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ABSTRACT

Lava flows from the stratovolcanoess; Mount Shasta , Mount Jefferson
and Mount Painier, were sampied in detail and analyvzed for Si, Ti, A1,
Fe, Ca, Mo, Ma, ¥, Rb, Sr, Cu, Zn, Ni and Co. Each volcano exhihitgs a
distinct calc-alkaline composition, Chemical variation diagrams, in
general, do not exhibit smooth nor continuous chemical trends as
nrevicusly reported for these volcanoes. Chemical composition varies
systematically only when compared in short (®150 m) stratigraphic
sections. Chemical unconformities in straticoraphic sections delineate
sub-sequences of lava flows that originated from a common macma batch,
therefore, sucgesting that many magma batches are represented in the
formation of a volcano. Chemical variations in stratigraphic sections
generally are not accompanied by mineralogical variations. A1l three
volcanoes are chiefly composed of uniform pyroxene andesites of the
calc-alkaline series, however, Mount Shasta and Mount Rainfer have final
stages of volcanic activity that are represented by satellite cone
eruptions of mafic lavas which are low in ¥o0 and Rb content; the mafic
late stage rocks of Mount Shasta are interpreted to be tholeiitic in
composition. Mount Jefferson late stage volcanic activity (andesites
and dacites) is characterized by high Ko0 and Rb contents. The evolution
of these magmas probably involves avery complicated procedure of tapping
many magma chambers which could be receiving fresh magma and are at
different staces of fractionation. However, the comnositicns are
generally consistant with the theory of nartial melting of ecologite,
neridotite or amphibolite in,or ahove,a subduction zone and later

fractional crystaliization in several magma chambers.




INTRODUCTION

The stratovolcanoes; Mount Shasta, Mount Jefferson and Mount
Rainier, form part of the high Cascades in California, Oregon and
Washington, respectively {fig. 1). The purpose of this study is to
evaluate the geochemistry of the lava extruded'by these volcanoes and
relate these data in terms of compositional variations to the evolution
of the vo?éanaes. he resulting chemical relationships will facilitate
a better understanding of the erigin and evolution of the magma.

Theories on the origin and evolution of the maoma have become
numerous in recent years with the introduciion and development of new
global tectonics, The high Cascade Range represents an ideal geologic
setting for studying volcanic rocks which have their theovretical ovigin
in the upper mantle caused by the underthrusting of the oceanic crust.
Mount Shasta and Mount Rainier were selected for this study becauss
they are the two most voluminous volcances in the high Cascades and
therefore offer a great number of velcanic flows to sample. These two
volcanoes are on opposite gecgraphical ends of the Cascade Range with
Mount Jefferson in the center. Mount Jefferson exhibits severe
dissection by glaciation with numerous lava flows easily accessible
for sampling. The general geoloagy of all three volcances is known and
this acted as a guide for sy:.smatic sampling.

A total of 313 flows wer . zampled: 71 from Mount Shasta, 85 from

Mount Jefferson and 157 from % Rainier. 168 flow samples were
analyzed for silica and potas: ~ «nd 62 samples were examined

| petrographically and analyzed * itanium, aluminum, iron, magnesium,
calcium, sodium, zinc, conper, =1, rubidium, strontium and cobalt.

The sampling of volcanic flov: - wost successfully accomplished on
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exposed ridges and cleavers of the volcanoces, therefore, eliminating
any doubt as to the relative ages of the flows. Stratigraphic columns
representing compositional variations were constructed from this type
of sampling procedure. In areas where the flow stratigraphy was not

well exposed, sampling was based on a geographic distribution.
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Figure 1, Generalized geolocic map of the Cascades (McRirney, 1968).




SAMPLING

Sampling of the Tava flows on Mount Shasta, Mount Jefferson and
Mount Rainier was conducted in July and August of 1971. The purpose
of the sampling program was to collect representative samples from
volcanic flow sequences as well as from volcanic rock units exhibiting
various age relationships and field distributions. Of course, a
special attempt was made to avoid sampling weathered units.

Three separate samples, all from the same outcrop, were coilected
from each location. One sample was used for a thin section, another
for chemical analyses and the third Tor a reference hand specimen
which can be used for future work.

The sampling of fiow sequences was best accomplished on ridges
and cleavers of the various volcanoces. Good straticraphic sections
were sampled on Mount Rainier and Mount Jefferson but due to relatively
pooy outcrops, inaccessible outcrens or snow cover, stratigraphic
relationships were not absolutely clear for Mount Shasta flows.
However, representative samples were collected from the oldest lava,
exposed in Mud Creek Canyon, to fresh young flows from satellite cone

eruptions (fig. 2).
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ANALYTICAL METHODS

Sample Prepzration

The selection of rock samples to be chemically analyzed was based
on; sample Tocations in flow sequences, age relationships of flows,
field distribution and lack of weathering. Samples were checked both
in hand specimen and in thin section for any weathering effects. ATT
weathered surf&ces; if present, were removed during the mechanical
breakdown of the rock. The analyses were done by X-ray flourescence
and peliets were made for this purpose. Sample preparation and X-vay
analysis were conducted according to a procedure recommended by Dr.
Condia.

The initial mechanical breakdown was done with a steel hammer and
plate. The resulting samﬁ?é size averaged 1/8" to 1/4" in diamater.
Finer crushing was deone in a small portable jaw crusher where particie
size was reducéd to under 1/8". The next crushing step was done on a
porcetain buckboard. Here, particle size was reduced to 2 mm in
diameter or less., The final crushing, finer than .085 mm, was done on
an automatic Fisher Mortar Grinder. |

The equipment used for grinding was constantly cleaned. All
grinding tools and machines were cleaned twice and precontaminated
before another sample was prepared. After the jaw crusher step, only
one-guarter of the sample was reduced to powder.

The fine rock powder was then mixed with bakelite in a ratio of
6:1 making a total weight of 7+.0005 grams, which was weighed on a
Mettler balance. Bakelite helped to make the pellets more durable,
therefore, minimizing crumbling and breaking. The sample and bakelite

mixture were homogenized with an automatic Spex Mixer with the aid of




a plastic ball enclosed in the container. Each seven gram, 1 174"
pellet was made in a steel die which was subjected to ten tons of

prassure and about 300°C.

AT samples were analyzed by non-destructive X-ray flourescence
using U.S.G.S. standards; W-1, AGV-1, T-1, GSP-1, GA, G-2 and BCR-1 to
construct major element calibration curves. AGY-T was used as the
standard for all trace element amalyses. The standard concentrations
used are 1isted in Tabhle la.

A Tinear electronic drift in the analyzing unit was not assumed
and corrections for time fluctuations were made by normalizing a
standard peliet, used as a drift peliet, to a standard number of
counts. The remaining samples in a run were corrected by the ratio
generated from normatizing procedures. Each sample was analyzed ten
times per e1ement and the mean value 1s recorded in this paner,

Other variables were also taken into consideration during analyse
These variables were: pellet homoceneity, sample holder position and
alignment, minimum counts, duration of counting, peak to background
ratios and operator error. Mr., Murray (August 1, 1971) determined
that if these variables were optimized, which they were, and consider-
ing the fore mentioned method of sample preparation and analysis, an
error of plus or minus three percent could be expected.

Exactly 168 samples of lava from all three volcanoes were
analyzed for both 5162 and hz 69 of these samples were selected Tor
further analyses of Al 03, Ti0s, Feplsz, Mg0, Cal, HNa ﬂ Zn, Cu, Ni, Rb,

Sr and Co.
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Precision and Accuracy

Precision i3 defined as the rveproducibility of the results. The
jmportant components which contribute to the precision of chemical
analyses are counting error, peliet reproducibility, electronic drift
(short and Tong term) and peliet homogeneity.

Coliection of X-ray pulses exhibit a normal or Gaussian

o

distribution so the standard deviztion {counting error) is:

6 = T

N is the number of counts. The relative counting error (coefficient

of variation) is:
G % = 100./T/N.

For analyses requiring background counts (when peak counts are less
than an order of magnitude of the background counts) another equation

is used:
T = VT Y.

Np is the total counts recorded under the peak and b is the number

of counts representing the background. The vrelative counting error is:

o . 1008\/Ho + My
R R

An overall expression for precision would be the square root of the

sumnation of all the precision error squared.

o =\/(C7-i)2 + (6’2)2 + (6'3)2 + etc.




Accuracy is defined as the correctness of the data. The largest
contributing ervor is the accuracy of the standard which, of course,
is related to the variation of previously repovted concentrations of
the standard. Average precision and accuracy values for the chemical
analyses are veported in Table 1b along with the average relative
counting error (G %). The larger precision and accuracy values

originate from a high background to pealk ratio during counting.

