Com

parison of Zr concentrations in flows from the sa1ne vent or set of vents 

indicates that part of the scatter may represent variation of initial

abundance patterns between volcanoes, since related flows have similar 

Zr abundances. 

Goldschmidt (1954), Chao and Fleischer (1960), S. R. Taylor (1969), 

and Borodin and Gladkikh (196 7) araong others have related increasing Zr 

abundances to increasing alkali contents in volcanic rocks. Thus, the 

Kuriles and Kamchatka have generally high Zr concentrations associated 

with relatively high potash (Harkhinin and Sapozhnikova, 1962b) in vol

canic rocks with more than 60% silica. No such correlation between to

tal alkalis and Zr can be detected in rocks from the Three Sisters area. 

The Zr content is generally lower than the values reported for the Kur

iles and Kamchatka, as is also the case for potash. The suggestion by 

Wager and Mitchell (1951), Cornwall and Rose (1957), and Wilkinson (1959) 

that Zr enters early and intermediate stage pyroxenes in basaltic rocks 

does not help explain the behavior of the element in this suite of rocks, 

since the phases are absent in rocks with less than 58% silica and could 

not control Zr distribution. 

(Cu-Zn) 

Both of these chalcophile elements, though commonly analyzed for, 

have received only minor consideration in discussions of trace el~ments 

from calc-alkaline rocks. Plots of Cu and Zn versus silica (Fig. 16) 

show that the two elements decrease slowly if at all through the olivine 

basalt-olivine andesite silica range. Pyroxene andesites, dacites, and 

rhyodacites have progressively decreasing abundances of both elements 

with increasing silica. Copper values are generally similar to those re

ported by Markhinin and Sapozhnikova (1962a) for the Kuriles and Kam

chatka. Concentrations in olivine andesites correspond to S. R. Taylor's 

low-Si and low-K andesites (1969, p. 61), but values for olivine basalts 

from this area are high compared to the Cu concentration given for his 

high-alumina basalt. The fact that the two elements plot on definite 
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trends for the entire suite of rocks from the Three Sisters area sup

ports the premise that the entire range from basalts through rhyodacites 

are genetically related, 

(Ni-Cr-Co) 

The three elements, Ni, Cr, &nd Co, exhibit sympa.thetic variation 

with MgO throughout the range of silica values for rocks from the Three 

Sisters area. On the basis of the plots in Figures 17 to 19, olivine 

basalts and olivine andesites have been divided into two groups: a high 

MgO-Ni-Cr-Co series and a low MgO-Ni-Cr-Co series, hereafter referred to 

as Series A and Series B, respectively. Hedge (1971) and Turekian (1963) 

among others also note a co::.-relation between MgO and Ni in high-alumina 

basalts and their related suites. 

Data for the above four elements (MgO, Ni, Cr, and Co) plus data on 

silica fo:r each series were processed by a stepwise linear discriminant 

analysis computer program* to test the validity of the division based on 

the graphical presentations. The program compared all five variables 

simultaneously for each series and presented both statist.ically and vis

ually the degree to which the two data sets (series) exist as separate 

populations. The results completely substantiated the original division 

based on :Figures 17 to 19; there was no overlap of the two populations 

(Series A and B) when canonical variables for the <la.ta sets were plotted 

by the program on a horizontal axis. 

Plots of MgO, Ni, Cr, and Co versus silica (Figs. 17 and 18) show 

that all three elements have higher concentrations in Series A at any 

given silica value within the olivine basalt-olivine andesite range. 

Plots of Ni and Cr versus MgO (Fig. 19) demonstrate that the higher Ni 

and Cr abundances in Series A are not simply a function of the presence 

of a somewhat higher MgO content. For any given MgO content, Series A 

contains more Ni and Cr per oxide weight per cent of MgO. Thus, the sim

ple subtraction of MgO via fractionation of olivine, a mechanism recom

mended by Hess (1970) to explain the sympathetic variation of Ni with ~.g, 

would not bring high Cr-Ni contents onto the Series B curves, as long as 

* Program BMD-07M from Biomedical Computer Progra:::ns, U. of Cal. Press. 
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the crystal-liquid distribution coefficients for olivine-melt are the 

same for each series at any given silica value. Presumably, Cr in Three 

Sisters rocks is present in olivine as chrome spinel inclusions which 

can not be mechanically separated during sample preparation. A plot of 

Co versus :MgO does not produce a Series A-Series B separation; this prob

ably reflects the narrow concentration range over which Co values fluc

tuate. 

Ni/Co and Cr/V values are consistently higher in Series A, and V/Ni 

values are lower in Series A due to the controlling influence of high 

Ni-Cr concentrations in the numerator and denominator, respectively. The 

ratios demonstrate the lack of sympathetic variation between V and Ui or 

Cr; V behaves quite independently of either series. Contrary to the data 

published by Taylor et al (1969) for high-altunina basalts in the \,·estern 

Pacific, all high-alumina olivine basalts from the Three Sisters area 

have Ni/Co values greater than 1.0 (Fig. 18 and Appendix II). This ratio 

gradually decreases in both series throughout the sequence of analyses 

in response to the more rapid decrease of Ni as compared to Co. 

An examination of Appendix II and Figures 17 to 19 reveals a SLmi

lar sympathetic variation of MgO, Ni, Cr, and Co in the pyroxene 2ndes

ites and dacite.s. Ni, Cr, and Co concentrations per MgO oxide weight per 

cent are generally greater for higher MgO values. However, extension of 

Series A and B into this silica range is tentative until more analyses 

are available. There appear to be two definite groups of high and low 

MgO, Ni, Cr, and Co within the pyroxene andesites, but abundances for 

these trace elements are too low in dacites and rhyodacites to maintain 

the distinction clearly. Notably, Ni and Cr values for some of the py

roxene andesites are considerably higher than those reported by Taylor 

et al (1969). 

A plot of other oxides versus silica, notably FeO, Cao, and K
2
o, 

based on Series A and B produces no separation similar to that of MgO in 

Figure 17. A1
2
o

3 
seems to be somewhat lower in rocks of similar silica 

content in series A. However, ml!J.,erous exceptions are common. Though 

data for Na
2

o are incomplete, in every instance where two analyses for 
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soda can be compared between Series A and B for rocks of similar silica, 

Na2o appears to be definitely higher in Seri.es B rocks (Appendix II, Ta

ble 10). Of the trace elements, only Ba and Zr seem to show correlations 

with the two series. Plots similar to those in Figures ·11, 12, and 15 

for Ba and Zr based on Series A and B reveal that both elements are typ

ically higher in Series Brocks than Series A rocks for similar silica 

values (see also Appendix II). There is apparently a relationship of 

Series A and B with time, Figure 20 indicates that Series Brocks are, 

in general, older than Series A rocks. 

DISCUSSION: PETROGENESIS OF CALC-ALKALINE ROCKS 

With the advent and progressive development of plate tectonic theory 

(see Hess, 1962; Vine c1nd Mathews, 1963; Vine, 1966; lsacks et al, 1968; 

and Dickinson, 19 70, 19 71) , discuss ion ab out: the genesis of calc-alk2.line 

suites has increasingly centered upon the extrusion of an<lesites and re

lated lavas above active dipping seismic zones related to arc-trench sys

tems. Oceanic plates produced at mid-ocean rises with their thin veneer 

of sediments overlying tholeiitic basalts are subducted along these Ben

ioff zones beneath either continents or oceanic plates. Partial melting 

at depth due to frictional dissipation of heat (Oxburgh and Turcotte, 

1970) may produce magmas which, upon reaching the surface, constitute 

calc-alkaline rock suites. This brief scenario is accepted as a basis 

for discussion of the petrogenesis of the calc-alkaline rock suite in 

the Three Sisters area. 

Three major categories of hypotheses for the derivation of andesites 

have emerged from past work: 

(1) Mixing cf b2.salts derived from the mantle with crustal material. 

(2) Partial melting of basalt from mantle material and ensuing frac

tional crystallization to produce more siliceous magmas. 

(3) Partial melting of primitive mantle to produce abyssal tholei

ites and subsequent partial melting of this material to j)roduce 

calc-alkaline volcanic rocks; i.e. the two-stage model of Green 

and Ringwood (1968) discussed in terms of trace elements by S. 

R. Taylor (1969). and Tay for et al (1969). 
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Mixing ~otheses 

Mixing hypotheses have steadily lost credence over the past decade, 

Wilcox at Paricutin (1954) constructed an attractive argument in its fa

vor, but later work has ste,-:i.dily eroded his evidence (Gunn and Mooser, 

1971). Although various primitive basalt-crustal granite or primitive 

basalt-crustal granodioritc mixes can adequately satisfy obse:i;ved major 

element trends in andesites, trace element patterns found in these rocks 

and those calculated from mixes are so different as to m:.1ke the mixing 

hypothesis for most andesitic suites unacceptable (S. R. Taylor, 1967, 

1968, 1969; Taylor and White, 1965, 1966). Cr, Ni, Rb, Li, Cs, U, and 

La among other elements have concentrations higher in any reasonable mix 

than they have in real andesites. Moreover, Gorshkov (1962, 1969), Ham-· 

ilton (1964), Green and Ringwood (1966), Dickinson and Hatherton (1967), 

and others have noted that crustal rocks available for mixing are absent 

in many regions where calc-alkaline suites are being erupted. Chemical 

variations within andesitic suites around the Pacific seem to be inde

pendent of any detectable physical or chemical changes in the underlying 

crust where crustal rocks are present (Gorshkov, 1969). In addition, 

· · · 1 S 87 /s 86 1 f d . . 1 1 . th 1.n1t1a. r r va ues or an esite suites are ow re ative to ose 

expected for magmas produced by partial fusion of crustal material or 

the mixture of crustal material with mantle-derived basalts (Peterman et 

al, 1967; Pushkar, 1968). Instead, results for Sr isotopic ratios usu

ally compare favorably with those reported for oceanic island tholeiites 

(Powell and Delong, 1966; Hedge, 1966). These low values for Sr isotope 

ratios strongly favor mantle derivation of calc-alkaline rocks. 

