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Compositional Variation in Three Cascade Stratovolcanoes:
Jefferson, Rainier, and Shasta '

‘ K. C. CONDIE and D. H. SWENSON *
. Dcparln"ncnt'of Geoscience, New Mexico Institute of Mining and chhnolégy,
’ Socorru, New Mexico 87801

Abstract

ier, and Shasta stratovolcanoes in the Cascade Range indicate that each
volcano has distinct geochemical distribution patterns. Silica variation diagrams
arc not smooth nor, in general, continuous for any volcano. Partions of strati-
graphic sections within the volcanoes exhibit compositional coherency and are
interpreted as cruptive groups which were extruded over time intervals which
are short compared to the lifetimes of the volcanoes. The results of this
investigation indicate the feasibility of gcochcm’iéally mapping cruptive groups

“within stratovolcanoes. Systematic compositional trends are not observed within
= thick (500-1000 n_'1) eruptive groups but may occur over thicknesses of < 200 m.
.~ Compositional variations within eruptive groups are commonly non:systematic
b and show ranges similar to the ranges observed in individual flows. Correlations
“hetween the amounts or kinds of phenocryst phases present and intra-group

toimpositional variation is not observed. Inter-group compositional differences
are somelimes accompanied by mineralogical differences. Late andesites and
ducites al Rainier and Shasta-are characterized by decreases in K and Rb while

-at Juiferson increases in these elements and other compositional changes occur

in the late eruptives. _ )
Progressive fractionai crystallization, models do not secem capable of explain-

@ i the clement distributions observed in the three volcanoes.” Existing data

R are consistent with a model involving varying degrees of melting of some
4 combination of amphibolite, eclogite or peridotite in or above a subduction
ccrone with varving -water contents. Segregation and sequential eruption of
?’__small batches of magma may produce the eruptive groups characterizing the
" yolcanoes. Late mafic magmas érupted at satellite vents appear to be produced

3 . . N .
m different (deeper?) mantle source areas.

* Current address: Sicrra Rutile Ltd., P.O. Box 59, Frcetown, Sierra Leone,

W, Africa.
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. United States represent. the most recent calc-alkaline volcanic activity -

_tigation is to-evaluate compositional variation within several Cascade

pled and studied in. detail: Mt. Jefferson in northwest Oregon; Mt.

‘gross geochemical features. Up to 30 samples from each volcano were .

-cleavers of the volcanoes were systematically sampled. Because of

from cach volcano were analyzed for Na, Cs, Sb, Cr, Co, Ba, La, Ce, Sm, Eu

.for major elements, Rb, Sr, Cu, Zn, Co, Cr, La, and Ce; <10 percent for Nj,

Introduction c T L & (dcﬁncd by lhe chondriten
- S by drawing . a straight- line
reproducible to' about 5 per
and modal analyses were

ma_'jor_ stratigraphic successj

5

i

The. stratovolcanoes of the high Cascades in the northwestern

in the conterminous United States. Paleomagnetic data suggest ‘that
most- or all’ of these volcanoes were erupted - during the present
polarity epoch (MCBIRNEY, 1968). The purpose of the-present inves-

I N

stratovolcanoes -in order .to more, fully understand the .origin of the
magmas - which formed the volcanoes and the relationship_of erup-
tional histories to magma evolution. Four stratovolcanoes were sam-;

Mt. Jeﬁerson is the
volcanoes studied and 1
graphic. sections. The ge
Area has been described
of the volcanic rocks is
proper is composed of
and pyroclastics ranging

Rainier in southwest Washmgton and Mt. Shasta and the Medicine
Lake volcanic center both in northern California. Only results- for;
the first thiree’ are herein reported. : :

Up to- about ‘150 samples of flows were collected from each .
volcano, and many of these were analyzed for K.O and- SiO; to identify Tagie 1 Accun%uléti\ze icknes
’ “and Mt. Rainier.

then selected for more complete analyses. In order ‘to evaluate com-
positional variations as a function of stratigraphic- height (eruptive
age), flows from several stratigraphic sections exposed on ridges and i

‘Section

‘ . / . Southwest Ridge, Jeftersor
p'oor‘exposure or:hazardous sampling conditions, however, only four
sections were sampled’ where obvious age .relationships were -clear
for more than a few volcanic units. The thickness of these sections;
which are given in Table 1, range-from 150. m to 1000 m. Sample
locations- and generalized geologic ‘maps of each volcano are given ;
in Figures 1-3.. i,