Point Counting (Modal Analvsis)

Point counting (using an electrical point counter) of 28 thin
sections was conducted to determine mineralogical composition in
volume percent. The first slide was counted so that the volume of
each component was plotied every 200 counts up to a total of 3000
counts. This established the minimum number of points required for
an accurate modal analysis. Fluctuations of the modal snalysis were
severe in the first several 200 count intervals but decreased with
increasing point counts until an essentially constant volume wes
recorded above 1800 counts. The remainder of the point counting was
done at 2000 points to insure accuracy. A grid of 0.3 mm by 1 mn

was used so that the whole thin section could be covered.
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Table 15. Statistical Evaluation

G (%) Overall Precision (%) Overall Precision and
Accuracy (%)%
50, 1.0 3.2 < 5.0
Ti0, 1.0 3.3 ¢5.9
A1,03 0.8 3.1 5.9
Fo,0, 0.2 3.0 £5.8
g0 3.0 4.7 6.6
Cal 0.2 3.0 £5.8
Nay0 7.0 7.6 §9.1
K0 0.6 3.0 <5.9
n 17 17.5 18.2
Cu 10 10.9 <11.9
i 21 21.4 £22.0
Co 23 23.4 £ 23.9
R 7.0 8.2 < 9.6
Sr 0.8 6.3 <6.6

G % = Counting error percent

5
Overall Precision = \/(countiﬂg error)z + (pellet veproducibility)” +

(electronic drift)2 + (nellet hcmogeneity)2

Overall Precision and Accuracy =\/(0vera11 precision)2 +

(error of s’candards)2

*Assuming an error of 5% for the standards
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GENERAL GEOLOGY

General Description

The high Cascades were formed during the Late Cenozeic (Cailaghan,
1933). The volcanic rocks were primarily lava flows with interbedded
volcanic ash beds, mudflow deposits and sedimentary vrocks composed
mostly of angular volcanic debris. The lava flows are considered to
be calc-alkaline in nature. The %ocks fall into the compositional
range of andesite although the full gambit of volcanic rocks, that is,
from fron-rich basalt to light colored silicic dacite and rhyolite, is

1

represented.
As a general history of the evn?uﬁﬁon of the Cascades, several
major episodes have heen denoted below (MeKee, 1872):
1. Deposition between Tate Locene and early Miccene time
of sedimentary and volcanic strata to a total thickness
of 3 to & miles.
2. Folding, faulting and some intrusion of batholiths
and stocks in the middlie of the Miocene Enoch.
Mountains produced by this orcoeny were largely
leveled by later Miocene erosion.
3, Partial burial of the rance beneath lava flows of the
Columbia River Basalt.
4, late Tertiary volcanism and initiation of range
uplifts.

5, Quaternary formation of the Cascade velcanoes during

the continued uplift of the ranoge,
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In tower Tertiary strata, two distinct series have been
recognized. The oldest series is gancra?iy late Eocene in age, and
is composed of conoTomnrates, sandstones and siltstones interbedded
with voicanic vocks., These recks have been severely folded and show
slight metamorphic alteration. The younger series rests unconformably
on the Focene rocks. In Oregon it is called the Little Butte Volcanic
Series (western Cascades) and in Vashingten it is known as the Keechelus
Volcanic Group. The age is considered to be Oligocene to perhaps early
Miocene. It is interesting to note that the rock morphologies of the
second series ave very similar to volcanic sequences found in the Basin
and Range Province., These rocks mostly include units of Tight colored
volcanic ash (tuffs), massive flows of andesite and extensive lavers
of andesitic bre . Basalt and dacite flows are cormonly found
together.

The wodern Cascade Range s built on a Late Cenozoic upli

ft. The
uplift is referred to as the Cascade uplift. The once horizontal
flows of the Columbia River Basalt in northern Oregon and Yashington
have been arched extensively. The arch dictates a minimum uplift of
2800 feet since Miocene time in this section of the Cascades. However,
due to the lack of exposed thick, stratigraphic sections, the uplift
is questionable for the Cascade Rance south of Bend, Oregon. Much of
the southern part of the Cascade Range owes its base elevation to the
accumulation of the late Tertiary lava and pyroclastic debris rather
than uplift (McKee, 1972).

Cascadian andesitic volcanism may have started in the Plioccene

and most of the cones have been victims of erosion but plugs still

remain. The impressive volcanoes of the Cascade Range today vere
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definitely formed in the ﬂﬁaternary Period. 1In fact, the entire sequence
of rocks at Mount Jefferson, the Three Sisters and nossibly Mount Mazara
appears to be normally polarized so they can be considered voungay

than the last magnetic reversal 770,000 years ago (McRirney, 1968),

The young volcanoes of the Cascade Range form nart of the MNorth

American Tink in a nearly continuous circum-Pacific ring of volcances.
Their Quaternary histories are thought to be simitar to most other
circum-Pacific volcanoes including the Aleutians, Kamchatka, Janan,

the Andes and the southwest Pacific island volecanoes. Calc-alkaline

g

volcanic rocks are numerous in most of these aress. The major

1

difference being that the Andes and the Cascades are noticeably higher
in alkalies ("continental tyne®volcanoes) with resnect to the isiand

arc volcanoes in the Pacific.
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GENERAL GEOCHEMISTRY

Cascade Geochemistry To Date

Some earlier studies of the Cascade volcances proved to be move
than a reconnaissance. These were done by Howel Wiiliams at Crater
Lake (1942) and Lassen Peak (1932) and T. P. Thayer at Mount Jefferson
(1937). In addition, R. §. Fiske and others at Mount Rainier (1963},
W. S. Wise at Mount Hood {1969), R. C. Greecne in the Mount Jefferson
area (1968) and Smith and Carmichael in the Southern Cascadas {1068)
have contributed significant geochemical data.

Existing geochemical data suggests that the volcanoes ave one of
two types. In the first type, a coherent series of Tavas are very
uniform in composition and exhibit a Timited chemical range of
continuous variation. In the second type, the Tavas show a varied
chemical renge which becowes even more divergent with time (McBivney,
1968).

The chemical data available in the Titerature indicates that the
lavas of the high Cascades are compositionally within the range of the
calc-alkaline series {Jakes and White, 1972). This series includes
hi-alumina basalt, andesite, dacite and rhyolite. The calc-alkaline
series is chemically distinguishable frem other volcanic series
primarily on the bééis of major-element chemistry, particularly K,0
versus Si0p, total alkalies versus Si0p, the Ko0/MHap0 ratios and ivon
enrichment in AMF diagrams. Trace element geochemistry similariy
exhibits definitive volcanic trends. These reTatioashias have been
pointed out by Ewart et al. (1968), Gorshkov (19£8), Gi11 (1970}, Hart
(1970), Jakes and Gi11l (1970), Jakes and White (1970, 1972), Lowder

and Carmichael (1970), Pushkar (1968), Shaw {1268), Siegers et al.
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(1969), Taylor and White (1966), Taylor et al, (196%9) and Taylor et al.
(1969h). )

The geochemistry of Cascade va?can?c flows represents an
intermediate stage in island arc or continental margin growth,
Primary volcanic growth resutts in Java of the tholeiite series
which is exemplified in the early stages of island-are development.

The mature stage s equivalent to the Andean Teva of the shoshonite

—ta
ue.

series or late steage island-arc development, Cale-glkaline volca

is presently thought to represent the intermediate stage of growth

L

(Jakes and White, 1972},
Many chemical classifications of volcanic rocks have besn set
forth in Viterature. This paver will follow the classification of the

calc-alkaline series (Table 2) used by Taylor (1969} and volcanic

series definitions of Jakes and White (1972).

Formation Theory of Coherant and Divercent Volcanoes

Most of the volcanoes of the nowth central Cascades; DBaker,
Rainier, Hood and Jefferson, tend to produce coherent Tava, that is,
lava that shows a continuous chemical trend. The volcances on the
north and south ends of the Cascade Range exhibit lava of the divergent
type (McBirney, 1968). There are, of course, exceptions to this
observation. It is interesting that the central region of the Cascade
Range wés formed on an embayment between areas of pre-Tertiary sialic
basement rock which outcrops in the northern and southern end of the
range (fig. 1). The first theory suggests that the embayment

contributes to the chemical continuity of the magma producing

mechanism. This fact may be coincidental or incompiete sampling of
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the volcanoes could be responsible for McBirney's geochemical
ohservation. MeBRirney's evidence for coherent and divergent lava
stems from AMF diagram observations of existing data. AMF disorams
(fig. 24) resu?tﬁng from this study would suggest all three volcanoes
to be of the coherent type.

An alternative theory invo?ves the close association of the
Mio&eﬂe epizonal plutons to the central Cascade volcannes. It has
baen suggested (Hopson et al., 1965) that the source of the coherent
Tavas was from plutons that remained active at depth. The plutons
4

intersect the Cascade volcanic chain in the same proximity as the

coherent volcanoes are found., Again the Tack of complete sampling,
s + )

therefore a limited number of chemical analyses, could indeed suggest

such a theory.
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Table 2. Calc-alkaline Series Classification

High-A1 hasalt: 53%‘Si02

Low-Silica andesite: 53-56Y% $10p5 0.7-2.57 Ko
Low-K andesite: 0.7% Ko0 B3-62% 10,
ANWDESITE:  56-62% Si00; 0.7-2.5% Sifs

High-K andesite: 2.5%‘K20; 53-62% 5102
Dacite: €2-68% S10

Rhyolite: 689 SiD?
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MOUNT SHASTA

Gevlooic Setting

With the exception of Lassen Peak, Mount Shasta is the most
southeriy of the Cascade Range volcanoes. lMount Shasta has grown
10,000 feet in elevation ahove its bace to an elevation of 14,161 feet.
The parasitic cone, Shastina, has reached an elevation of over 12,000
feet. The volcano has an average diameter of 17 miles and has produced
80 cubic miles of lava (Williams, 1934). This volume of lava exceeds
any other calculated volume produced by a Cascade volcano. The initial
growth of the volcano probably started in the Pleistocens and volcanism
continued to a few hundred years ago.