The last two arguments against mixing hypotheses apply directly to 

the Three Sisters area. As previously noted, the area may be underlain 

by only Western Cascade rocks with little or no pre-Tertiary crustal 

material present. Although complete fusion of Western Cascade rocks 

near their base could produce High Cascade lavas of appropriate compo

sitions, the process is self-limiting; the genesis of Western Cascade 

andesites and dacites would still require explanation. In addition, in

clusions of pre-Tertiary rocks are completely absent in this section of 
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the High Cascades. Finally, the Sr87;sr86 ratios for High Cascade rocks 

(Peterman et al, 1970; Hedge et al, 1970) uni.fonnly coincide with those 

for oceanic tholeiites and are generally too low to allow for a crustal 

origin or contamination of these rocks by crustal material. 

Fractional Crystalliza~ion. 

The production of andesitic magmas by high-level fractional crystal

lization of basalts generated by partial melting of mantle material has 

been advocated by a number of authors, including Kuno (1966, 1967, 1968b, 

1969a), Osborn (1969a, 1969b), Best (1969), and Greene (1968). Recent 

literature has linked the production of these basalt magmas to dipping 

seismic zones. Much of the discussion supporting fractional crystz,lli

zation centers on previous work with synthetic systems by Osborn (1959, 

1962), Roeder and Osborn (1966), and Presnall (1966). 

Osborn (1959, 1962) contended that basaltic differentiation follows 

one of two paths, silica or iron enrichment depending on the oxygen fu-

gacity of the system. Iron enrichment occurs at low partial pressures 

of oxygen with concentration of FeO in the residual liquid as early form

ing, low-FeO phases are fractionally crystallized. A silica enrichment 

trend occurs at higher oxygen fugacities with the attendant removal of 

iron in an oxide phase (magnetite) during fractionation. Roeder and Os-· 

born (1966) found that these general trends are not affected by the 

addition of CaO to the original Mg0-Fe0-Fe
2
o

3
-Si02 system, and Osborn 

(1969a) indicated that the further addition of A1 2o3 also does not change 

the crystallization paths. Presnall (1966) concluded that only during 

the later stages of fractionation was the influence of oxygen fugacity 

and external buffering important. Osborn called for a system which "in

haled" H
2
o from the surrounding country rocks and "exhaled" H2 in order 

to provide the required amounts of o
2 

to achieve silica enrichment via 

the crystallization and removal of magnetite. 

However, at Medicine Lake, Mount Shasta, and Mount Lassen Smith and 

Cannichael (1968) note that a beta oxide phase is not an early crystal

lizing phase. The same is true for rocks from the Three Sisters area 

and from Mount Jefferson (Greene, 1968). To argi.!e that the oxides are 
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fractionated at depth would require their complete removal but, at the 

same t:ime, the attendant incomplete removal of early crystallizing olivine 

and calcic plagiocJ.ase (Osborn, 1969b). In view of the large mrrnber of 

High Cascade rocks that have been examined, this seems unlikely, even 

though the density differences between magnetite and plagioclase or oli

vine would favor selective removal of magnetite. The :i.mportance attached 

to the absence of an oxide phase can not be. minimized; such a phase is 

essential in naturally occurring calc-alkaline suites if th2. exp(:"rirnental 

work of Osborn, Roeder, and Presnall is to be advanced as an explanation 

of the observed trends. 

Other fractionation schemes are limited by the preser).l::e of only two 

phenocryst phases, olivine and calcic pL1gioclase, in mos: roeks with 

less than 60% silica from the Three Sisters area. Calculations based on 

the subtraction of oxide wight per cents representing the removal of oli

vine and calcic plagioclase phenocrysts of the appropriate compositicn 

can not reconcile recalculated oxide weight per cents of t::ic 11 residual 

melts" to those found in real rocks at higher sili.:::a values; K2o, Ti02 , 

and Na
2
o are too high, and Cao is usually too low. FeO/MgO ratios can 

be maintained between 1.0 and 2.0 in such schemes by adjusting weight 

per cent FeO in the olivine to nearly equal MgO, which is true for oli

vines of Fo
80

_
85 

(Deer et al, 1962, p. 10-13). However, strong Ti0
2 

enrichment should occur since olivine contains only small amounts of Ti. 

Even though Ti will enter pyroxene under high temperature, reducing con

ditions (Al 'mukhamedov, 196 7), this can not explain the lack of Ti en

richment in these rocks since pyroxenes are an uncommon phenocryst phase 

in olivine andesites. A treatment of the data using the graphical scheme 

employed by Wilcox (195L~, p. 331) at Paricutin also indicates that the 

observed major element trends can not be produced by the fractionation 

of available phenocrysts. 

The follmving argl.Uilents based on the trace element data from the 

Three Sisters area also do not support crystal fractionation using either 

Osborn's or any other reasonable scheme: 

(1) If plagioclase-liquid distribution coefficients for Ba of 0.16 
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(An90) an::! 0. 30 (An50_60 ) are used (Korringa and Noble> 1971), a strong 

Ba enrichment at intennediate to high silica values should be expected, 

since other phenocryst phases that might be fractionat8d along with cal

cic-plagioclase contain even less Ba. Such Ba enrichment does not occur 

throughout most of the silica range. 

(2) If the plagioclase-liquid distribution coefficients for Sr of 

Korringa and Noble (1971) of 3.8 (An
60

) and 5.L, (An
45

) are used, an aver

age value for outer zones in plagioclase from Three Sisters olivine ba

salts and andesites would be 4.5 to 5.0. Fractionation of plagioclase, 

using this value should produce pyroxene andesites and dacites with less 

than 100 ppm Sr. Berlin and Henderson (1968, 1969) and Brooks 0968) 

have also emphasized the preference of Sr over Ca for plagioclase in the 

absence of interfering pyroxenes, as is the case in Three Sisters rocks. 

Early crystallization and removal of calcic plagioclase should produce 

a marked depletion of Sr in the residual melt. Pyroxene andesites and 

dacites do not exhibit strong Sr depletion. 

(3) High Ba/Sr values indicate fractionation and the removal of in

termediate plagioclase containing abundant Sr and of associated mafics, 

all of which are Ba-poor (S. R. Taylor, 1969; Ewart et al 1968). However, 

Ba/Sr values for Three Sisters rocks show no :i.nc:cease throughout the en

tire olivine basalt-dacite range. 

(4) Strong V depletion would be expected if the element were removed 

in an oxide phase according to Osborn's model during fractionation (Dun

can and Taylor, 1968; Taylor et al, 1969). In the presence of fractional 

crystallization of olivine and plagioclase without an oxide phase, as is 

the case in rocks· frrnn the Three Sisters area, a V enrichment trend would 

be expected until removal of the element was accomplished by a fraction

ating oxide phase in pyroxene andesites. However, the element shows no 

variation other than a gradual depletion across most of the silica range; 

it exhibits stronger depletion in rocks with more than 62% Si02• Like

wise, Sc should be enriched if olivine and plagioclase, in the absence 

of pyroxenes, were being fractionally crystallized. As with V, Sc shows 

no such early enrichment. 
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(5) The depletion of Ni, Cr (as spinel inclusions in olivine), and 

Co could be ascribed to the fractionation cf olivine, but the sympathetic 

variation of HgO with the three elements in pyroxen0 andesites and dacites 

continues despite the absence of olivine as a common phase. Ni ae.d Co 

should demonstrate a somewhat independent behavior relative to Cr if 

these silicic rocks are products of fractional crystallization in the ab

sence of olivine. 

Peculiarities of the distribution of volcanoes and their associated 

flows also do not favor fractionatio11., Vents which haT:, cn'~1ted siliceous 

lavas are highly localized; the two main centers are the 111 dcle find South 

Sisters. Their rocks constitute a secondary maximll!t1 on a histogram of 

silica values (Fig. 2), If fractionation were a general phenrnt12non, rep

resentatives with 56-59;,~ Si0
2 

content should be more con;n10n than rocks 

with higher silica contents. Furthermore, the.re is complete absence of 

rocks with 68-71% Si02 • 

Crystal fractionation very likely does occ.ur on a sntaller scale. 

The phenocrysts present in Three Sisters rocks may be a response to near

surface adjustments of rising undifferentiated liquids. :1inor fraction

ation within rocks from the same volcano could explain the scatter exhib

ited by many elements on the various plots. However, the overall trends 

exhibited by the entire suite from the Three Sisters area appear to pre

clude crystal fractionation as a fundarnental factor in their production, 

Partial Melt Hypotheses 

The experimental work by Green and Ringwood (1968) indicates that 

the essential characteristics of major element trends for calc-alkaline 

suites can be reproduced by partial melting of a quartz eclogite simi-

lar in cc;mposition to high-alumina tholeiite under 27-36 kb pressure 

(corresponding to depths of 100-150 km). If melting occurs under dry 

conditions, olivine andesite and pyroxene andesite melts are formed. Un

der progressively wetter conditions, dacite and rhyodacite magmas appear. 

The experimentally determined pressures agree remarkably well with the 

inferred depth of 125 km to the zone of magma production estimated by 

Dickinson on the basis of potash contents plotted against depths to Benioff 
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zones for circu.'11-Pacific volcanic chains, Green and Ringwood (1968) ob

served an early alumina enrichment in the generation of low-silica andes

ites due to the separation of pyroxenes from the melt to form part of the 

crystal residua during experimental work. This early alumina enrichment 

is similar to the silica variation diagram of Al
2
o

3 
for rocks from the 

Three Sisters area. 

The high-alumina basalts from the area most likely represent part 

of the continmrin of partial melts derived from a tholeiitic parent. There 

is no break between them and the olivine andesites either petrographic

ally or chemically. Despite previous articles by Taylor et al (1969) and 

S. R. Taylor (1969) which purport to show the relatively low abundances 

of Ni, Cr, and Co in high-alumina basalts, it is doubtful that such de

ficiencies in these elements are universal in hieh-alu::iina basalts around 

the Pacific. Hedge (1971) points out that Taylor et al (1969) based many 

of their conclusions on the derivation of calc-alklaine rocks and their 

relationship to eclogites on only 14 samples. Tlte overall trace element 

patterns for basalts from the Three Sisters area compare. favorably with 

tholeiite abundances for these elements (see Prinz, 1967, p. 278-280). 