Success * Cleaver, Rainier
. Cowlitz Cleaver, Rainicr

Ptarmigan Ridge, Rainier

in composition, The no
assumed in- this paper:
acites from 62-68 % Sil
mineralogy. They are pu
i clase (30-35 percent), cling
(3-5 percent) with 0.5:3 p
;.nglows thin in average thic
SUmMmit pinnacle is compo.
during the final stages o
made from the exposed b
along the Northwest, Wcs
parative’ purposes some s
distance of 12 km of the

~Analytical Methods : : : r;‘

Tw<_nty to thirty samples of lava from each volcano were analyzed fors
the major elements Si, Al, Fe, Mg, Ca, and K and the trace elements Rb,w‘
Si, Zn, Cu, and Ni by non~dcstru<_:twe X-ray fluorescence” methods ple\’lOUSl)‘:
described (Conbnig, 1967a, b) using standard rocks W-1, .BCR-1, AGV-I, GSP-I,
GR, T-1, G2, and Sy-1 to construct major element calibration curves.. Andesite

AGV-1 was used as a-standard for all trace element analyses. 8-10 samples

Tb, Yb, and La by non-destructive neutron activation analysis (COND[E'and Lo,
1971) using AGV-1 as a standard. Total analytical error is estimatéd <5 percen

Ba, Sb, Cs, S, Eu, Yb, and Lu; and.=< 25 percent for Tb. The Eu/Eu*'ratio}
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(defined by ‘the chondritenormalized Eu value divided by the value oblained
. by drawing a straight' line from. Sm’ to Th-and veading “the Fa- value) is
- reproducible to about 5 pcrunl Thin scctions were > examined of most samples .
,, and modal - analyses  were made of xcpresenlatlvc sampleq [Iom each of th(_"
A ma]or stlaugraphle successmns :

-
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est that

present , _ o L
nt inves- & . . “"Mt. Je‘Pferson
d Cascade - . ’ ‘ S : _
: in.of the - M. Jeffelson is the most decply dlssccted of- the three strato-'
¥ of erup- §:yolcanoes studied and provided the most, reachly accessiblestrati- -
gwere sam- ! graphic sections. The gereral geology of “the ‘Mt. JePfe1son Primitive
s?ﬁegorl Mt A Area has been described by Warker, et al. (1966) and the petiology ..

of the ‘volcanic rocks is ‘repor'ted' on by GREENE (1968). The volcano
proper is composed lof.'ébout equal amounts of interbedded flows
and pyroclastics ranging"from pyroxen‘e andesite- to@pyrox’ene dacite .

tom each ;

ito 1dent1fy L7 TABLE | - Accumulative . lhlcknesses of stratxgraphlc sectxons sampled at Mt. Jefferson
: " and Mt. Ralmex . ; o

Section l " ' o _V Thickness (m)
Southwest . Ridge; :Jeﬂ'ers_on Co C . 1,000
Success - Cleaver,. qunier S 800
X Cowlitz Cleaver, Rainier =~ = - e .+ 400
sections, : 0 . - .

Sample " Piarmigan Ridge, Rainier S s

are gwen

in composmon The nomenclature suggested by Tavwor (1969) is

assumed in this paper: ie., ‘andesites range from 56-62 % Si0O, and
dacites from 62-68 % SiO.. The lavas are remarkably uniform’ in -
mineralogy. - They are porphyrmc containing phenocrysts of plagio--

clase (30-35 perCent) c]mopyloxene (1-5 percent), and orthopyroxene -
(35 percent) with 0.5-3 percent of Fe- Ti oxides in' the groundmass.
Gsp-1,“E Flows thin in average thlcl\ness towards the top of the volcano. The -
{}es 'AndesneJ' ummit pinnacle is eomposed of a plug of pyroxene andesite emplaced
3 10 samples durmg the ﬁnal stages of activity. MaJor samplmg traverses were