Glaciers were responsible for most of the erosion on Mount Shasta.
Five active glaciers remain atthough they are rapidly receding., Hot
soring activity continues near the summit of the mountain,

H. Williams (1934) suggests that Mount Shasta overlies or is
associated with an alkali-olivine basalt which was probably erupted
from a shield volcano. These rocks cutcrep to the south of Mount

Shasta (fig. 2).

History of Development

Relative age relationships of the volcanic rocks in the HMount
Shasta area are not well known due to the complexity and diversity of
the volcanic features. Only educated guesses can be made from Howel
Williams' work (193%), personal field work and air-photo studies.
Mevertheless, these observations suggest three major periods of

volcanic activity,



P "]9"

Figure 2. A general geologic map of Mount Shasta area, California,
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The earliest Quaternary volcanic activity in the area sfarted with
the growth of Mount Shasta proper., In general, these rocks are unifornm
pyroxene andesites and dacites that are similar in texture. The
growth of Shasta volcano cessed with an andesite dome fTorming in the
main vent,

The second pariod of volcanism is characterized by the formation
of andesite domes and two basaltic cindey cones along a north-scuth

l‘

5 the Tocation of these features to a

axis., Wiltiems (1934) rela

)

north-south trending fissure. The fissure developed late in the

volcano's history and may have been responsible for the implacement
of the summit dome on Mount Shasta.

o

The third and final major period {s represented by the
formation of the large parasitic cone, Shastina, on the west side of
Mount Shasta. Black Butte and young fiows on the lowar flanks of the
volcano aiso Formed in this period (fig. 2). These features are thought,
by Willfams (1934), to be related to an cast-west fissure which formed
some time affer the north-south fissure, Shastina and Black Butte
lava is egsentially hornblende dacite and the young flows are pyroxene
andesites and dacites. Hinor flows of a younger age have erupted
from small satellite cones at lew elevations and are basalts and

basaltic andesites in composition.

Petroloqy

The dominant lava of Mount Shasta is pyroxene andesite in which
hypersthene usually exceeds augite. Hypersthene phenocrysts
(determined by Hull-Debye-Sherrer powder method) tend to group

together with augite to form glomeroporphritic clots. Albite-twinned




-21-

plagioclase and opadues 111 interstitial spaces, Olivine and mica
were reported as rave (Williams, 1934), however, not a trace of either
mineral was found in the present study; crthopyroxene replaces

clivine as fractional crystallization prouresses.

Two generations of plagioclase crystals exist in these rocks,

The larger plagioclase phenocrysts have reaction rims and are
oscillatory zoned with a compositional range from Angg to Angg. Their
rounded shapes suggest resorption and some have clinopvroxene
inclusions. The younger plagiociase phenocrysts are sharply defined
and exhibit prominent albite twinning with o compositional range

from Anzz to AHBO (Michael-Levy flethod). Hedal analyses of some of
the flows in senuence are represented in Table 3. In hand specime:
these rocks are various shades of gray with readily visible plagioclase
and pyroxens phenocrysts., The texture of the groundmass is fine and
ravely develops into a coarse texture; most flows are strongly
prophyritic.

Hornblende rarely occurs in Mount Shasta flows (aporoximately 5%)
but is éssac?&ted with Shastina volcanism. The rare occurrence of
hornblends in Mount Shasta Tlows probably results from extensive
reaction with the magma and the thick reaction rims produced usually
consist of opaque minerals. 1In the Black Butte dome (hernblende
dacite) hornblende, up to an inch long, comprises as much as 20 percent
of the ﬁhenocrysts; pyroxene is not present and the remaining
phenocrysts are plagioclase. The hornblende has been partially
replaced by magnetite and, to a lesser degree, hematite,

Glass in the groundmass 1s uncommon in most of the rocks

examined. Hovever, black and brown glass occcasionally constitutes
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up to 20 percent of some flows and Villiams (79325, 1934) reports glass
contents up to 40 percent in some of the early Mount Shasta flows.
Glass is cccasionally stained with iron oxidas, usually magnetite.

Mafic inclusions ¢can he found in Mount Shasta flows.
Mineralogically they appear to be a Tow-silica andesite with rosorbed
hornblende. The inclusions probably represent remants of an earlier
flow or early crystailization in & magma chamber which fed Mount

Shasta volcanism.

Geochemistry

The Tavas studied vary chemically from hi-atumina basalt in very
recent flows associated with Shastina to dacite related to Shasta and
Shastina development. The geochemical distribution in the andesites
and dacites indicates that Mount Shasta is basically a calec-aikaline
volcano. The Shastina flows have very Tow Kol contents, similtar to
tholeiitic volcanic rocks from Viti Levu, Fiji (6111, 1079) and St.
Kitts (Baker, 1968). Both Shasta and Shastina rocks are plotted on
Kuno's (1966, 1969) Si0s-atkali variation diagram (fig. 22) and most
of the points fall in an area described as being derived from tholeiitic
basalt. Most of the lava from Shasta is andesitic or dacitic in
composition and varies inS10s from 60 to 68 percent. Smith and
Carmichael (1968) have pointed out that Shastina andesites are
tholeiitic and relatively rich in calcium and magnesium: these
concentrations are similar to Shasta andesites and dacites (figs. ¢
and 10). The higher concentrations of calcium and magnesium reflect
the relatively high modal volume of the pyroxenes. Magnesium, sodium,

aluminum and calcium distributions in Mount Shasta flows closely
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compare with other calc-alkaline chemistry (Taylor and White, 19663
Taylor et al., 1069; and Jakes and White, 1872). Titanium increases

as Fezﬂg increases and a constant T?Dz/FeZOB ratioc of 0.125 is
maintained. Total iron is veported in this paper as FQZDB. The alkali~
magnesium-iron relationship exhibits lower irown concentrations than
tholeiitic trends. Conseguently, Mount Shasta points on the AMF

diagram (fig. 24) indicate a calc-alkaline trend,

s,

The rubidium Si0, variation diagram reveals considerable scatier

:‘%'

of points (fig. 12). Howaver, these concentrations are consisten

with ouh‘r catc-atkaline voleanic vocks found in New Zealand (Fwart

et al., T963) and Talasea {Lowder and Cavmichael, 1970). Rubidium

)

sper and nickel (Figs., 11 and 12) do not

i
piss
[
w
[
<
=

as well as strontium, z

indicate chewical variation related to rock types of the Shasta avea.

Mickel, zinc and coppar variation diaorams show considerable

.

n relatively constant

point scattering but their concentrations rems

o

within a range as Qnﬂz increases (Fig. 11). The average concentration
is about 15 ppm for Ni, 50 ppm for Cu and 80 for Zn. Cobalt also
exhibits a constant relaticnship with S%DZ concentrations but at &
slightly Tower value of about 10 ppm (fig. 12). Zinc and copper are
the only two trace elements which show a systematic variation with
each other (fig. 23). The zinc relationship is bimodal and copper
varies in concentration with respect to the two average zinc
concentrations of 75 ppm and S5 ppm,

The potassium-rubidium ratio is low for calc-alkaline andesite
(based on Shaw, 1968) and due to the scatter of the strontium data,
potassium-strontium ratics are erratic (Table 6). The calcium-

strontium ratios (Table 6), in general, decrease with fractionation
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indicating more strontium is admitted into the calcium lattice site in
nlagioclase as silica increases (and fractionation continues). A1l

Mount Shasta chemical analyses are represented in Table 6.
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MOUNT JEFFERSON

Geologic Setting

Glacial erosion has highly dissected Mount Jefferson to expose
as much as 7,500 feet of relief. The elevation is 10,493 feet and Mount
Jefferson is in the high Cascade Range which, in this area, is only
a north-south trending ridge. The crest of the ridge varies in
elevation from 5,500 to 6,500 feet, Deep U-shaped valleys terminate
at steep headwalls against the west side of the ridge. (Fig. 3).

o o

The first work on Mount Jefferson geology was renorted by Hodge
(1925) and he briefly discussed tHe volcanic rocks, glacial history
and general physiocovaphy. Thaver (1937) described the petrology of
the rocks and distinguished the lava of the Mount Jefverson areca
(high Cascades) from those of the Western Cascades. Thayer, from
sixteen chamical analyses, concluded that Mount Jefferson rocks ware
poor in K0 and total iren but richer in Alp03 than the rocks of the
Western Cascades, Thaver later (1032) described additional
structural details of the Mount Jefferson flows.

Underlying the Mount Jefferson area are sedimentary rocks which
can be correlated with those of the Miocene and Pijocena rocks of
the Western Cascades (Peck et al., 1964). Llava flows with cinder
units and breccia are also found bsneath the area (Callaghan, 1933;
Peck et al., 1964); they are Pliocene to Recent in age, undeformed
and range frem basalt to rhyodacite in composition. Recently, the
general geology of the Mount Jefferson Primitive Area has been

described by Walker et al. (1966) and the petrology and some

geochemistry was reported by Greene (1968).
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Mount Jefferson is a dissected stratovolcano with a predominant
rock type of pyroxene andesite and some pyroxene dacite. The andesite
flows range in thickness from about one fool to about 10 feet. These
flows, freguently interbedded with pyroclastics, are usually a shade

gray and commonly exhibit cooling joints.