An examination of rocks divided into Ser~Les A and B earlier in this re

port and a comparison with data on pyroxene andesite and dacite froTI the 

Three Sisters area reveals that there are both high and low MgO, Ni, Cr, 

and Co representatives in the sequence. The curves for these elements 

show, in fact, that high Ni/Co values (>2.0) are common in olivine basalts 

and olivine andesites and are also present in many pyroxene andesites 

(see Appendix II). Likewise, V/Ni ratios are lower than Taylor et al 

(1969) reported for these rock types. Thus, their arguments against par

tial melting of eclogites and the resulting enrichment of the melts in 

Ni due to early fusion of pyroxenes do not appear to apply to at least 

some of the rocks from the Three Sisters area. 

On the basis of crystal-liquid distribution coefficients, Gast sug

gested th3t partial melting of an eclogite would produce magmas with 

significantly more Ni and prestnnab ly more Cr than partial melting of an 

abyss2.l tholeiite in which Ni and <:hro'lle spinel inclusions have a strong 
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preference for refractory olivine in the crystal residua. Series A and 

B may refJ.ect partial melting of rocks of essentially the same ccmposi

tion: olivine-bearing tholeiite and eclogite transfonned from the tholei

ite as the basalts are subducted along a dipping seismic zone. The tn:nw

formation of basalt to eclogite may be spread over a l~rge depth-range 

due to the effect of relatively low temperatures in the basaltic crust 

at the initiation of subduction (Oxburgh and Turcotte, 1970; Ringwood, 

1969, p, 13). The presence or absence of water could also affect the 

process. A partial melt of either rock type should have similar major 

elei'llent distributions but persistent differences in mi.nor elements (and 

MgO). Presumably it would require more extensive fusion of tholc:;ite. 

than eclogite at any given degree of partial melting to produce melts of 

equivalent silica content; melts derived from eclogite would always be 

higher in MgO, Ni, Cr, and Co at given silica contents in this model. 

Because pyroxene andesites and dacitE:s represent less extensive partial 

melting under wetter conditions, the distinction of derivation frcm eclo

gite or unaltered basalt may be less marked but still noticeable in rocks 

of 62% or more silica. It is worth noting that Figure 20 shows Series 

A rocks are, in general, younger than Series Brocks. This relationship 

with age may reflect the incre&sed rate of conversion of basalt to eclo

gite as the initially depressed temperature gradients along the Benioff 

zone are adjusted upwards with time. Thus, the differences between high 

and low Ni and Cr contents in rocks from the Three Sisters area and in 

circum-Pacific andesites may be a response to the uneven transfonnation 

of basalt to eclogite and the respective melts derived from each of the 

two during subduction. 

Crystal-liquid partition coefficients under conditions of progressive 

partial melting of basalts and eclogites in the presence of water are not 

well known for most of the other trace elements. K group elements should 

be concentrated in initial, siliceous melts and would be steadily diluted 

in the liqu:i.d fraction during increased partial melting. Sr in the clino

pyroxenes of eclogite and feldspars and pyroxenes of tholeiite (Gast, 

1968, Table 1) would increase in the mel~ as these phases were incorporated 
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in preference to garnet or olivine. As the Sr-poor, refractory phases 

are incorporated during extensive partial melting, dilution of Sr abun

dances in the liquid should occ,.1r. This may account for the slight tend

ency of Sr to show a maximum at intennediate silica values. Similar 

speculative argu_11ents can be advanced to explain the behavior of other 

trace elements. 

Green and Ringwood (1968, 1969) and Green (in press) note that high 

pressure (27-36 kb, corresponding to depths of 100-150 k1n) crystal frac

tionation of andesitic partial melts requiring the removal of garnet and 

pyroxene can also produce more siliceous rocks which follow the c'.llc

alkaline trend. They character:Lze progressive partial melting aGd deep

seated fractionation as being complementary processes which produce es

sentially similar results. However, Green (in press) requires contamin

ation of the peridotite wedge above the Benioff zo:1.e by ,v.'li::er-ricl1 andes

itic magmas generated along the Benioff zone and subsequent partial melt

ing of the peridotite and mixing with the andesitic magmas to produce 

island arc tholeiites and low-silica andesite found in calc-alkaline 

suites. Nothing in the major or trace element trends of Three Sisters 

rocks suggests such a two-stage, separate process for the gene.ration of 

the low--silica members of the rock suite. It appears that all lavas 

erupted at the surface are the products of a single set of mechanisms 

operating at or near the level of the Benioff zone involving progressive 

partial melting of oceanic crustal rocks or partial melting of these 

rocks followed by deep-seated crystal fractionation. Cr, Ni, V, and Co 

abunda!tces preclude extensive participation of mantle material. Presum

ably trace element trends of Ni, Cr, and Co for magmas derived frora par

tial melts of eclogite versus olivine tholeiite are not obscured if sub

sequent garnet-pyroxene fractionation occurs at mantle depths, assuming 

the previous discussion concerning the origins of Series A and Bis 

correct. 

One final proble;n to be considered, that of the "silica gap" and 

origin of rhyodacites, has been noted and discussed for other calc-alka

line suites. In New Zealand, Ewart et al (1968) ascribed the occurrence 
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of rhyolitic rocks in the area to the partial fusion of a e.ugeosynclinal 

sedimentary sequence derived from the destruction of a previous calc-alka

line eruptive ccEplex. The truce element abundrrnces and trends in the 

rhyolites woc,L:1 be: expected to refl2ct their source rocks. A similar 

genesis could r.1r,ply to rhyodacites in the Three Sisters area; the Western 

Cascades would take the place of the sedimentary sequence. However, as 

Green and Ringwood (1968, p. 15/f) point out, partial melting of tholei

itic material at low pressures (0-18 kb) leads lo K
2
o 2nriehment relative 

to Na2o in the resulting siliceous magmas. The K
2
0/Na

2
o ratio is greater 

than unity. Limited partial melting in the presence of water at depths 

equivalent to the proposed derivation of the rest of the suite (100--150 

km or 27-36 kb) leads to the production of rhyodacitic magm2s with K,..0/ 
L. 

Na
2
o ratios less than unity, which is the case fo.c dacites and rhyodacitE:s 

· for which Na
2
o analyses are available froi:1 th(:. Three Sisters area. This 

agreement with experimental data coupled with the tendency of major and 

trace elements to plot on trends defined by the r<>.st of the suite, sug

gests that rhyodacites are closely related in origin to J.ess siliceous 

lavas in the area; a derivation from mantle levels is prefen::ed for this 

reason. However, the silica gap separating rhyocl.acite from the rest of 

the suite remains unexplained. 

SUMMARY AND CONCLUSIONS 

1. Eruptions in the Three Sisters area resulted in three main types 

of volcanic structures: (1) shield volcanoes composed of thin flows of 

uniform olivine basalt and olivine andesite, (2) composite cones built 

of pyroxene andesite and dacite with minor amounts of olivine basalt, oli

vine andesite, and rhyodacite, and (3) cinder cones composed of olivine 

basalt and olivine andesite. Some cinder cones are partly or entirely 

constructed of pyroxene andesite flows. 

2. The majority of the lavas in the area were erupted after the 

last magnetic reversal. Initial eruptions appear to have been exclusively 

olivine basalt and olivine andesite, but lavas of pyroxene andesite to 

rhyodacite compositions began to be erupted long prior to the period of 

ma.xi.mum glacial advance. Frequency of appearance of. specific rock types 
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has apparently not changed since the advent of siliceous eruptions. 

3. Phenocrysts include olivine and calcic plagioclase i.n olivine 

basalt and olivine andesite; pyroxene, intennediate plagioclase, and mag-

netite in pyroxene andesite and dacite; and sodic plagioclase, ferrohy

persthene, and magnetite in rhyodacite. Groundmass phases include plag

ioclase, pyroxene, iron oxides, and glass in most rocks. 

4. Ba exhibits only moderate enrichment throughout most of the rock 

sequence, and Sr, or..ly moderate depletion. The Ba/Sr ratio is low for 

most of the sequence. Both V and Sc abundances are high throughout the 

olivine basalt-pyroxene andesite range of silica values, and neither 

shows sympathetic variation with a major element. Mn, Zr, Cu, and Zn 

are generally non-diagnostic in their behavior. 

5. Ni, Cr, and Co abundances vary sympathetically with HgO. Oli

vine basalts and olivine andesites from the Thre.e Sisters area are di

vided into two series, one high and one low in MgO-Ni-Cr-Co content. 

6. Crystal fractionation at crustal depths is dismissed as the ma

jor mechanism for the productien of the calc-alkaline suite found in this 

area on the basis of petrographic and chemical data, and mixing hypothe

ses requiring mixes of mantle-derived basalts and crustal me.terial or 

crustal anatexsis also fail to explain the chemistry of the volcanic rocks 

in this area. 

7. Evaluation of petrographic and chemical data appears to support 

an origin of partial melting of subducted oceanic tholeiite or eclogite 

transformed froill tholeiite. The entire suite from basalts through rhyo

dacites is believed to represent partial melts that have undergone only 

minor crystal fractionation and change in bulk composition during ascent 

to the surface. This model for the petrogenesis of rocks from the Three 

Sisters area essentially conforms to the "two-stage" mechanism for andes

ite genesis proposed by Green and Ringwood and by S. R. Taylor. 
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Two to three kilograms of sample were reduced to inch-square pieces 

with a hardened steel h21-nmer and then fed through a jaw crusher with alu

minum oxide plates. The material was quartered using a splitter and re

duced to -200 mesh with a rotating disc pulverizer, also fitted with alu

minum oxide plates. This fraction was homogenized by sh2.king for ten 

minutes in a glass jar mounted in a Spex mechanical mixer. A five-gram 

sample was obtained from the homogenized portion by further splits using 

the cone method. For quantitative analysis, this sample was hand ground 

to -350 mesh with an agate mortar and pestle. Each piece of equipment 

was cleaned c&refully between samples, and a quartz blank was run through 

the grinding procedure, mixed with graphite containing the internal stan

dard, and arced with the unknowns to check for conta~ination. 

SEMIQUANTITATIVE ANALYSIS 

The procedure for semiquantitative spectrochemical analysis used at 

Stanford has been described elsewhere by Darling (1968) and Zan top (1969, 

p. 143). Briefly, a standard mix supplied by Spex Industries* containing 

1.28% of each of 49 elements by weight was diluted with graphite to pro

duce standards containing 1.0%, 0.1%, 0.01%, and 0.001% of each element. 