T w.\i\,,»—u;-w R reni 2 ey« S R i sy S S

o

=

along the Northwest Wcst and Southwest Rldoes (Flg 1) For com-
aratwe purposes some samples from nearby areas within a radial- -
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Ma]m and trace element data from la\'as of Mt Jefferson are
summarized in Table 2 and in Floules 4.7. The Jefferson rocks exhibit
“low K, Rb, and Cs concentrations and relatively high' K/Rb ratios : i
compared to volcanoes from 'mest other'hig‘h Cascade volcanoes for 2R

in the concentration of most
groups and is observed both
5)and in the- Southwest Rid;
Flo 6) The first group deﬁne

J e
/_/ /
/(]
Nisquaolly
(Enirance

\/-’\/\

L EXPLANATION

Mt. Jefferson Andesites
and Dacites ' :

D Flows ond'v - t @ G,I'lociersv'-\
Pyroclaostics . - .
- . Y Sample
Plugs o ' C Sites

Exp

Glaciers

Yayngt Basal

[&] o
:] Mt. Rainier
r/

Quaternary
o 1 . 2km: Pre -=-*Rainie
. . . . Sample St
Convour Intervat 800 lee' . RS .

Fic. 1 - Gcncrahnd geologlc map of Mt." Jefferson, Oregon showing sample locatlona %

Flc 2.
Geology after WALKER; ef al. (1966). ‘ G‘“”a““d gwloglc map of 1

tions. Geology after FISKE, et a
. . . . ‘ . . » CCC = Columbia Crest Cone

which data‘are available. In this respect they appear to be transitional WC = WaPOWely Cleavcr
between the calc-alkaline and arc-tholeiite series as deﬁned by JAKES.
and Wurte (1972). 3
The data indicate that the Jefferson rocks fall into two rather.

: dlstlnct composMonal gloups A dlscontmully of varylng magmtude ;

i lower two-thirds of Sou‘thWeét,-
Mg, Ca, Cr, Sb, Cu, and Sr a
percent. Most - el_ement concenti

4
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efferson are in the concentration of most but not all. elements separates the two
#.ocks exhibit  § groups and is observed both on'SiO, variation diagrams (Figs. 4 and
‘31 K/Rb ratios ;.} 5) and in the Southwest Ridge séction (between samples 37 and 39,
solcanoes for *f Fig. 6). The first group deﬁned by samples from the West Rldgc and

SEeiNiun.

0 e W
s & 7

/
/

/Nisquaiiy
(Entcance

Lonvmvru.

EXPLANAT/ION
Glaciers

Mt.. Rainier, Andesites and Dacites .

Young Basaltic Andesjtes.

Quaternary Alluvium and
Pre — Rainier Rocks- Undlfferentlated

[
v/

. .SO_mD|2>Si’e.$‘ . —_— Roads:
. 0" 1.2 3km
2 Generalized geologic ‘map of MﬁxRainieri Washington, showing_ sample’lbca—
tions. Geology after FISKE, .¢f al. (1963). Abbreviations:’ PC = Puyallup Cleaver;
) CCC = Coluimbia Crest Cone; CR = Cathedral Rocks; .CE = Cowlitz Cleaver;
: WC = Wapowely Cleaver. ’ '

&Pe transmonal Y= rapowely leav
iy 1ned by JAKES : :
Iowar two- thlrds of Southwest Rldge is' relatively high in Fe Ti, Al,

Mg, Ca, Cr, Sb, Cu, and Sr and exhibits a SiQ; range from 56-59




N
Si0, range (Figs. 4 and 3). Relative and absolute distributions of REE " Tapie 2 - Average compositi
~.are similar to thosesreported for other young calc-alkaline volcanics ¥ ' ‘
(Tavior, 1969; GiLi, 1970). The second group, defined by samples: §
from the Northwest Ridge arid Summit area (upper one-third of the

Sonthwest
Ridge +

56.71 -
1.02
17.47
-7.92
274
7.76-
3.97
0.91

.18
o
99
0.11
84
60

0.35
442
667

A
33
4.0
12
0.52
1.5
0.32

| snhestina -andesi ‘ond Daocit - g
astina -Andesites on GC'I, es. - \3‘:7REE o 52

EXPLANATION

Domes and Plugss

Gleciers’

Lote Basaolts ond Basoltic Andesites

Young Andesites ond Docites: ’ ) N

; : 581
i Rb/Sr R 0.020
17
22%10%
0.66
0.75

B ) . 14
La/yo 0 g3
"Eu/Eu * o o

' Shasto Andesites angd Dacites

Hi‘qhw’oys'

Sam"plé< ‘Sites
S0 1’2 3 4 5xm
PR S S O

Contour Intervgl YSOO feet

'_ FiG: 3 Gcncralwed geologic .map of Mt. Slmsta Callforma showlng samplc localmes.
Geology d“(.[‘ WIILMMS (1932 1934). .