Petrology

The porphyritic volcanic flows of Mount Jefferson are similar in
mineralogv. The phenocrysts are plaginciase (26-40%), clinonyroxens
(1-6%), orthoryroxene (1-6%) and opaque Fe-Ti oxides (.E-3%). In the
andesites, plagioclase exhibits two perieds of genevation as did the
plagioclase from Mount Shasta. The large plagioclase comnosition is
Tabradorite to bytownite; the smaller plagicclase phenocrysts have a
Tower and widely variable An content. The larger plagioclase pheno-
crysts are oscillatory zonad and show resorption around the edges of
the crystals. The smaller plagioclase crystals are fresh Tooking
and show sharp contrasts with the groundmass.

Although olivine has been rencrted in the andesites (Green, 1068),
only traces were found in this study. A1l of the rocks examined
petrographically had orthopyroxene and 1f olivine did form an early
crystallization nhase it probably has been removed by reacting with
the magma. Clinopyroxene (augite) dominates over the orthopyroxene
(hypersthene) in about half of the thin sections examined (see Tahle 4
for modal analyses). Pyroxene frequently fi17s interstitial spaces
in the nlagioclase phenocryst arouns.

Opaques are usually anhedral magnetite grains although opague

iron oxide stains are common. Glass is present in most of the Tlows
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g

and can constitute up te 25 percent of the groundmass. The alass is
usually brown but occasionally black.

In the silicic andesites, olivine is not present and the Jarcer
nlagiocTlase phenocrysts are less abundant than the small nlagioclase
phenocrysts. The predominant pyroxenes are again augite and
hypersthene, Verv minor amounts of hornblende are present but
generally they have been replaced by opague winerals. The groundrass
is very fine and the flows are vesicular. The dacites sampled have

mineral assemblages comparable to the silicic andesites.

Geochermistry

The sampling of HMount Jafferson was accomplished by making two

a4

traverses from the base of the volecane to summit plug. Samnling
traverses were made along the forthwest Ridoe and Southwest Ridge
(fig. 3) where readily accessible stratioraphic sections occur., Low
elevation samples were collected from the Milk Creek area. lLava
flows related to Mount Jefferson were also sampled at Grizzly Foint,
Jefferson Park, Bear Point and Pyramid Point.

Potassium data indicates that these flows are similar to knowm
calc-alkaline volcanics from Viti Levu, Fiji (Gi11, 1970) and Akagi,
Asama, Iwaki, Japan {(Kuno, 1G62). However, with resvect to the Tow
Ko0 and Rb concentrations, these flows appear to be transitional
between calc-alkaline and arc-tholeiite series as defined by Jakes
and White (1972), Also, a Ko + NaZO versus S0, diagram (fig. 22)
shows the Mount Jefferson points in an area defined by Hune (1966,
1969) to represent a parental material of hi-alumina basalt which

is part of the calc-alkaline series.
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TiOz, Fes04, MgC and Cal appear to decwease as 5102 increases
(figs. 13 and 14). Ko0 and Nas0 values increase slightly with

increasing Si0sz {figs. 14 and 22) and the scattered R1504 concentration

[l
ol

remzing constant within a range of 16 to 18 percent

)

15 S€02 increases

(fig. 14}, The major element veochemistry is compatable with known
major element geochemistry of calc-alkaline voleanics {Jakes and

Smith, 1970; Jakes and Vi , 19705 and Jakes and White, 1972},

Co, Rb, Sr and Zn concentrations remain almost constant within
navrow vangss when compared on Si i0y variation diagrams (figs. 15 and
16). The scattered Cu and N1 concentvations appear to decresse
stightly as Silly dncveases. A1l trace element concentrations ave
comparable to other cale-gikaline vock concentrations (Tavior and
Hhite, 10665 Ewert et al., 1968; Ewart and Stipp, 1968; and Taylior et
al. s 1965850} with the excentien of Rb which has concentrations simiiawr
to arc~tholeiites which are found on Vitd Levu, Fiji (6117, 1970) and
as described by Jakes and White (1972).

Chemical variation is compared to stratigraphic height in figures

4 and 5 for the Scuthwest sectien. This section vepresents

approximately 1,000 weters in thickness. The chemical variations, in
genaral, &re not systematic, that is, the variations of the major and

trace elements (Figs. 4 and 5) do not behave in a manner which can be
predicted by theories of fractional crystallization or partial

melting. A move complex process of magma development must he involved
to produce the irreguiar chemical evolution of Tava flows. However,
two chemical unconformities are present in the stratigraphic column
between flow numbers 37 and 398, and 47 and 48, The chemical variations

are minimal in each of the three sub-sequences and abrupt changes
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occur in some of the elemental distributions at the unconformities.
Modal analyses of eight of these flows (Table 4) do not either indicate
these unconformities or any mineralogic davelopment within a

PR
1cal anal

sub-sequence, Chern vses for Mount Jeftferson are Tisted in

Table 7.
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Samples from flow units having a full chemical analvsis are
29, 31, 33, 35, 37, 30, 42, 44, 4G and 495 those with only
Si0p and K20 for concentrations are 30, 32, 36, 38, 43, 45
and 50; those without chemical analyses are 34, 40, 41, 47
and 48,




"MOUNT RAINIER

Geologic Setting

* .

Mount Rairnier is a stratovolcane attaining an elevation of 14,410

] L

feet. It is the highest velcano in the Cascade Range and is the second
most voluminous (Willdams, 1934). VMount Painier Mational Park is 372

square miles in size and the total ralief in the park is 12,850 feet,

The relief of Mounﬁ Rainier flows is 7,000 to 8,000 feet. The rugosd

terrain presents quite a challenge for sampiing with twﬁ best sections

,..J.

for sampiing usually cccurring at higher elevations along cleavers.
TheSE.STOQGS are frequented by avalanches and are bordered by glaciers
with deep crevasses. Unfortunately, sampling was difficult balow
about 5,000 feet because much of the park is coversd with dense
vegetation. This study of Mount Rainier covers the Mount Painier
flows only and no attention was given to the Tower and middie Tertisry
rocks in the area

Mount Rainier is chiefly composed of pyroxene andesite flows
although pyroxene dacite and olivine basaltic an site Tiows are also
present and were sampled (fig. 6).‘ Mudflows, breccias and ash flows
make up part of the composite cone but are relatively minor in volume.
The volcano attained its height in the Pleistocene {Fiske et al.,
1963) and glaciers have deenly eroded the mountain,

Mount Rainier is built mainly on the rocks of the Tatoosh pluton
(arandiorite) and the Stevens Ridoe Formation (rhyodacite ash flow).
Thick intracanvon flows, 1ike Rampart Ridge, are the earlier of the
Mount Rainier flows, These early flows are not only large but many

of them erupted in rapid succession (Fiske et al., 1263)., These

flows form the base of the volcano and the volcano nrobably grew
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Yount Painier, MMashincton, a ceneralized man showino the
Fount Painier lava flows. (Mount Painier flows are nvroxene
andesites and the recent flows are hasaltic andesites.)
Geology after Fiske et al. (1963).
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rapidly in its early stages

The main cone is composed of hundreds of thin lava flows, some
interbedded with breccias and volcanic ash. The andesites are gray
in hend specimen and the textures vary greatly depending on whether
the rock cooled as a thin flow or as a pool near the base of the

volcano. HMost of the rocks are porphritic. Well developed columnmar

m?-

jointing occurs in the thicker flows and platy Jointing fin the

thinner flows. Pale gray, radial dikes, which are vertical, occur
at several Jocations.

Eruptions from Echo Rock and Observation Rock have been sampled.
These two setellite cones erupted olivine basaltic andesite

Rainier attained 1ts present elevation. These flows are

reprasented on Tioure 6 as Pecent Mount Rainier flows and they

w—la

erupted from the fianks of Mount Rainier about 500 years age {Fiske

et a?.; 1863).

Pety ol ogy

Hague and Tdding (1883) first realized that the andesite erupted

from Mount Rainier was uniform in composition. Almost all of the
rocks observed were pyroxene andesite except for the Recent Mount
Rainier flows which were called olivine andesite.

The pyroxene andesites are usually strongly vorphritic. In most
of the rocks observed therc are two generations of plagicclase; lavas

of Vount Shasta and Mount Jefferson exhibit this also. The larger

plagioclase phenocrysts are strongly zoned while the smaller nlagioclase

crystals exhibit albite twinnino apd the crystal boundaries are very

ES

sharp. Occasionally, the larger plagioclase crystals clot together




in a semi-parallel fashion to form glomerocrysts that are about Angp
in composition. Both progressive and oscillatory zoning are evident
in the plagioclase crystals., The same flow cbserved in several thin
sections may vavy considerably and is perhaps ceused by turbulence

and metastable crystallization in the mugva chamber.

The pyroxene phenscrysts ave smaller than cither generation

f plagioclase crvstals except when they form in glomeroporphritic
clots. Hypersthene (as determined by Xeray diffraction, Mull-Dehye-
Shevrer powder method) s the dominant orthepyroxene. 1t s present
as 0.2 i to 1 mm size phenocrysts and minute crystals are also
found in the groundmsss. Some of the hypersthene crystals exhibit
reaction rims of opaque minerals while others have been partially
replaced by augite (modal analyses on Table B,

Augite is the deminant c¢linopyroxene and commonly occurs with
hypersthens to form glomaroporphyritic clots. In about half of the
flows it is subordinate to hypersthene. o pig onite was cbserved.