100 mg of unknown, ground to -200 mesh, were mixed with an e.qual weight 

of -200 mesh graphite. Likewise, 500 mg of matrix comparable in compo

sition to the unknmm were prepared with Spec-pure reagents and mixed 

with an equal weight.of each of the standards. To check the purity of 

the artificial matrix, 100 mg were also mixed with Spec-pure graphite. 

The sample, standards, and blank were all arced and the spectra recorded 

on photographic plates. 

Concentrations of the trace elements in the unknown were determined 

by reading the plates with a densitometer, converting transmission values 

to intensities, and comparing the intensity value of the unknmm with a 

*Spex Industries, Inc., 3880 Park Avenue, Metuchen, New Jersey. 
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graph of intensity values versus concentration obtained from the stan-

dards. Tables 6 and 7 give instrument settings and cc.nditions 

used for semiquantitative uork. 

QUANTITATIVE ANALYSIS 

Preparatio~ of Internal Standar_~_ 

The following compounds were mixed with 40 grams of -350 mesh spec·

trographic graphite: 20.46 mg In
2
o

3
, 11.37 mg Lu

2
o

3
, ll.l12 mg CdO) and 

28.06 mg [(NH
3

)
4

Pd](N0
3

)
2

• Initial amounts of the four oxides were com-

bined with an equal ·weight of i..te ar;d mixed for 10 minutes in a Wig-

L-Bug mixer. This mixture was then doubled by addir..g more graphite and 

mixed by shaking. The process was a third time, but after re-

moval from the Wig-L··Bug, the material was ground under acetone 

for 15 minutes with an agate mortar and 

of the oxides with the fine-grained graphite. After drying the materic1l 

for four hours at 110° C, the final batch of te internal standard 

·w-as produced by progress doubling each mixture with 

ite dilutions until 40 gr&us of internal standard mix were obtained. 

Progressive.ly longer mixing times were used between successively larger 

dilutions. The final batch was rolled for 24 hours in a bottle on 

a pair of motor-driven rollers. The procedures have been 

detail by Darling (1968, p. 100). 

Preparation of External Standards 

cribe<l in 

Nine external standards were prepared in an artificial matrix con-

structed of Spec-pure , using component oxides approximating the 

composition of andesite. Tab 3 and 4 give the compositions of the 

matrix and the 1.0% external standard. Each standard was produced by 

progressive dilution of the initial 1. 0% standard ( containing 1. 0% by 

weight of each trace element being sought) with matrix. This procedure 

yielded 0.3%, 0.1%, 0.03%, 0.01%, 0.003%, 0.001%, 0.0003%, and 0.0001% 

external standards. Homogenization of the matrix and of each standard 

was achieved by grinding the separate mixtures in Spec-pure acetone for 

20 minutes with an agate mortar and pestle, for four hours at 110° 

C, and shaking in a Spex mechanical mixer for one hour. The final 



Component 

Si02 
Al2o3 
MgO 

Fe
2
o

3 
Na

2
co

3 
Caco3 

Total 
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TABLE 3 

COMPOSITION OF THE MATRIX 

Weight in Grams Oxide % 

8.363 Si02 56.8 

2.427 Al2o
3 

16.2 

0.494 MgO 3.3 

0.945 FeO 5.6 

0.961 Na2o 4.1 

1.811 Cao 7.4 

15.001 

TABLE 4 

COMPOSITION OF THE 1.0% EXTERNAL STA.t.~DARD* 

Component Weight in Gra'lls 

BaC0
3 

0.0216 

Co3o4 
0.0206 

Cr2o3 
0.0220 

CuO 0.0188 

MnO 0.0194 

NiO 0.0192 

Sc2o3 
0.0231 

Srco3 
0.0253 

Ti02 
0.0252 

V205 0.0268 

ZnO 0.0187 

Zr02 
0.0204 

MATRIX 1. 2389 

* Each trace element is 1.0% of the total by weight. 
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products were mixed with an equal weight of graphite internal standard 

by similar gr:i.nding in acetone, drying, and shaking in the mechanical 

mixer. An unused portion of the initial matrix was also mixed with the 

internal standard for use as a blank to check for contamination. 

Analytic.al ProceclurE_: 

Between 125 and 150 mg of unknown were placed with an identical 

weight of graphite internal standard in a plastic vial and shaken in a 

Wig-L-Bug mixer for three minutes. The mixture was then loaded into 

type 4001 cup electrodes produced by Spex Industries, Inc. Counter elec

trodes were tipped graphite rods, type 4039, from the same company. 

The samples and standards were burned to completion at 10 amps in 

a closed Stallwood jet with an argon-oxygen atmosphere. Burning to com

pletion is advisable (C, M. Taylor, personal crnnmunication), even though 
Line Intensity , 

the ratio, Background Intensity on the photographic plates is consid-

erably decreased. The latter problem is partly remedied by placing a 60 

mesh brass screen in the optical path. Zantop (1969) has demonstrated 

that this device significantly increases the (L/B) ratio for all types 

of burning conditions. Burning to completion considerably improved re

sults for involatile elements without greatly affecting the reproduci

bility of the results for volatile elements. 

All burns were made with a rotating step sector included in the op

tical path. Further details for camera settings, development of photo

graphic plates, and materials employed are given in Tables 6 and 7. 

Darling (1968, p. 103) has described the photometric methods used for 

reading photographic plates. The spectral lines given in Table 5 were 

selected on the basis of their relative intensities and freedom from in

terference, using data from the M. I. T. Wavelength Tables (Harrison, 

ed., 1963) and Tables of Spectral Line Intensities (Meggers et al, 1961). 

Calculation of Intensity Ratios 

A %T-%T (T=transmission) curve was constructed for the emulsion 

batch of Kodak SA-3 plates used for all spectrographic work. A Seidel 

curve, a plot of c10
%~ - 1) against intensity, was constructed using %T 

0 J_ 

for adjacent steps taken from the %T-%T curve and the intensity ratio, 
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TABLE 5 