Southwest Rldge %ectlon) ranges from 59-64 percent S]Oz, is enrlched-
‘in Na, K, and. to ‘a lesser dcgrce in Rb, and e\(hlblts higher K/RbL

can be, obtamcd from ‘the autl
' Fe,0, = 1otal Fe as Fe,0,
oldcr group of volcanics only,

gloup K sllghtly mueases and Fe, T1 ~and Ca. dccwase w1th SlO;i‘f
(Fig. 4) and llght REE are depleted relatlve to the first gr oup (Flg 7). !

.6
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I:\l!l,E 2 - Averége ‘compositions .ol lavas [rom Mt. Jetferson, Oregon.
Soatinvest - o West 4 ’ ) Northwest®
T Ridge v+ . Ridge Ridge-Stimmit
, 5671 - : 5733 61.27 o
SR W 102 . 078 '
' 17:47 ' 17.45 . : S 1660
792 .. 7.94 S )
274 ' 2.27 , 174
176 : 783 . 659 -
1397 N 4.02 : 444
0.91 SR A7 SR I AT
s - D U I - 16
2% . . . . . N 20
99 - = 33
- Toat . = o 0.21
84 © 84 . : 79
60 L6 ' 45
13 S - .16
035 = C031
- 442 = S 3
667 g Co636 ' -553
T o= S T63
33 . |
40 — 34
12 ' - - 13
052 ’ - 062
15 ' . o oL
o 032 . ' — o 02s
®WREE ™52 - S F A
581 o 551 . 602
0.020 ) 0,022 . C 0029
o i : 2% -
nxw = ' 3x 10
10.66 S - 0.68
©0.75 o o= S 080
i In/C 4 — , 1.8
W - L/yb . 73 . - KAV
g{&r_cent Si0,, is enriched ‘¥ Eu/Ey* ‘ S10. ' - ’ 1.1

Hexhibits higher K/Rb,
droup (Table 2). In this
&"a decrease "with SiOy

Note: blank spaces indicate no determinations; cémplete data from .all 3 volcanoes -
can be obtained from the .authors upon request.

! Fe,0; = total Fe as Fe,O, )

“older group of valcanics only.




Eu anomahes are smaH to abscnt in both oroups and in 'this Jcspcct ' — :
.are like other young calc-alkaline’ and arc- lholum voleanics (TAYLOR, {ei ' y o
1969; Jakes and Gir, 1970). S i o I T

Fleld relanonshlps indicate that the first. ‘gloup is the older 0[ F . .
“the two groups and that it- probably composes most ol the. volcano. ‘& ' '

~ The younger group found on the Northwest Ridge and Summit area. §7 b
today may have been’ removed by erosion from much or all of the ¥ wf -+ v .

" western and southwestern parts- of the volcano. Remarkably little § B
variation-in the concentration of. most elements is observed” within - §i. -

i S each group and especially the older group. The non-systematic varia-" ol '
I tions. observed with ‘increasing stratigraphic height within the older' B et
a group in the Southwest Ridge section (Fig. 6) are usually within the &g . ol '. Lot .
i ranges observed in individual flows from other Cascade volcanoes [ .| e
gl b (LArey and McKay, 1971; Haysiip and Conpig, 1973, in prep)). o L
4 & Rather smooth continuous SiO; variation diagrams covering a ?E“'G L et
il SiO; range from 52-74 percent have been reported from the Jefferson i, s}
, area. { GREENE, 1968) and differ from those herein 'repbrtcd for the & .| -
snatovolcano proper. The apparéntly smooth and continuous charac- : , 3 ‘ o
i er of the variation diagrams described by GreENE (1968) Tesults ! slov ' i
;’ chleﬂy.. from -inadequate sampling and the large SiO, range fromthe gz | .
- sampling of a large geographic area (up to 25 km from the volcano). 3% . cot