Fiske et al. (1963) reports olivine in about half of the pyroxene
andesite flows although it is varely vecorded in this study. The
olivine anpears to have extensively reacted with the coexisting maama
to form opacues, hypersthene or augite. Olivine s readily seen in
the Recent flows of Mount Rainier which are the olivine basaltic
andesites. Hornblende sporatically occurs in only a Tew flows and
usua?iy'appears unstable as it is thickly rimmed or completely
replaced by opaques, usually magnetite. Hypersthene or augite
occasionally form rims on hornblende phenocrysts.

Magnetite occurs in all flows. It is associated with plagioclase

1

phenocrysts and is a sliahtly resorbed euhedral arain. Apatite occurs
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as a very minor accessory mineral. Mo biotite is present in the

flows.

Genchemistry

Mount Rainier's two general rock types, which are geographically

distinct, are also chemically distinct. The pyroxene andesites and

C

dacites have a Sif, content of 58 to 67 percent with 120 concentrations

above 1.5 percent, while the olivine basaltic andesile ranges from 55

to 58 percent Si0- and has K,0 concentrations below 1.5 percent (fig.

! Z 2 ; R
21). The K;0 concentyelions ave scatiered but the ¥,0-5ily
relationship 9s similar to calc-alkaline volcanics of Bougainvilie
(Taylor et al., 196%), Kirisima and Daisetu, Japan (Kuno, 1962, 1660y,
Klinchevskod and Shaveluch, Kamchatka (Govshkov, 1970) and Paricutin,
Mexico (Mooser et al., 1958}, In a K50 + Han0 - Si0, variation

2 2 VA

cd

v

diagran (fig. 22) a parental wagma of hi-aTumina basalt is indica
(after Kuno, 1966, 1969) which is part of the calc-alkaline series.

8

Endesites and dacites, and basaltic andesites remain chemically

]

distinet in all other major element - S€O2 variation diagrams ({igs.

3 and Cald concentrations decrease as S?Gz increases,

17 and 18). Fe,0
Tils, AlolO4, Hgl and Has0 concentrations remain refatively constant

2 e

in the Si0, range with the exception of the Mgl content of basaltic
andesite which sharply decreases in concentration as S10s increases
from 55 to 58 percent. The andesites and dacites have Tower Ti0s,
Feo04 Cal and Mg0 conientrations than the hasaltic andesite and
similar concentrations of Ma,0 and Alo0 {(figs. 17 and 18).

Trace elements 7n, Cu, Ni, Co and Rb exhibit wide and scattered

variations (figs. 19 and 20). 7Zn, Cu and t{ variation diagrams do
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not show a systematic relationship with Si0,. Co and Rb dats are
~attered but the basaltic andesites form distinct groups relative

to the andesites and dacites; Co s higher and Rb is Tower in the

basaltic andesites. Sr concentrations remain constant within the

S0, range (fig. 20). The zinc-copper variation diagram (fig. 23)

reveals four or five chemical grounings of which the lowest

concentration group 1s represented by basaltic andesite. Generally,

very poor systematic relationships result when trace elements are
compared to each other. |

The waSiO, relationshio of Mount Rainfer volcanics ave similar
to cale-allkaline volcanics of MHew 7ealand {Fwart and Stipps, 1968)

Northerw ChiTi (Sfegers et al.

(Jakes and Smith, 1970). Sr concentration of the basaitic andesite

)
=
o Py
o
QJ

ne basalts from Mount Lassen (S

Carmichael, 1968}, however, in general, most of Mount Rainier trace

4

A 2 k4

eleament concentrations are similar to othe S calc-alkaline andesites

Ee

(Jakes and Smith, 1070; Jakes and Vhite, 1970, 1972).

—te

Detatled sampling was comnleted on Success, Wapowety, Colonnade

Cowlitz, Cathedral Rocks and Lower Puya allup Cleavers. Paradise,
Ptarmigan Ridge, Yakima Park, Camp Muir and Spray Park areas were

also sampled. The stratigraphic sections presented in this paper
are from Success Cleaver and Ptarmigan Ridge.

Major and trace elements for Success Cleaver lava flows
(approximately 800 meters thick) are presented on a stratigraphic
section exhibiting chemical variations (fig. 7). The major and

trace element variations appear to be non-systematic with

ot
5

stratigraphic height although major element contents remain relatively
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uniform throughout the section. Trace elements Zn, Cu, Ni and Sr,
however, exhibit considerabie variation in the section. Major
element data suggests a chemical unconformity between flows 52 and

53 (fig. 7). also 3?02 and kZO data dmply angther unconformity
betwaen Tiows 45 and 46. Even though trace element data agrees
with the upper unconformity, 1t also suggests several others not
exhibited by major e?emant‘var%aﬁieﬁ; no trace element data are

available on the Tower unconformity (between flows 45 and 46). Lik

the Southwest Ridge section of Mount Jefferson, three possible

B

sub-sequences can ba determined with unsvstematic chemical variations

The Ptermigan Ridge section represents approximetely 150 maters
of young olivine basaltic andesite extruded Trom a sstellite cone on
the northwest Flanik of Hount Rainier, The geochemical data for gix
of these Tlows are compaved to stratigraphic hefght on figure 8,
The stratigraphic column suguests a gross systematic variation in
many elements with respect to stratigraphic heignht. Si0p increases
from 53 to 57 percent: Alysls, 7n, Cu and Co also grossly increase in
concentration in this section. Fezﬁg, Mg, Nao0 and Mi are rouahly
decreasing while Ti0o, Cal, K50, Rb and Sr vemain approximately
constant in concentration. Tnis section may represent a genersal
fractional crystailization pattern with the exception of A?203 and
Nao0 contents, The Alp03 and Man0 concentrations ave oredominantly
affected by the crystallization of albite but a modal analysis roves
the absence of a relationship between plagioclase phenocrysts and
groundmass mineral abundances and the compositional variations

exhibited in the stratigraphic column. Nevertheless, it appears
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that the flows sampled on Ptarmigan Ridee originated from only one
batch of wagma. Chemical analyses for Mount Rainier are listed in

Tehle 8,
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CONCLUSION AND DISCUSSIOHN
The following conclusions that are important in the interpretations

oo -
h
H

of the magma history of the lava flows of Mount Shasta, Mount

3

Jefferson and Mount Rainier are indicated by the major and trace

element data.
1. Each volcano exhibiis a catc-atlkaline composition that s
distinct.
a. Chemical varfation diagrams reflect different chemical
relationships for each volcano.

b, Chemical variation diagrams, in general, do not
exhibit smooth chemical trends as has been previously
reported for these volcanoss and other cale-alkaline
volcanic areas.

(.

2. Chemical compositions generally do rot vary systematically

2

when compared in a sivatigravhic section.

a. Chemical compositions plotted with pect to

-
D

2

stratioraphic heicht (age) exhibit chemical unconform

e
<
L"}
19

which ave interpreted fo delineate sub-seguences of
Tava flows.

b. Chemical compositions of sub-sequences generally
exhibit chemical consistency but usually do not
vary systematicaliy with the exception of Plarmigan
Ridge flows.

¢. Each sub-secuence is represanted by a nuinber of
1hdividua1 Tava flows which probably erupted from

a single batch of magma and represents a relatively
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short period of time. A s tratigraphic section usually
contains several sub-seauences and therefore several
batches of magma ave represented,

d. Stratigraphic seguences or sub-sequences can exhibit
systematic chemical variation if the sscuence is
composed of only a few lava flows in a thin stretigraphic

section, Ptarmigan Ridge 1 an example where the

hejoht (ave), represents a possible fraciional

crystaliization sequence. Howevar, even in the Ptarmigan

FS T G P YR S, T e em sl A e oy by
Ridge section, Alnlz and Ma,0 do not be

™,
<

Chemical wariations of lave flows in siratigraphic sections
are not accompanied by similav minevaiogic veriations. The
two generations of plagiociase phenccrysts in all three
volcanoes coutd indicete magma mixing in a holding chamber.
canoes are cnfefly composed of pyroxene andasite
of the cale-atkaline series, however, Mount Shasts and Mount
voleenic activity ave vepresented
1iite cone eruptions of mafic Tavas which are Tow in
Ko0 and Rb content. Mount Jefferson late stage andasites

and dacites exhibit an increase in Ky0 and Rb,

Coherent geochemical series of very uniform compositions have

n Titers

been reported for the Cascade volcanoes; Baker, Rainier, Hood and

Jefferson; while the remaining Cascade volcances, including Shasta,

e

have been classified as chemically divergent {McBivney, 1968}, This

classification appears valid with respect to existing data reporited

ture, However, the additional data reported in this paper
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suggests the previous classification to be ohsolete because: 1) the

2.

geochemistry pres&nced in this paver suggests chemical variations

to be non-systematlic for &11 three volcanoes, but coherent with

respect to alkali-magnesium-iron diagram {fig. 24), 2) nrevious
sampiing of Shasta, Jdefferson and Rainier has been inadequate in terms

of representative compositions, and 3) nrevious sampling has often
been conducted on velcanic rooks not associated with the formation of
stratovolcances. An example 1s Tound in the Mount Jefferson ares
(Grean, 19697 where Oﬂi’ elght chemical analyses ave reported for

250 square mites and ave considered by other authors to be representa-

cive of Mount Jefferson,  With this tvne of chemical evaluating,

B e oy . [ 2. W PRI S P o . p P & [OPI. AN SR S
continucus and systerptic chemical variations can be esasily wisinter-

dount Rainier, Mount Jefferson
fount Shasta Tavas sugmest a navent magma of high-aluimina

basalt which can preduce basaltic andesites, andesites and dacites

' b} o =} t
i

of catc-alkaline composition with progressively desrensing concentra-~

tions of Ti, Fe, Mg and M1 and nrogressively increasing concentrations

-

of Si, Ma and K. Althouch these chemical trends are not observed in

™

long stratigraphic sections the Ptarmican Ridoe sequence does exhibit

&

similar chemical relationshivs. The lavas of Ptarmigan Ridge are

t
basaltic andesites and they are interpreted to form hy fractional

D

crystallization under hydrous conditions in a magma chamber at 30-40
km in depth (based on experimental work of Green and Ringwood, 1968).