SPECTRAL LINES, DETECTION LIMITS, AND CONCENTRATION RANGES 

~~~~. -------------------------------
Element Spectral Detection Observed Con. 

lines (A) liniits (ppm) .. ranges (ppm) 

Ba 4130.66 50 90-1480 

Co 3453.50 1 1-50 

Cr 425'-•· 35 1 1-300 
2843.25 33 

Cu 3273.96 1 1-120 

Mn 2933.06 100 200-1300 

Ni 3515.05 1 1-200 

Sc 4023.56 3 <3-40 

Sr 3464.57 50 90-900 

Ti 2956 .13 100 500-10 ,000 

V 3183. 98 3 <3-350 

Zn 3345.02 50 65-1_20 

Zr 3391. 98 50 70-900 
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TABLE 6 

EQUIPMENT Al\!D MATERIAL FOR ANALYTIC.AL WORK 

-----------------

Spectrograph 

Microphotometer 

Filter 

Arcing Chamber 

Step Sector 

Positive Electrode 

Negative Electrode 

Graphite 

Photographic Plates 

Developer 

Stop Bath 

Fixer 

------··-

Model 70-000 Jarrell-Ash Mark IV 

Model 21-000 Jarrell-Ash, non-recording 

60 mesh brass screen 

Closed Stallwood jet 

Quantitative analysis; 5 steps; step 
factor 1. 585 

Semiquantitative analysis; 2 steps; 
5% and 50% transmission 

SPEX Industries, Inc., type 4039 

SPEX Industries, Inc., type 4001 

Ultra Carbon U-200 (screened to -350 mesh) 

Kodak SA-3 

Kodak D-19 

Kodak stop bath 

Kodak Rapid Fixer 
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TABLE 7 

SUMMARY OF .ANALYTICAL PROCEDURES 

--------------
Electrode Gap 

Slit Width 

Slit Height 

Current 

Pre-burn 

Burn Time 

Burns per sample 
and standards 

Atmosphere 

Spectral Range 

Grating Angle 

Camera Transport 

Developing 

Stopping 

Fixing 

Rinsing 

Drying 

4 millim2ters 

15 microns 

Quantitative analysis: 7 millimeters 

Semiquantitative analysis: 2 1/2 mm 

10 amps 

None 

Completion 

2 

8 liters/minute: Argon-6 liters/ min. 
Oxygen-2 liters/min. 

23ooR-46ooR 

610 

Quantitative analysis: 7 mm; camera 
settings 83-13; 11 burns/plate 

Semiquantitative analysis: 3 mm; camera 
settings 80-20; 20 burns/plate 

69° F for 3 3/4 minutes 

20 seconds 

5 minutes 

With Kodak Photoflo solution and 
distilled water 

3 hours 
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1.5850, for the step sector employed. The Seidel curve is used to con

vert microphotometer %T readings to intensity values (Ahrens and Taylor, 

1961). 

A computer program written by Half Zantop at Stanford University 

was used to convert %T microphotometer readings of lines and adjacent 

background to Intensity of Analysis Element Line The Seidel function 
Intensity of Internal Standard Line· 

is used in the program to convert all transmission values to intensity 

values for two consecutive steps for an analysis line and three steps for 

its associated internal standard line. Background intensities read on 

either side of a line are averaged and subtracted from the intensity of 

the line peak. The intensities are then converted to the equivalent in

tensities for the third step using the 1.585 intensity factor of the step 

sector, and the above ratio is calculated for each step read on an anal

ysis line in a single burn, for the average of the t:wo steps read for 

each burn, and for the average of the four steps read in two burns for 

each sample. A listing of the program is given by Zantop (1969). In

tensity ratios thus obtained from external standards were used to plot 

working curves (intensity ratio versus concentration) in the standard 

manner. 

Precision and Accuracy 

The precision of the method was checked by burning three unknO'i,"'IlS 

six times each. The three had 53.2%, 62.0%, and 76.2% silica by weight 

corresponding to olivine andesite, pyroxene andesite, and rhyodacite re

pectively. The six burns for each were recorded on the same plate. The 

internal standard selection for each element was based on the best re

sults obtained for precision calculations of all three internal standard 

lines for each element in each of the six burns for the three rock types. 

The statistical results on precision are presented in Table 8. 

No real information is available on the accuracy of the results. 

No independent analyses were made by other methods or by other labora

tories. However, Table 9 presents the data obtained from the processing 

of U.S. G. S. rock standards. It cmnpares concentrations reported by 

Flanagan (1967, 1969) with those obtained by plotting rock-standard 



intensity ratios on working curves used for trace element analyses in 

this report. 

TABLE 8 

INTERNAL STANDA.."RDS A.1\fD PRECISIONS 
(RELATIVE VARIATIONS AT 2/3 CONFIDENCE LEVEL) 

Internal % Relative Variation ·l~;"'; 

Element Olivine Pyroxene Standard1; 
An.de.site Andesite Rhyodacite 

Ba In 4.2 

Co Lu 9.2 

Cr In 6.7 

Cu In 8.2 

Hn Cd 10. 7 

Ni Lu 12.5 

Sc Lu 7.8 

Sr In 7.0 

Ti Lu 8.9 

V Lu 7.9 

Zn Cd 8.1 

Zr Lu 22.3 

* Internal Standard Spectral Lines (R) 
Cd-3261. 06 
In-3039.36 
Lu-3376.50 

5.0 

11. 3 

8,5 

7.1 

6.3 

12.9 

6.1 

8.5 

6.5 

6.4 

14.3 

32.8 

** Calculated from six repetitive burns of three unknowns. 

8.3 

12.4 

12.8 

11.8 

11. 3 

15.3 

7.5 

30.4 

69 
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TABLE 9 

A COMPARISON OF TRACE ELEMENT CONCENTRATION VALUES 
OBTAINED FROM U. S. G. S. ROCK STANDARDS 

G-2 GSP-1 AGV-1 BCR-1 PCC-1 
Element This* USGS** This USGS This USGS This USGS This USGS 

Report Value. Report Value Report Value Report Value Report Value 

Ba 1900*** 1860 1410 1320 1180 1240 645 690 --- 6.9 

Co 4.3 4.9 6.7 7.5 18.0 15;5 45.5 35.5 112 112 

Cr 7. 0 9.0 9.5 13.2 8.2 12.9 8.2 16.3 I 3300 3090 

Cu 12.0 10. 7 33.5 35.2 54.0 63.7 19. 3 22.4 18.5 10. 4 

Mn 246 265 290 326 835 728 1520 1350 990 889 

Ni 1 6.4 6.6 10. 7 18.0 17 .8 10. 3 15.0 2000 2430 

Sc 4.9 3.9 7.6 9.2 15.0 13.3 l 37. 0 36.5 7.1 8.7 
I 

Sr 495 463 252 247 630 657 I 330 345 --- • 3 

Ti 2720 3180 3200 4140 5250 6480 10,300 13,380 --- 200 

V 41.0 37.0 56.0 52.0 121 121 
\ 

403 384 32.0 31. 2 

Zn 68.0 74.9 72 143 83 112 137 132 I 68 53 

I Zr 182 316 425 544 382 227 330 185 I 16 ---

Concentrations obtained from plotting intensity ratios for elements in U. S. G. S. rock 
standards on working curves used in analytical work for this report. 

Average compositions for elements in U. S. G. S. rock standards reported by Flanagan 
(1969). 

All values expressed as ppm. 
-..J 
0 
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APPENDIX II 

~l~JOR AND TRACE ELEMENT ANALYSES 

TABLES 10 AL~D 11 

Table 10 contains major and trace element data for olivine basalts 

and olivine andesites. Table 11 contains major and trace element data 

for pyroxene andesites, dacites, and rhyodacites. 



TABLE 10 

PARTIAL CHEMICAL ANALYSES ANO TRACE ELEMENT RESULTS 
FOR OLIVlNE BASALTS ANO OLIVINE ANOESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGliT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 
SERIES** 

2 
B 

--------------
Sl02 
Al203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SR 
MN 
NI 
CH 
co 
SC 
V 
ZR 
cu 
ZN 

'JA/SR 
tH /CO . 
crvv 
V/N! 

47.80 
17.20 

9.29 
8.65 

10.92 
3.06 
0.55 
1. 59 
1. 07 

90 
360 

1340 
169 
265 

47 
38 

226 
21+8 

61 
112 

0.25 
3.60 
1.17 
1. 34 

li8.30 
16.70 
11. 20 

G.70 
10.90 

*** 
0.37 
l. fi 1 
1. 67 

147 
314 

1170 
120 
158 

51 
53 

240 
130 

66 
84 

0.47 
2.35 
0.66 
2.00 

3 
B 

48.40 
17.80 
11.20 

8.50 
10.00 

*** 
0.21 
1. 42 
l. 30 

210 
3GO 

1130 
189 
241 

50 
38 

234 
174 

63 
98 

0.58 
3.78 
1.03 
1. 24 

4 
13 

48.60 
15.40 
11. 90 

6.80 
9.80 
4 • ,~ 0 
0.45 
2.10 
1. 75 

235 
283 

1460 
130 
135 

50 
l~ 6 

280 
212 

59 
148 

0.83 
2.60 
0.48 
2.15 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

5 
B 

!} 9. 7 0 
18.60 
10.10 

7.30 
8. 7 '.1 

*** 
0.35 
1. 58 
1. 38 

272 
375 

1340 
179 
170 

50 
37 

236 
156 

60 
95 

0.73 
3.58 
0.72 
1. 32 

OTHERS PERFORMED SY E. M. TAYLOR (NA ANALYSES 
PROVIDEn BY OREG. DEPT. GEOL. MIN. IND.). 

6 
B 

50.00 
18.80 

9.40 
5.80 
9 .. 20 

*** 
1. 65 
l. 33 

299 
420 

1G95 
190 
112 

48 
41 

Vi 0 
28 5 

72 
96 

0.71 
3.96 
O.h7 
1. 26 

7 
B 

50.70 
1L50 
9.50 
6.50 
53., ::o 
1~. 2 5 

1.72 
J." ld'j 

192 
l: 2 0 

17.EO 
1 ,:: ') ,.,J.:... 

1 , ? 
,.;., .,1., L. 

44 
32 

224 
329 

65 
107 

0. l~ 6 
3.45 
0.50 
1. lt 7 

8 
A 

51.00 
16.60 

9.40 
7.90 
e.7C 

0.50 
1. 31+ 
1.19 

183 
339 
962 
198 
193 

48 
33 

221 
138 

29 
84 

0.54 
4.13 
0~87 
1.12 

** HIGH (A) AND LOW CB) 
MGO-Nl-CR-CO SERIES. 

9 
;\ 

51.J.O 
17.10 

9.00 
7.90 
S.80 

a .. 78 
L 42 
1. l li 

257 
I~O 5 

1270 
172 
193 

52 
38 

255 
160 

66 
l O l~ 

0.63 
3.31 
0$75 
1. 49 

*** NA ANALYSES NOT AVAILABLE. 



SAMPLE: 

1. Diktytaxitic olivine basalt from east side of Bend, Oregon. 

lected on Sixth Street 1/2 block north of high school. 

2. Olivine basalt from Garrison Butte chain of cinder cones. 

73 

Col-

3. Lookout Point diktytaxitic, High Cascade platform olivine basalt. 

4. Columnar olivine basalt from above Scott Creek. Basal High Cas-

cade unit. 

5. Diktytaxitic olivine basalt from east side of High Cascade plat

form. Collected in highway cut southwest of Black Butte. 

6. Diktytaxitic olivine basalt from High Cascade platform southwest 

of Trout Creek Butte. 

7. Olivine basalt from terminus of east flow, Belknap Crater. 

8. Olivine basalt collected from near the summit of Two Butte. 

9. Olivine basalt from Scott Mountain. Collected at Ollalie Road 

turnoff near base of cliffs. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 
SERIES** 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SR 
MN 
NI 
CR 
co 
SC 
V 
ZR 
cu 
ZN 

!3A/SR 
NI/CO 
CR/V 
V/Ni 

10 
A 

51. 20 
16.00 

9.00 
8.30 
9.40 

*** 
0.59 
1. 05 
1.14 

192 
374 

1200 
185 
363 

,~ 4 
32 

221 
144 

6 l~ 

78 

0.51 
4.20 
1.64 
1.19 

11 
B 

51.50 
17.10 
11.60 

5.90 
8.80 

*** 
1. 02 
1. 33 
1. 97 

328 
390 

1140 
139 

90 
42 
31 

239 
249 

55 
90 

0.84 
3.31 
0.38 
1. 72 

12 
s 

51. 70 
17.70 
9.00 
6.50 
9.20 

*** 
0.69 
1. 32 
1. 38 

306 
599 

1190 
lL~ 1 
118 

43 
22 

2t~O 
295 

25 
86 

0.51 
3.28 
0. [~9 
1. 70 

13 
A 

51. 70 
16.20 
9.40 
8.10 
9.10 
*** 

0.80 
1.50 
1.16 

353 
585 

1070 
312 
265 

52 
31 

231 
167 

60 
8 /.j. 

0.60 
6.00 
1.15 
a. 1 t, 

* ANALYSES PERFORMED BY N. R. SUHR. All 

14 
B 

51. 90 
18.00 

8.50 
7.10 
8.70 
3.22 
0.60 
1.ld 
1. 20 

299 
405 

1130 
122 
158 

!i 1 
39 

221 
212 

0. 7 Ii 
2.98 
0.71 
1. 81 

OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDEO 3Y OREG. DEPT. GEOL. MIN. IND.). 

B 

52.00 
17.60 

8.44 
5.58 
9.02 
3.83 
0.97 
1. 37 
l. 51 

485 
615 

1230 
107 

79 
36 
32 

249 
350 

58 
90 

0.79 
2.97 
0.32 
2.33 

52.00 
17.90 

8.46 
5.20 
8. 9 '7 
3. 9 f.~. 
0.78 
1. 32 
1. 63 

3 liO 

525 
1090 

103 
58 
41 
33 

261 
175 

111 

0.65 
2.51 
0.22 
2. 53 

17 
A 

52.10 
16.30 

8.80 
7.40 
9.20 

*** 
0.70 
1.60 
1.19 

286 
... 1 C. 
! --

! 130 
.L
1 0 0 u., 

205 
44 
30 

225 
140 

62 
90 

0.40 
I} • 3 (} 
0.91 
l.19 

** HIGH CA) AND LOW CB) 
MGO-NI-CR-CO SERIES. 

18 
B 

52.40 
18.50 

9.00 
s.1c 
8.40 

*** 
0.57 
l. 37 
1. 58 

257 
:.r, 5 7 

1000 
133 

68 
41 
37 

253 
200 

83 
90 

0.56 
3.24 
0.27 
1. 90 

*** NA ANALYSES NOT AVAILABLE. 
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SA1'.1PLE: 

10. Olivine basalt from Cayuse Crater. Collected along Century 

Drive. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Pseudodiktytaxitic olivine basalt from road cut near Beaver 

Marsh. Basal High Cascade unit. 

Olivine basalt from high cliffs near Payne Creek. 

Olivine basalt from Sawyer's Cave, an Nash Crater flow. 

Pseudodiktytaxitic olivine basalt from junction of Highway 20 

and road to Hoodoo ski area. 

Olivine basalt collected near Craig Montnnent on McKenzie Pass. 

Pre-North Sister olivine bas from road cut bct-:1een Snow and 

Squaw Creeks. 

Olivine basalt from the south group of Sand Mountain cones. 

Olivine basalt from the west base of the Middle Sister. Col

lected along the Skyline Trail. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES ANO TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXtDE WEIGHT PERCENTAGES--TRACE ELEMENTS G!VEN IN PPM) 

SAMPLE 
SERIES** 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SR 
MN 
NI 
CP. 
co 
SC 
V 
ZR 
cu 
ZN 

BA/SR 
NI/CO 
CR/V 
V/NI 

19* 
8 

52.50 
18.10 

8.68 
5.66 
8.98 
3.G3 
0.62 
1. 30 
1. 53 

257 
450 
955 
150 

58 
Ii 0 
36 

289 
226 

82 
84 

0.57 
3.50 
0.20 
2.06 

20 
B 

52.50 
17.90 

9.60 
5.10 
8.30 

*** 
0.71 
1. 45 
1.88 

353 
510 

1330 
73 
54 
36 
27 

213 
230 

54 
125 

0.69 
2.03 
0.25 
2.92 

21* 
B 

52.50 
17.20 

8.22 
5.63 
8. L~ 8 
3.82 
0.96 
1. 33 
1. 6lt 

555 
555 
700 

96 
58 
32 
38 

178 
321 

94 
98 

1. 00 
3.00 
0.33 
1. 8 5 

22 
B 

52.50 
18.50 

8.60 
5.30 
8.40 

*** 
1. 00 
1. 45 
1. 62 

598 
615 
697 

66 
58 
29 
38 

180 
380 

66 
95 

0.97 
2.28 
0.32 
2.73 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

23 
A 

52.50 
17.70 
9.20 
6.30 
8. I+ 0 

*** 
0.70 
1. 31 
1. 46 

292 
389 

12GO 
169 
159 

39 
26 

219 
249 

64 
101 

0.75 
4.33 
0.77 
1. 30 

OTHERS PERFORMED BYE.~. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. IND.). 

24 
A 

52.60 
13.00 

8.60 
G.60 
3.50 

*** 
0.77 
1. 35 
1. ~~o 

286 
361 

1170 
160 
169 

40 
35 

213 
127 

r: 1, 
v'i-

9D 

0.79 
4.00 
0.79 
1.33 

25 
A 

52. 60 
18.10 

8.50 
6.40 
8.20 

*** 
0.75 
1. 31 
1. 34 

368 
715 

1090 
185 
J. 1 2 

39 
27 

195 
102 

60 
101 

0.51 
4.74 
0.57 
1.05 

26 
B 

52.70 
18.30 

3.70 
4.70 
9.50 
,. 'Z. 'Z. 
-r ..... ~ 

C.79 

1. 85 

347 
615 

12 St) 
19 
u, 5 
27 
33 

275 
151 

49 
96 

0.56 
0.70 
0.15 

14.47 

** HIGH (A) AND LOW (8) 
MGO-NI-CR-CO SERIES. 

27 
A 

52.70 
17.80 

8.30 
6.60 
8.60 

*** 
0.68 
1. 22 
l. 26 

286 
,~; 0 5 

1010 
157 
135 

40 
31 

225 
151 

54 
78 

0.71 
3.92 
0.60 
1. 43 

*** NA ANALYSES NOT AVAILABLE. 



SAMPLE: 

19. 

20. 

21. 

22. 

23. 

24. 

Olivine basalt from west base of the Middle Sister. 

Olivine basalt from north base of Bachelor Butte •. 

Olivine basalt from dike on north shoulder of Little 

Olivine basalt from outcrop north of Little Brother. 

Olivine basalt from quarry near Scott Lake. 

Olivine andesite from Sims Butte flow. 

25. Olivine andesite from Little Nash Crater flow. 

77 

Brother. 

26. Olivine andesite (welded tuff?) from highway cut south of Tamo

litch Falls. 

27. Diktytaxitic olivine andesite from highway cut nea:::- Tamolitch 

Falls overlook. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN !N PPM) 

SAMPLE 
SERIES** 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SR 
MN 
NI 
CR 
co 
SC 
V 
ZR 
cu 
ZN 

BA/SR 
NI/CO 
CP./V 
V/NI 

28 
B 

52.80 
19.00 

7.90 
5.60 
9.40 

*** 
0.71 
1.14 
1.41 

353 
540 
817 
131 

83 
35 
32 

198 
118 

84 
93 

0.65 
3.74 
0.42 
1. 51 

29 
A 

52.80 
17.30 

8.60 
7.20 
8.20 
*** 

0.67 
1. 30 
1.19 

244 
374 

1120 
290 
217 

53 
31 

240 
102 

60 
84 

0.65 
5.47 
0.90 
0.83 

30* 
B 

53.00 
17.90 

8.69 
4.40 
8.67 
3.66 
0.87 
1. 28 
1. 97 

420 
480 

1170 
86 
58 
38 
25 

2Ii 5 
241 

72 
95 

0.88 
2.26 
0.24 
2.85 

21 
B 

53.20 
20.80 

7.00 
4.90 
8.90 

*** 
0.30 
1. 04 
1. 43 

328 
49 7 
922 

51 
58 
37 
32 

23 5 
105 

60 
78 

0.66 
1.38 
0.25 
4.61 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

32* 
B 

53.20 
17.30 
8.34 

7.45 
3.86 
0.98 
1. 34 
1. 52 

548 
555 
660 

89 
47 
36 
38 

210 
325 

58 
7 Li 

0.99 
2.47 
0.22 
2.36 

OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. I ND.). 

33 
A 

53.20 
18.70 

8. tt 0 
5.80 
8.80 

*'"* 
0.74 
1.12 
1. 45 

340 
459 
991 
155 
12 l} 

39 
29 

217 
273 

66 
78 

0. 71+ 
3.97 
0.57 
l. 40 

34 
B 

53.30 
17.80 
8.80 
5.30 
8.30 
* 1:* 

0.91 
1. 4 7 
1. 66 

645 
700 
705 

77 
50 
30 
34. 

170 
329 
110 
101 

0.92 
2.57 
0.29 
2.21 

35 

53.40 
19.40 
s.oo 
4.90 
8.70 

0.80 
l. 31 
1. 63 

360 
525 
925 

49 
68 
31 
- 1 ·'-

220 
478 

69 
77 

0.69 
1. 58 
C.31 
4.49 

** HIGH (A) AND LOW CB) 
MGO-N!-CR-CO SERIES. 

36 
B 

53.50 
18.l~Q 
8.70 
4.50 
8.50 

'"'* * 
0,76 
1. 46 
1. 93 

393 
450 

1060 
79 
Li 3 
37 
35 

271 
136 

64 
111 

0.87 
2.14 
0.16 
3.43 

*** NA ANALYSES NOT AVAILABLE. 

-.J 