The resulting chemical variations could be vproduced by the

removal of clivine and pyroxene phenocrysts. The non-systematic




variation of Al and Nz indicate a

plagioclase phenocrysts

small pevrcentage of Mount Rainier

move complex magmatic history.

The rema

Mount Shasta do not exhibit systenm
function of height (age) and there

JCR. . o g by e
L10n seneme Clu

The presence of sub-sague
2 TR . SR SR SV T S
that the lava oviginated Trom seve

B ey pede o o
ey tial

ambers (also

N TR NN . g e
chambers as gie

Fiavent

.

tappi

reruptions).  Sporatic

fzati

chemical variations, ad

3
v

gnd Yoder, 196%) indicate an

&

e

alkaTine series b

coutd originate

or above the subduction LOHQ) inve

L4

melting of ecologite, peridotite o

or less in depth under wet to dry

Mount Shasta andecites and ha

Tate stace eruptions appear to be

many of the elements exhibit wide

tion

3

iS5

nealigible based

]

contam1

(Petermsn et al., 1970). Several

The Ptarmican Ridge

ving lava Tlows of Mount Rainier, Mount Jefti

el
1

am and other volatiles are

from subducti

N

non-systematic development of

flows represent only &

flows; the remaining Tlows have a

s

atic chemicnl variations as &
fore a simple fractional

esh maoma

Vil

raoma chambers.

from the sams

fractional crystaliization in some

o0 will

Fius

. the pH probably

uate

hambers

ng ot %
on could produce the non-gystepatic

~

data {Creeon and Ringwood, 1968

d daci

™

-
i

desite
nozong mech

Tving various degrees of

r oamphibole at

o

conditions.

saits ascociated with Shastina and
tholeiitic in composition. Although

chamical variations, crustal

(9] .
on STO7/5Y9‘ averaging 0,703

ratios

authors {Taylor, 1969; Tatsumoto and



Knight, 1969; Green and Rlnquuoo 19663 and Arinstrong, 1968) propos
that tholeiitic magmas may originate from the melting of the ccesnic

Tithosphere in a subducting zone. The resulting magm mey ba produced
by reactions involving the breakdown of amphibole at shallow depths

f ¥

(Fitton, 1871). The coexistence of thoeleiitic and cale-alkeline vocks

a8 ohsarved on

th isiand are develop

Mount Redniey t 15 probable that se SOUrCe rens and
conduit the younoer

7, DUV A O T PO S . S frs o e [ t e o Ay
fhe data presented in this paper indicates that the Cascade
magratic evolution J3 extramely complex. Stratovoleanoess 1Tike Mount
7

o [P K | SR, ST S ~ -, 3 gy P
Fersan and Mount Rainder need extensive sampling and

chemical analyses to intevpret
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Figure 11. Trace element (Zn, Cu and Mi) 40, variation diaaram for
Mount Shasta volcanic rocks, efeménts in npom and Si0s din
weioht nercent., Symbols: @ = Mount Shasta andesite;

o = Shasting andesite and dacite; Ei= domes and nluns.
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Fiqure 12. Trace element (Co, Pb and Sr) Sif, variation diaaram for
Mount Shasta volcanic rocks, eleménts in nom and Sihs
ueinht nercent., Svinbols: & = Mount Shasta andesite;

= Shastina andesite and dacite: ﬁames and nluas,
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Figure 13. Major element (Ti0s,, FeoNy and Can) q,q? variation diaaram
for YMount Jeffersoh volcanic rocis, axides in weinht
nercent.
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Fiqure 14. Major element (A1,03, Mo and Mann) Siny variation
diagram for Mount Jefferson volcanic rocks, oxides
in weight percent.
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Figure 15. Trace element (Zn, Cu and #17) SiNs variation diaaram

N1

for Mount Jefferson volcanic rockg, elements in pnm

and Si0» in weicht percent,

&)

o
&
A
g :
GO
J
:
?":« e P T T {2k Y SRR
|
i
& i 0
iﬁ L e
! @
5 O ©
e ¢ )
6“# ‘ @“.J@ S gl:)
& " e o
SO
1 G © <
4 &) 3 .
& &
L0,
5
oy AT D LR IR,

I TS

LA

B —
50 52 54 56 58 60 62 G4 6B

%Si@z




-0/ -

Figure 16. Trace element (Co, Rk and Sr) Si0, varfation diaaram
for Mount Jefferson volcanic rocks, elements in pnm
and Si0» in weight percent,
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Fiqure

17.

b 010 5

Major element (Ti0y, Fep03 and Cad) SiN, variation diacram
for Mount Rainier volcanic rocks, oxides in weiaht percent.
Symbols: 7= vounag basaltic andesite; e = andesite and
dacite.
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Figure 18,

Major element (Acoﬂq, rnﬂ and Ma,n) Si0s variation diaaram
Rainier volcanic rocks$ oxidad in weiaht nercent.,
= youn«a basaltic andesite: o

for Mount
Symbols: fi=

£

dacite.
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Figure 19, Trace element (Zn, Cu and Mi) Sifs variation diagram for
Mount Painier volcanic rocks, elements in ppm and oxides
in weight percent., Symbols: = voung basaltic andesite;
¢ = andesite and dacite.
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Fioure 20.

L

Trace element (Co, Rb and Sr) Sils variation diagram for
Mount Rainier volcanic rocks, elements in prm and oxides
in weight percent. Symbols: = young basaltic andesite;
¢ = andesite and dacite,

ST FoaT R R T L T M R R RS AT R o j

3 i g

1004 k

5 ¢g j

Co 60
/’{ G s o & i

2 Qm* o o © ,

(2
&

= pmy BT

Sr 400,

S T T S S S L
50 52 54 56 56 60 62 64 €6
% Si05




Figure 21,

i
L IR
P4 L R

.
e
S

wrubocs

<o
O
e

e

plnet I

T

A

See following page for description.

}
tﬁi

‘g




Y 20 = e

Figure 21, 1,0-5i0s variation awa jram for Mount Shasta, Mount Jefferson
afid Mount Dainier, oxides in weiaht percent. Symbols:
Mount Shasta, o = Mount Shasts andesite, o = .huqtﬁra
basalt andesite and dacite, = domes and nTuos: Mount
defferson, & = andesite and dacite; Mount ﬂa?rier9 o=
young hasaltic andesite, ¢ = andesite and dacite.
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Alkati-Magnesium=Tron (AMF) ternavy diagrams for lMount
Shasta, Mount Jefferson and Mount Painier, Alkalies =
MaoD + Ko0 weight vercent and total iron is expressed
in Feply waight rercent.




-77-

Table 6. Chemical Analyses of Mount Shasta Lava Flows

Major S04 S09 S
Elements

510, 57.54 54.47 59,
Ti0,

A1,04 18.
Fe,04 5
MgO 2
Cal 6.
Na,0 4.
K50 1.64 A9 1.
Total 98.
Trace

Elements

Zn 67
Cu 54
N 13
Rb | 33
Sr 834
Co Tr
Element

Ratios

K/Rb 297
Sr/Rb 25.
K/Sr 11
Ca/Sr 57.

Zn/Cu 1.60

£

39

.59

C1

.26

.84

70
55
18

52

2
v

.6

47

s14 . S5 S17

61.

16.

oo

o
W0

o
L5]

30
842

360

28.
12.
5b.

1.

48 59.93 60.
.59 .67
€1 16.74 16.
62 6.42 5
92 3.45 3
52 6.90 6
20 4.08 3
.30 .83 1.
24 99.01 98.
/3 77
66 50
12 14
19 26
865 862
Tr 11
363 370

1 50.8 33.

8 7.14 11

34 51.10 54,
64 1.06 2.

70

.68

2

.2

80
08

ste

63.

6.

(&3]

72
50
17
27
833
15

421

30.
14.
56.

2.

79

.70
.30

8
1
54

32




Major Szl
Elements

5102 66.92
Ti0, .56
Al,04 13.54
Fey0s 4.27
Mg 2.18
Cal 5.64
Na,0 3.36
K,0 2.27
Total 68.74
Trace

ElTements

Zn 70

Cu 47

N 20

Rb 65

Sr 577

Co ¢
Element

Ratios

K/Rb 290
Sr/Rb 8.88
K/Sr 32.7
Ca/Sr 69.86

in/Cu ]

.b2

=78~

Table 6. {continued)

S24

61.