co 
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SAMPLE: 

28. Margin of olivine andesite fl~N from Bluegrass Butte. 

29. Olivine andesite from west lobe of a Belknap Crater flow. 

30. Olivine andesite from Aubry Butte, Bend, Oregon. Collected near 

the radio tower. 

31. Olivine andesite from north side of Black Butte, 

32, Olivine andesite from Little Brother. 

33. Graham Butte olivine andesite from road cut, highly vesicular. 

34. Olivine andesite from Madness Ridge near Skyline Trail. From 

lower western flank of Little Brother. 

35. Belknap Crater olivine andesite collected on McKenzie Pass. 

36. Very old olivine andesite with reverse mag. pol. from outcrop 

along Squaw Creek. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGl~T PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 
SERIES** 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SH 
MN 
NI 
CR 
co 
SC 
V 
ZR 
cu 
ZN 

BA/SR 
NI/CO 
CR/V 
V/NI 

37 
B 

53.50 
19.30 

8.20 
5.30 
8.60 
*** 

0.85 
1.18 
1. 55 

453 
540 
950 

96 
74 
35 
29 

209 
253 

72 
90 

0.84 
2.74 
0.35 
2.18 

38 
B 

53.80 
18.50 

9.00 
4.40 
7.60 
4. 2 Ir 
0.71 
1. 50 
2.05 

286 
540 

1130 
68 

5 
40 
27 

260 
178 

63 
84 

0.53 
1.70 
0.02 
3.82 

39 
A 

53.80 
17.70 

8.60 
5.90 
7.70 

*** 
0.95 
1. 311 
1. 46 

353 
3 ll~ 

1150 
137 
112 

38 
26 

205 
203 

56 
84 

1.12 
3.61 
0.55 
1. 50 

40 
B 

54.00 
18.60 

7.80 
5.00 
8.70 

*** 
0.71 
1.15 
1. 56 

340 
585 

1000 
56 
52 
33 
23 

225 
134 

50 
101 

0.58 
1. 70 
0.23 
4.02 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

41 
A 

54.10 
18.40 

7.90 
5.20 
8.50 

*** 
0.75 
1. 23 
1. 52 

340 
436 

1080 
96 
90 
36 
34 

227 
207 

68 
78 

0.78 
2.67 
0.40 
2.36 

OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. IND.). 

42* 
B 

54.20 
18.60 

7.31 
3.59 
3.38 
4.21 
0.83 
1.03 
2.04 

328 
525 

1040 
22 
42 
29 
31 

270 
199 

30 
90 

0.62 
0.76 
0 • l G 

12.27 

43 
A 

51~.20 
17.60 

8.4Q 
6.30 
9.20 
2.20 
0.64 
1. 24 
1. 33 

271 
405 
783 
114 

90 
39 
39 

2 41~ 
215 

40 
78 

0.67 
2.92 
0.37 
2.14 

44* 
A 

54.20 
17.30 

8.51 
5.14 
7.91 
3.88 
0.95 
1. 25 
1. 66 

453 
509 

1160 
95 
7 L~ · 

34 
27 

199 
171 

50 
111 

0.89 
2.79 
0.37 
2.09 

** HIGH (A) AND LOW (B) 
MGO-NI-CR-CO SERIES. 

~5 
A 

54.40 
17.20 

8.40 
6.10 
7.80 

*** 
0.99 
1. 25 
1. 38 

265 
li 3 7 

1160 
15G 
163 

39 
20 

221 
156 

61 
96 

0.51 
4.00 
0.74 
1. 42 

*** NA ANALYSES NOT AVAILABLE. 

00 
0 
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SAMPLE: 

37. Olivine andesite collected at Skylight Cave. Sixmile Butte flow. 

38. Olivine andesite from Broken Top. Collected from knob at south 

end of Green Lakes. 

39. Olivine andesite underlying flow from Four-in-One. Collected 

from near terminus of Four-in-One flow. 

40. Olivine andesite collected from Deer Butte. 

41. Olivine andesite, West Lava Camp flow from Belknap Crater. 

42. Olivine andesite half way down the northern slope of Tam McArthur 

Ridge, Broken Top. 

43. Olivine andesite flow on southeast ridge of the Husband. 

44. Olivine andesite from Bunchgrass Ridge. 

45. Olivine andesite from Sims Butte flow. Collected from highway 

cut. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 
SERIES** 

SI02 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
T!02 
FEO/MGO 

BA 
SH 
MN 
NI 
CR 
co 
SC 
V 
ZR 
cu 
ZN 

CA/SR 
NI/CO 
CR/V 
V/NI 

54.40 
18.20 

7.11 
5.51 
8.51 
3.77 
0.86 
0.92 
1. 29 

312 
742 

1060 
135 

90 
38 
26 

204 
265 

58 
84 

0.42 
3.55 
0.44 
1. 51 

47 
A 

54.40 
16.90 

8.60 
6.20 
8.80 
*** 

0.86 
1. 32 
1. 39 

353 
930 
981 
102 
112 

37 
28 

204 
419 

54 
84 

0.33 
2.76 
0.55 
2. 00 

48 
A 

54.40 
18.70 

7.80 
5.30 
7.90 

*** 
0.67 
1. 05 
1. 4 7 

353 
685 

1040 
97 
90 
35 
24 

200 
153 

64 
78 

0.52 
2.77 
0.45 
2.06 

49 
A 

54.50 
18.20 

8.30 
5.20 
8.40 

*** 
0.69 
l. 32 
1. GO 

363 
773 

1030 
120 

~o 
34 
2G 

20 :-1 

249 
55 
95 

0. l-18 

3.53 
0. 4 t~ 

1. 70 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

50* 
B 

54.70 
17.70 

7.61 
3.90 
9.03 
3.53 
1.18 
1. Cl 
1. 95 

394 
586 

1080 
23 
42 
30 
37 

255 
353 

45 
90 

0 .. 6 7 
0.77 
0.16 

11..09 

OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. IND.). 

51 
A 

54.70 
16.60 

8.50 
6.30 
7.90 
*** 

1. 05 
1. 31} 

1. 35 

406 
405 

10 Ii. 0 
132 
123 

35 
28 

206 
319 
s r~ 
78 

1.00 
3.77 
0.50 
l. 56 

52 
B 

54.80 
17.60 

7.80 
5.60 
8.30 
*** 

1. 02 
1. 07 
1.39 

257 
510 

1035 

65 
39 
Li.9 

258 
192 

53 
90 

0.50 
1. 03 
0.25 
6.45 

53 
A 

54.80 
19.40 

7. 00 
5.10 
7.90 

0.59 
0.87 
l. 37 

228 
570 
303 
115 

30 
35 
23 

192 
111 

50 
GO 

0.40 
3.29 
0.16 
1. 67 

** HIGH (A) AND LOW (B) 
MGO-Nl-CR-CO SERIES. 

54 
A 

54.90 
17.60 

8.40 
5.10 
7.20 

*'~* 
0.98 
1. 08 
1. 65 

573 
4.2 0 
880 
113 

68 
31 
32 

194 
460 

77 
78 

1.36 
3.65 
0.35 
1. 72 

*** NA ANALYSES NOT AVAILABLE. 

co 
N 
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SAMPLE: 

46. Olivine andesite·from Tam McArthur Ridge near eastern end. 

47. Olivine andesite, Clear Lake flow from Sand Mountain. 

48, Hoodoo Bowl lava, olivine andesite from southeast corner of mesa 

above ski area. 

49. Fish Lake flow from Nash Crater, olivine andesite. 

50. Olivine andesite from Tumalo Mountain highway cut just east of 

Bachelor Butte ski area turnoff. 

51. Le Conte Crater olivine andesite flow. Collected along Century 

Drive 

52. Olivine andesite from Trout Creek Butte lookout. 

53. Very old olivine andesite from highway cut (Highway 20) opposite 

west end of Suttle Lake. Has reverse mag. pol. 

54. Olivine andesite from margin of north plug of the Husband. 



TABLE 10 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OltVINE ANDESITES: TOTAL IRON REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN !N PPM) 

SAMPLE 
SERIES** 

S102 
AL203 
FEO 
MGO 
CAO 
NA20 
K20 
TI02 
FEO/MGO 

BA 
SR 
MN 
NI 
CR 
co 
SC 
V 
ZR 
cu 
ZN 

13A/SR 
NI/CO 
CR/V 
V/NI 

55 
B 

5 li. 9 0 
19.60 

7.70 
4.70 
7.30 

*** 
0.58 
1.08 
1. 64 

286 
890 
870 

75 
30 
33 
20 

191 
105 

29 
66 

0.32 
2.27 
0.16 
2.55 

56 
B 

55.00 
19.10 

6.50 
5.40 
8.40 

*** 
0.55 
1. 02 
1.20 

244 
480 

1050 
44 
58 
33 
30 

217 
93 
5 L~ 

111 

o.s1 
1. 33 
0.27 
4.93 

57 
B 

55.00 
17.60 

7.60 
5.00 
8.50 

*** 
1.06 
1. 08 
1.52 

446 
450 
835 

42 
20 
26 
23 

209 
400 

54 
72 

0.99 
1.62 
0.10 
4.98 

58* 
A 

55.50 
17.20 

6.75 
5.58 
5.55 
3.84 
1.12 
0.93 
1. 21 

695 
860 
730 
145 

9G 
., ? ::,_ 

32 
174 
2h2 

69 
8 L1. 

0.81 
4.53 
0.55 
1. 20 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 

59* 
B 

55.70 
17.30 

8.16 
3.78 
7. 1.} 5 
4. [~ 9 
0.97 
1. 28 
2.16 

380 
480 

1200 
15 

2 
30 
33 

260 
460 

69 
95 

0.79 
0.50 
0.01 

17.33 

OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MTN. liW.). 

60 
B 

55.90 
17.50 

8.60 
3.70 
7.60 

0.79 
1. 84 
2.32 

1+06 
465 

1210 
15 
1 ,. 
•• 0 

32 
I~ 1 

316 
383 
102 
102 

0.37 
0.47 
0.05 

21. 07 

61* 
A 

56.00 
18.70 

6.26 
3.94 
7 .. 8 8 
I~ .18 
0.8~ 
0.89 
1.59 

312 
653 
710 

57 
43 
2G 
24 

195 
197 

69 
72 

0.47 
2.19 
0.22 
3.42 

62 
B 

56.10 
17.1+0 

9 .. 10 
3.20 
7.10 

*** 
1. 00 
L52 
2.84 

i~o 6 
GOO 

1240 
1 r~ 
27 
2 Ii 
30 

259 
390 

46 
84 

0.68 
0.58 
0.10 

19.21 

** HIGH (A) AND LOW CB) 
MGO-Nl-CR-CO SERIES. 

63 
A 

56.30 
19.00 

5.60 
4.60 
8.00 

*** 
0. 7 l+ 
0.74 
1. 43 

328 
525 
755 

72 
L; 7 
29 
23 

183 
108 

64 
60 

0.62 
2.48 
0.26 
2. 5 !~ 

*** NA ANALYSES NOT AVAILABLE. 



SAMPLE: 

55. Olivine andesite from High Cascade platform, Potatoe Hill on 

Jack Pine Road. 

85 

56. Very old olivine andesite collected above Squaw Creek. Has re

verse magnetic polarity. 

57. Olivine andesite from Bachelor Butte. Collected on road to ski 

58. 

59. 

60. 

61. 

62. 

area. 

Olivine 

Olivine 

Olivine 

Trail. 

Olivine 

Olivine 

andesite from 

andesite from 

andesite from 

andesite from 

andesite from 

dike at south end of Eileen Lake. 