16.

(S
—
O

[S%]
o
Sy

98.

1164
10

346
64.7
5.35
45.31
1.63

56.88

1.44

05,

25

99
41

22
919

408

41.
9.
51.
6.

61.

88

L7
.79
.70
.09
.66
.92
.08
.83

8

76
79
19

98.

103
47

445
85.

40.
3.

84
€8




Major §32

Elements
$i0, 61.09
Ti0,
Al503

Feolg

MgO

Cal

Na,0

K,0 1.
Total

(o]
=

Trace
Elements

in

Cu

N

Rb

Sr

Co
Element
atios
K/Rb
Sr/Rb
K/Sr
Ca/Sr

Zn/Cu

Table 6. (continued)
$33 534 535 S36 $37
64.52 60.60 63.86 £L£9.93 65.55
77 T2 .50
17.16 15.76 15.48
5.15 4.88 3.66
2.62 2.72 2.44
6.86 6.77 5.87
4.00 4.10 4.10
2.39 1.34 .83 1.489 .91
28.50 §9.80 986.67
96 08 95
51 47 47
7 10 13
33 15 16
1100 1322 857
6 5 5
337 459 472
33.3 88.1 89.4
10.1 .21 7.94
44.6 36.6 44.9
2.67 2.88 2.88

S39

61.28

.82




T

Table 6. (continued)
Major oy S42 C43 S44 ca7
Elements
Si0, 49.42 48.68 56.43 51.06 59.36
Tio, |
Al,04
FeZO3
Mg
Cal
Na,0
Kol .25 .18 .76 .40 .88
Total
Trace
Elements
Zn
Cu
Ny
Rb
Sr
Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr

in/Cu

S50

67.88

A7




Major
Elements

Si0,
Ti0,
Al,04
FezOB
MgO
Cal
Na,0
K,0
Total
Trace
Elements
n

Cu

N1

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
in/Cu

 Od-

Table 6. (continued)

SH2 S53 S55 S56 S58

64.57 61.09 60.70 62.58 60.80
.79

15.80

5.82

.73

7.86

4.14

.98 1.25 .56 .81 1.

S
L]

gg.22

96

18
17
1180

S59

60.86

1

.

SE0

67.63
.57
15.10

3.34

100.19

92
43
14
26

900

575
34.6
16.6
87.7

3.28




mafS -

Table 6. {continued)

Major S61 C6d €65 S67 S68 S69 S70
Elements

$i0, 65.96 61.88 65.34 61.56 62.82 65.94 64.35
TiOZ .hb .61 .65 .62 . b8
Al,04 16.30 T16.42 16.19 16.24 16.80
Fe,04 4.42 4.92 4,95 4.07 4.74
Mg0O 3.55 3.28 2.85 1.77 1.72
Ca0 6.34 6.30 6.00 6.11 6.30
Nap0 3.84 4.63  4.00 4.24 3.9
KZO .65 .68 .54 1.28 1.41 1.21 1.05
Total 97.57 98.00 98.87 100.2 88.78
Trace

Elements

Zn 79 76 86 75 75

Cu 47 50 56 43 18

N1 16 19 20 15 14

Rb 13 37 40 28 26

Sr 1196 577 519 857 864

Co 14 14 19 14 15
Element

Ratios

K/Rb | 434 287 293 359 335
Sr/Rb 92.0 15.6 13.0 30.6 33.2
K/Sr 4.72 18.4 22,6 11.7 10.1
Ca/Sr 74.2 153 162 50.9 52.1

in/Cu 2.47 2.05 2.20 2.68 1.97




Q-

Table 7. Chemical Analyses of Mount Jefferson Lava Flows

Major F11 Fi5 Fié Fi7 F18 Fi¢ Fzo
Ejements

510, E2.59 53.30 56.92 55.87 58.18 56.37 56.58
Ti0, 7 1.37 .98 1.02 . 9§ 1.04 1.03
Al,04 16.29 17.97 17.66 17.20 17.11 16.36
Fe,0, 10.19 7.71 8.02 7.58 8.02 7.%4
MgO 4.63 3.20 2.50 2.52 2.79 2.77
Cal 8.74 7.76 7.85 7.27 7.92 7.96
Na,0 3.42 3.44 4,42 3.92 4.42 3.71
K»0 .66 .65 .86 .90 .98 .93 .88
Total 98.59 ©98.68 98.24 98.65 98.61 97.24
Trace

Etlements

Zn 78 79 88 79 86 88

Cu 58 G4 61 G4 63 57

N 21 20 159 12 21 17

Rb 15 9 17 14 15 14

Sr 531 653 654 628 624 621

Co 12 29 13 12 12 19
Element

Ratios

K/Rb 360 886 439 587 481 522
Sr/Rb 35.4 72.6 6.7 44.8 41.6 44.4
K/Sr 10.2 12.2 11.4 13.1 11.6 11.8
Ca/Sr 118 84.9 85.8 82.7 90.7 91.8

In/Cu 1.70 1.25 1.57 1.23 1.41 1.54




Major
Elements

S10,
710,
A1203
FeZO3
Mg
Cal
Nazo
K,0
Total
Trace
Elements
in

Cu

N

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
In/Cu

Table 7. (continued)

F25 CF27 F29 F30 F31
49.14 50,45 56.13 54.88 56.28
| 1.41 1.00 .96
17.76  18.16 18.15
10.55 7.87 7;58
5.79 Z.89 2.28
9.13 7.77 7.78
3.26 3.71 3.82
.50 .54 1.04 1.01 .80
98.89 88.57 898.76

87 85 84

62 57 73

24 16 17

° 5 11

536 664 653

26 20 18

498 1730 604
58.6 133 59.4
8.4 13.0 10.2
121.7 83.6 85.2
1.40 1.48% T.15

1.27 1.

(X
co




Tab?e 7. {continued)

Major F35 F36 F37 F38 F3¢ Fa2 Fa3

Elements

510, 60.82 57.18 58.26 H5.72 58.08 56.56 57.25
T'iO2 .78 .78 1.03 1.03

AT,05 16.97 18.282 17.72 17.27

Fe,03 5.93 6.30 7.31 8.16

Mg 2,45 2.50 3.19  3.30

Cal 6.70 6.89 7.87 7.65

Na,0 . 4,55 4.39 2.27 3.92

K,0 1;03 .96 .96 .88 .97 .96 1.07
Total 99.23 898.37 98.38 98.85

Trace

Elements

In 83 81 _ 86 86

Cu 44 52 : 58 61
Ni 17 16 22 21
Rb 15 14 15 14
Sr 5hH2 556 674 671
Co 17 19 27 24
Element

Ratios

K/Rb | 570 569 537 569
Sr/Rb 36.8 39.7 449 47.9
K/Sr 15.5 14.3 11.9 11.9
Ca/Sr 86.7 88.6 82.8 81.5

n/Cu 1.89 1.56 1.48 1.41




-

Tahle 7. (continued)

Major Fad F&5 F&6 Fa9 F50 Jo6 J07
Elements

Si0, 57.00 54.38 57.34 55.70 54.31 §&1.70 65.09
Ti05 1.00 1.01 1.07

A1,04 16.60 16.417 18.38

Fes0q ' 7.73 7.74 8.34

Mg O 3,77 3.11  3.28

Cal 7.42 7.29 7.92

Na,0 4.08 4.24 3.84

K, 0 .89 .99 .93 .66 73 .61 1.88
Total 98.48 98.07 99.13

Trace

Elements

Zn 84 85 75

Cu 62 56 69

N 18 17 17

Rb 11 15 12

Sr 662 673 658

Co 23 24 18

Element

Ratios

K/Rb 672 515 456

Sr/Rb 60.2 44 .9 54.8

K/Sr 11.2 11.5 8.33

Ca/Sr 80.1 77.4 86.0

Zn/Cu 1.35 . 1.52 1.09




Major

Elements

Si0,
Ti0,
A1203
FeZO3
Mg0
Cal
Na,0
K0

Total

Trace

Elements .

n

Cu

M

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
Zn/Cu

.04

Table 7.
J17 J18
64.47 55,61
1.52 .98

{continued)

J20  J22  Jg23
60.31 63.30 62.00
.83 77 .76
17.12 17.35 16.07
6.15 5.33  5.56
2.33  2.14 2.1
6.42 6.30 6.20
4.39  4.63  4.39
91 1.25 .44
98.46 101.01 98.53
84 73 76
48 32 46
15 15 18
14 17 21
555 ' 533 703
10 11 9
540 610 569
39.6  31.4  33.5
13.6  19.5  17.0
82.7 84.5  63.0
1.75  2.28  1.65

Je4

59.

17.

78
46
16
15
531
12

581

35.
16.
95.

1

00

.83

4
4
4

.70



Table 7. {(continued)

Major J28 J30 J3z
Elements

5102 53.05 48.55 53.16
Ti0,
AT4504
Fe,03

Mg0

Cal

Na,0

Ko0 .94 .75 1.00
Total

Trace

Elements

n

Cu

N

Rb

Sr

Co

Element

Ratios

K/Rb

Sr/Rb

K/Sr

Ca/Sr

Zn/Cu

J33

66.

12.

80
44
16

701

729

18.

65.