Windy Point on McKenzie Pass highway. 

west base of Middle Sister along Skyline 

south plug of the Husband. 

Todd Lake volcano. 

63. Olivine andesite, Yapoah flow, collected just east of Dee Wright 

Observatory. 



TABLE 10 (CONT. ) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR OLIVINE BASALTS AND OLIVINE ANDESITES: TOTAL I RO:~ REPORTED AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 64 65* 66 67 
SERIES** A B A A 

SI02 56.40 56.70 57.10 57.70 
AL203 18.50 16.50 19.10 18.00 
FEO 7.90 8.73 7.10 7.00 
MGO 3.50 3.33 3.90 5.00 
CAO 7.30 7.33 7.30 7.20 
MA20 *** 4.62 *** 3.15 
K20 1. 02 0.92 0.72 0. 7 li 
Tl02 1. 30 1. t~ O 1. 07 0.74 
FEO/MGO 2.26 2.62 1. 82 1. 40 

BA 598 312 368 458 
SR 507 405 910 525 
MN 800 1130 1020 960 
NI 39 6 40 . 52 
CR 64 12 44 42 
co 32 30 28 27 
SC 38 37 18 22 
V 243 355 164 223 
ZR 337 315 360 197 
cu 59 Li 5 52 54 
ZN 90 81~ 90 72 

BA/SR 1.18 0.77 0.40 0.87 
N!/CO 1. 22 0.20 1. 43 1. 93 
CR/V 0.26 0.03 0.27 0.19 
V/Nt 6.23 59.17 4.10 4.29 

* ANALYSES PERFORMED BY N. R. SUHR. ALL 
OTHERS PERFORMED BYE. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. IND.). 

** HIGH (A) AND LOW (B) 
MGO-N!-CR-CO SERIES. 

*** NA ANALYSES NOT AVAILABLE. 

co 
O'\ 
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SAMPLE: 

64. Olivine andesite from Montague Memorial, Skyline Trail on the 

west side of the Middle Sister. 

65. Olivine andesite from Broken Top. Collected at Fall Creek Falls. 

66. Olivine andesite from Maxwell Butte. Collected west of Little 

Nash Crater. 

67. Collier Cone olivine andesite collected near center of flow 

where Frog Camp Trail crosses lava field. 



TABLE 11 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR PYROXENE ANDES I TES, DACITES, AND RHYOOACITES: TOTAL IRON .GIVEN AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE t-JE I GHT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 68 69* 70 71 72 73 74 75 76 

St02 58.40 59.00 59.30 60.40 60.90 60.90 61.10 61.40 61.60 
AL203 17.20 16.60 17.30 19.30 17.70 19.00 18.40 17.00 16.90 
FEO 7.20 6.98 7.00 6.10 7.10 6.00 5.80 6.30 6.50 
MGO 3.50 2.98 3.70 3.30 2.80 3.50 3.30 2.40 2.10 
CAO 6.40 6.18 6.75 6.30 5.70 5.90 5.80 5.10 ~.70 
NA20 4.43 4.53 ** ** 3.30 ** 3.03 4.78 ** 
K20 1.32 1.53 1.01 0.90 1.10 0.99 1.20 1.72 1.75 
TI02 1.29 1.22 1. 01 0.68 0.92 0.64 0.72 1.10 1.27 
FEO/MGO 2.06 2.34 1.89 1.85 2.54 1.71 1.76 2.53 3.10 

BA 353 508 380 353 347 353 380 598 548 
SR 510 450 437 585 397 509 !~5 0 330 405 
MN 1300 1090 1170 859 922 762 863 990 1200 
NI 41 18 37 46 70 60 Ii 8 2 
CR 45 19 52 36 58 33 34 2 3 
co 32 23 27 26 32 28 21 12 15 
SC · 25 25 28 17 25 22 17 18 22 
V 246 241 224 164 217 162 188 154 189 
ZR 315 380 133 54 7G 120 185 427 378 
cu 56 Ii l~ 65 44 48 46 40 23 12 
ZN 90 78 84 66 74 60 66 66 95 

BA/SR 0.69 1.13 0.87 0.60 0.87 0.69 0.84 1.81 1.35 
Nl/CO 1. 28 0.78 1.37 1.77 2.19 2. lit 2.29 0.17 
CR/V 0.18 0.08 0.23 0.22 0.27 0.20 0.18 0 .. 0 1 0.02 
V/NI 6.00 13.39 6.05 3.57 3.10 2.70 3.92 77.00 

00 

* ANALYSES PERFORMED BY N. R. SUHR. ALL OTHERS PERFORMED BY ... M. TAYLOR (NA ANALYSES co 
C. • 

PROVIDED BY OREG. DEPT. GEOL. MIN. I NO.). 
** NA ANALYSES NOT AVAILABLE. 



SAMPLE: 

68. 

69. 

70. 

71. 

72. 

73. 

89 

St.Unmit cinder cone of the South Sister; cindery pyroxene andesite. 

Pyroxene andesite from north end of Green Lakes; Broken Top lava. 

Pyroxene andesite, terminus of flow from Four-in-One cinder cone 

chain. 

Pyroxene andesite from Hogg Rock, Highway 20, Santiam Pass. 

Pyroxene andesite from terminus of Collier Cone west flow. 

Hayrick Butte pyroxene andesite collected south of Hoodoo Bowl 

ski area. 

74. Pyroxene andesite from Collier Cone. Col1ec:ted just west of the 

cone. 

75. South Sister pyroxene andesite collected on trail to summit from 

Green Lakes at about the 8,000 ft. elevation. 

76. Pyroxene andesite collected at the south end of Linton Lake. 



TABLE 11 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR PYROXENE ANDES I TES, DACITES, AND RHYODACITES: TOTAL IRON GIVEN AS FEO 

(MAJOR ELEMENTS GIVEN AS OX! DE 1·JE I G,ff PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 77 78 79 80 81 82 83 84* 85 

S102 62.00 62.10 62.50 62.50 63.40 63.70 64.80 65.20 66.80 
AL203 17.00 16.90 17.00 18.00 16.90 16.60 17.20 15.40 17.50 
rEO 6.40 7.00 5.80 6.50 6.40 7.00 6.50 4.88 4.35 
MGO 4.00 l. 50 I~. 00 2.30 2.50 1. 50 1.70 1.49 1. 20 
CAO 5.60 4.50 5.70 4.70 5.00 3.80 3.90 3.82 3.00 
NA20 2.30 ** *·k 3.40 ** ** 2.80 4.90 ** 
K20 · 1. 43 1. 55 1 .. 60 1. 55 1. 80 1. 70 1. 63 2.22 1. 72 
T!02 0.73 1. 49 0.73 0.63 1.07 1. 08 1.10 0.91 0.74 
FEO/MGO 1.60 4.67 1. 45 2.83 2.56 4.67 3.82 3.28 3.63 

BA 510 497 467 610 598 680 740 1010 728 
SR 314 350 306 390 465 345 405 43 7 314 
MN 737 1270 737 880 917 715 960 580 1130 
N! 68 68 24 4 7 2 3 1 
CR 47 1 52 20 7 15 3 7 3 
co 28 9 28 13 16 9 12 10 4 
5;-
'V 22 23 19 15 18 2ti. 27 20 19 
V 180 111 178 142 197 64 113 122 14 
ZR 117 635 78 273 399 700 825 339 463 
cu 41 5 35 26 12 19 19 Ili 7 
ZN 54 90 54 54 72 69 84 56 90 

BA/SR 1. 62 1. 38 1. 53 1. 56 1.29 1. 97 l. 83 2.31 2.32 
N !/CO 2.43 2. II 3 1. 85 0.25 0.78 0.17 0.30 0.25 
C R./V 0.26 0.01 0.29 0.14 0.04 0.23 0.03 0.06 0.21 
V/N! 2.65 2.62 5.92 49.25 9.14 56.50 40.67 14.00 

"' 0 

* ANALYSES PERFORMED BY N. R. SUHR. ALL OTHERS PERFORMED BY E. M. TAYLOR (NA ANALYSES 
PROVIDED BY OREG. DEPT. GEOL. MIN. I ND.). 

** NA ANALYSES NOT AVAILABLE. 
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SAMPLE: 

77. Dacite from the Middle Sister. Collected east of Skyline Trail 

above Sunshine Shelter. 

78. Dacite from Broken Tep collected east of southeast lobe of the 

Newberry rhyodacite flow. 

79. Same flow as Sample 77. Dacite collected northeast of Linton 

Lake; from the Middle Sister. 

80. Collier Cone dacite. Collected in the crater of the cone. 

81. Dacite from Kokostick Butte. 

82. Dacite from high bluff along Skyline Trail above Sunshine Shel

ter; from the Middle Sister. 

83. Dacite from large black hump on the northwest side of the Middle 

Sister. 

84. Dacite collected 4 1/2 miles southeast of Linton Lake; from the 

Middle Sister. 

85. Glassy dacite from the Middle Sister. Collected on Lane Mesa. 



TABLE 11 (CONT.) 

PARTIAL CHEMICAL ANALYSES AND TRACE ELEMENT RESULTS 
FOR PYROXENE ANDES I TES, DACITES, AND RHYODACITES: TOTAL IRON GIVEN AS FEO 

(MAJOR ELEMENTS GIVEN AS OXIDE WEIGHT PERCENTAGES--TRACE ELEMENTS GIVEN IN PPM) 

SAMPLE 86 87 88 89 90 91 92 93* 

s,02 71. 50 71.80 71. 90 72.30 73.10 75.50 75.60 76.20 
AL203 15.30 15.30 lli..70 14.70 14.80 13.1~0 13.10 13.00 
FEO 2.40 2.90 2 • 4- 0 2.60 1. 90 1.60 1. 60 1.10 
MGO 0.60 0.70 0.10 0.40 0.40 0.30 0.20 0.22 
CAO 2.10 2.10 2.10 1.70 1. 70 0.90 1.10 0.83 
NA20 ** ** ** 4.75 * i; ** ** 4.46 
K20 2.88 2.92 3.09 3.02 3.35 3.35 3. 40 3.51 
TI02 0.32 0.32 0.32 0.27 0.28 0.05 0.05 0.09 
FEO/MGO 4.00 4.14 3.43 6.50 4.75 5.33 8.00 5.00 

BA 950 835 915 598 835 1030 1010 1480 
SR 204 237 237 405 188 90 99 123 
MN 435 395 428 315 325 198 217 229 
N f 1 1 1 

., 
5 9 .l. 

CR 1 2 2 2 2 1 15 22 
co 2 3 2 g 2 
SC 5 4 5 15 4 3 2 
V 18 29 27 120 23 
ZR 174 207 193 337 156 117 123 112 
cu 7 7 7 10 6 4 6 4 
ZN 21 60 

BA/SR 4.66 3 .. 52 3.86 1.48 4.44 11.44 10.20 12.03 
NI/CO 0.33 o.so 0.11 o.so 
CR/V 0.06 0.07 0.07 0.02 0.09 
V/NI 29.00 27.00 120.00 23.00 

* ANALYSES PERFORMED BY N. R. SUHR. ALL OTHERS PERFORMED BY '° E. M. TAYLOR (NA ANALYSES N 

PROVIDED BY OREG. DEPT. GEOL .. MIN. IND.). 

** NA ANALYSES NOT AVAILABLE. 



SAMPLE: 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

93 

Rhyodacite from east base of the South Sister just west of Green 

Lakes. Very old siliceous flow. 

Devils Lake rhyodacite; recent flow. 

Newberry rhyodacite flow; collected on the southwest side of 

Green Lakes. 

Rhyodacite from Kathleen Butte. 

Rock Mesa rhyodacite flow. 

Obsidian Cliffs rhyodacite flow from the Middle Sister. 

Same flow as 91. Collected at mid-point of flow. 

Same flow as Samples 91 and 92. Collected near vent at the 

western foot of the Middle Sister. 
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