.9

7
Q

.82

1

.07



Table 8. Chemical Analyses of HMount Rainier Lava Flows

Majovr TO4 T06
Elements

510, 59.45 62.08
T1’O2

Al,0

3
04
2

2
Fe2
Mg
Cal
Na

2D

K,0 1.97 2.03

2
Total

Trace
Elements
Ln

Cu

N1

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sy
Ca/Sr
Zn/Cu

~0

TG8

56.64

i

"y

T14

63.06

2.

02

T17

58.78

1.68

T18

£63.78

2.06

120

61

1.

)

¢}

7

2




Major
Elemants

8102
Ti0,
Alo04
Feoly
MgO
Cal
Nao0
K0
Total
Trace
Elements
In '
Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr

Zn/Cu

o Gl

Table 8. {continued)
T24 T31 T32 T34
58.09 58.63 58.78 59.19
.91 .78
17.85 17.44
5.77 5.49
2.456 2.55
7.08 7.15
4,26 3.43
2.08 1.94 2.18 1.86

(e )
co
(el
(e
el
N |
O
&

68 92
36 47
19 25
49 62
500 624
12 12
329 269
10.2 10.1
32.2 26.8
| 81.9
1.89 1.96

T35 T37 T38
60.74 58.89 ©59.85
.82 83 87
16.87 17.44 16.88
5.26 5.88 6.47
2.34 £.55 2.33
6.34 7.25 6.42
3.02 3.33 3.13
2.14 1.86 2.15
97.53 98.03 88.10
72 73 68
45 37 33
19 18 18
50 50 51
482 482 492
12 12 9
339 297 350
g.64 9.64 9.¢64
35.1 30.8 36.3
94.0 107 83.3
1.60 1.97 2.06




Table 8. (continued)

Madjor T3¢ T40 T41
Elements

5102

T1O2

51.81 53.26 61.33

A1203
F6203
Mg0

Cal

Ko 0 1.60 1.78 2. 14

Trace
Elements

Zn

Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
In/Cu

T43

£8.54

2.

2

T44

60,96

[

LA

T46

61.

1

.98

T48

61.

17.

—

W
(ko)

606
54

47
449
11

34,

110

1

44

L 87

.87

.22



Major
E]ements

8102

2
ATZOB

Ti0

Fe203
MgQ
Cal
NaZO
KZO
Total
Trace
Elements
Zn

Cu

N1

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
Zn/Cu

2.

01

Table 8, {continuad)
T53 T4 T55 T56
62.56 59.18 63.01 67.26
2.13 1.985 2.06 2.32

Th9

62.

68
56

44
488
10

400
11

36.

56

.31
.91
17
L2

12

.

1

.21

465
13

320

36.

106
1

A7

.92



Major
Elements

5102
Ti0,
A]203
F9203
Mg0

Cal
NaZO
K50
Total
Trace
Elements
in

Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
in/Cu

R W

Table 8. (continued)
T61 T62 T63 T64 T65 T67 T68
£3.0% 64.01 59.87 5¢.84 60.97 62.30 66.11
.80 75 .86 .74
17.32 17.63 17.31 16.17
5.53 5.40 6.28 4.79
2.16 2.79 3.04 2.16
5.97 6€.75 6.97 5.90
3.44 3.52 3.52 3.50
1.96 1.64 1.60 1.62 1.43 1.70 2. 30
100.87 ¢8.31 100.43 101.75
66 69 33 29
44 33 43 39
18 18 19 16
48 42 40 52
450 476 494 407
10 Tr Tr Z
284 316 307 367
9.38 11.3 12.4 7.83
30.2 27.9 24.9 46.9
84.8 101 101 104
1.50 2.08 767 744



Table 8,

Major T70 T/ 172

Elements

$10, 61.25 65.84 63.71

Ti0, .83

AT,04 16.31

Fezo3 .45

Mg0 2.43

Cad | 6.06

Na,0 ‘ 3.92

K,0 1.70  2.37 2.25

Total 100.96

Trace

Elements

Zn _ 29

Cu 34

N 19

Rb 52

Sr 434

Co Tr

Element

Ratios

K/RL 359

Sr/Rb _ 8.35

K/Sr 43.0

Ca/Sr 99.8

Zn/Cu .853

T73

64.88

2.

17

{continued)

T74

64d.

16.

100.

36
29
50
403
Tr

.06

.889

T7

66.

Z.

5

78

T76

68.672



Major
Ejemenﬁs

Si()2
T1‘O2
A1203
FeZO3
Mg0
Cal

Na,0

2
KZQ
Total
Trace
Elements
Zn
Cu
N1
Rb
Sr
Co
"Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
in/Cu

Table 8. (continued)

T77 T78° 18] 782

61.82 57.12 62.58 &5,

1

16.

(&3]

1.66 1.00 1.91 1

41
24
2z
496
Tr

392

22.
17.

113

04

.18

94

.18
.36
.83
.39
04
.96

Te3 T84 T85
55.41 55.98 57.36
1.25  1.14  1.09
17.10 17.28 17.12
9.45 8.84  8.05
5.51 4.71  3.88
7.65 7.83  7.42
3.68  3.92  £4.00
04 1.16  1.40
100.99 100.86 100.32
38 24 92
35 41 42
20 20 11
19 21 29
450 502 527
Tr 113 121
417 458 401
23.7 23.9 18.2
17.3  19.2  22.0
127 111 101
1.08 585 621




Table 8. (continued)

- Major T86 T87 T88 ROT RO4 RO7 RO&
Etements '
8102 57.66 56.75 5£8.02 63.47 60.2Z2 60.48 €4.93
Tioz 1.09 1.08
A1,04 16.57 17.87
Fe203 8.36 g.02
MgO 3.81 3.93
Cal 7.61 7.74
Na,0 3.84 3.76
KoO 1.17 1.06 .94 1.97 1.79 1.73 1.97
Total 100.32 100.05
Trace
Elements
m 93 79
Cu 42 43
N 18 24
Rb 31 29
Sr 513 515
Co 110 139
Element
Ratios
K/Rb 313 303
Sr/Rb 16.5 17.8
K/Sr 18.9 17.1
Ca/Sr 106 107

in/Cu .645 724




Major
Elements
8102
T1'O2
A?ZO3

Fe, 0,

273
g0
Cal

=
kaZO
KZO
Total
Trace
Elements

in

Co
Element
Ratios
K/Rb |
Sr/Rb
K/Sr
Ca/Sr
Zn/Cu

RQ9

63.06

2.

24

DA A Sl

Table 8. (continuved)

R10 R14 R16 R18 Rz28 R32

57.96 59.86 63.01 63.10 65.02 68,40

1.917 1.72 1,92 2.0] 2.20 2.40



Major
Elements

$i10,
T1‘O2
Al,04
Fe203
MgO0

Cal

Na20

K,0
Total
Trace
Elements
In

Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr

Zn/Cu

R3

61

69
37
17
49
459
74

356

9.
38.

1

.96
.82

Y4
.94

.68
.10

37

.86

Tahle &.

-08.-

(continued)

R42 R43

62.10 62.

.82

16.

.16 2.

[p%]

99,

91

20
49
4772
73

339

35.

93.
2.

38

.30
.87
.18

00
10

.63

6
76

R44

61.

1

39

.97

R&L

R46

59.79 58.10

1

.57

1

.80

R&7

61

16.

99.

92

35

413

13.
30.
82.

2.

.28
.85

82

.90
72
.56
.68
.09

90

5
6
7
63




Major
Elements

3102
TiO2
A1203

Fe203

Total
Trace
Elements
Zn

Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sy
Ca/Sr
Zn/Cu

R49

61.

16.

100.

93
29
33
46
590
42

378

12.
29.
78.

3.

.86

61

.92
.74

.00
12

08

8
5
8
21

-99-

Table 8, ({continued)

R50 R51 R&2 R53 R55

62.33 63.40 63.90 62.53 59.94

.86 .82 .83

16.15 15.68 16.16

' 5.81 5.78 5.84
2.36 2.23 2.84

6.12 6.10 6.82

4.08 4.16 4.17

2.15 2.16 2.12 2.04 1.84

100.08 99.34 98.44
122 100 121
39 38 41
17 18 8
48 50 56
481 466 569
27 25 36
374 339 273
10.0 9.32 10.2
37.3 36.3 26.8
80.9 93.6 85.7
3.13 2.63 2.95

R56

54.42




100~

Table 8. (continued)

Major R57 R58 RE9 R60 RE1 R62 R64
Elements

Si0, 54.56 56.68 56.95 55.95 54.54 53.74 53.78
Ti0,

Al,0,

Fe203

Mg0

Cal

Na,0

2
K,0 1.42 2.13 1.02 1.90 1.37 1.52 1.44
Total

Trace

Elements

in

Cu

Ni

Rb

Sr

Co

Element

Ratios

K/Rb

Sr/Rb

K/Sr

Ca/Sr

in/Cu



Major
Elements

510,
TiO,
AT,0,

Fe_ 0

e,0;
Mg0

Cal
Na,0
Ky 0
Total
Trace
Elements
in

Cu

Ni

Rb

Sr

Co
Element
Ratios
K/Rb
Sr/Rb
K/Sr
Ca/Sr
in/Cu

Table 8.

R&H RE9

55.24 58.

17.

1.12 1

98.

137
37
16
39

565
23

347

14.
24.
80.

3.

04

.86

91

.38
.25
.12
.96
.63

15

5
0
1
70

-101-

(continued)
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