Mt. Rainier

Wity

iR

Mt Rainier is the most voluminous of the Cascade Volcanoe’s" S e T e
~and was even larger prior to the removal of the summit region by i E S .
collapse after a.major eruption of by.a series of smaller eruptions: 4% " '
(Fiskg, et al.,’ 1963) Most of the volcano is composed  of . rather' s .5t

|

uniform pyroxene andesites and dacites with flows dominating over L. ' ’

- pyroclastic rocks. Modal analyses indicate ranges of mineral abun-' g of o e
) A R . oo, *
_dances. similar to those found at Mt. Jefferson. Olivine phcnocrysts ' A U PR

also occur in relatively young basaltic andesites of very minor volume ¥
-erupted from two satellite cones-on'the northwest flank of the volcano:r. %
(Fig. - 2). Columbia Crest Cone resting on top of the dec'apitateld.;'

volcano represents some of the most recent volcanic activity at Rainier, i 2 , "

o - Lo oA
‘and is composcd of pyroxene andesites similar. to those composmgx K T N
most of the volcano. Sampling at Rainier was concentrated along.the g%, | . -+ s

‘cleavers between glaciers where the freshest, although often inacces-

sible, exposures oceur. Detailed sampling was completed ‘on Colon-‘ir 52 53 53 55 56.57 58 s «
: . : ' T o o ’ Yosic




% is “the older of 7
i of the volcano. .
find Summit avea § sl P : L
lHch or-all of the f:tf « ~o . = ' : B
emarkably little - 8 &7 ' P
observed within
systematic variva-‘-
within the older
sually within the
#scade volcanoes. .-
% 3, in prep.). v
Hrams covering aif;
%{om the Jefferson ™
%%"eported for the
%zn'tinu‘ous _cha;_‘ac- :
AE- (1968) results
, range from the . §

. : Tr o Tahyg ,.fqafe . 0% . . .
S ' et T SNy 'A’n} . 1. Fic. 4 - Majorele-
b o . o Te o i ment Si0, varia-
& ) e tion diagrams for
oo . S - L et Tt . N o ‘volcanic rocks
%‘a{{ascade' volcanoes ' 1 R R _ ‘ ' “from Mounts Jef-
o P g I S g ‘ 0 : g ferson, - Rainier,
& - eyt X o o R ! ’ '
summit nglOli' by,,, | o EE LR and Shasta.
maller eruptions 2 el L Symbols:
fhposed. of rather ##: s | Rainier, -
; o . 9 ; ) . - ®=young basaltic
b dominating over L , B T +— . andesiles;
3 . : . ! R . ' B b x ° ' - S =3 i ' -
2fof mineral abun-. k&, - L. o e . . ~ “=andesites and
A R ; CECC A Co e a8 - NEN o - | dacites.
3‘5 ine phenocrysts: _ o T - 2t e o Jefferson,
3ry minor volume g L fotel e e T ;233{1” volcanic
:\z"‘l nk Of the v'olcaho ) ; o ) ) . h ° ° o ’ R X = yo’unger .v(-)‘l.
i the decapitated g} o R ——F————————+——  Canic group.
g . e U S T , Shasta,
gactivity at Rainier ; ap T T . ] ©=older andesites
N those composin - = ' and, dacites;
3 ] p . gg . T, PR T . 1 * =Shastina’ and
~Tnt1‘ated along the’ - e e s R e voung flows.
E : . - - PR . o L o . a 1 i : . .
tigh often inacces o > O .8“““?5 in weight-
. L + O LA . s N N 0.

...p]g:ted.on CO]QD-,’:”) 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67
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Tz\Bl,Eg —,A\fez'agé compositions-of lavas from Mt. Rainier, ;Washmgto_rL . };gii’i’ltzLOe}f;VCI;:yz;liUI\)\’/eI?ugge;
W”WMU-" C Sweeess . Paridise . . 9:/:;;1::/1 B};(:ZZZ,’C i Park al_‘ea's. (Fig. '2):'St1.‘atigl‘a}31ii1
Cledver Cleaver =+ Area ‘ . AndesitesEand Cowlity Cleavers in the ma
—_— e T —»U : migan Ridge for the young bas.
T 5928.' T eas - 62w 6063 54]3?'; 3 Composit‘i‘onzll~ data’ fromj R
L 5‘_01. o8 " o84 .07 . 081 35 145 7 and 8. Both major and t
R Tio, . o T 1641 17.29- S 17135 . oo ‘ e
: ©ALO, - . 17.88 62 o . sm 842 | :*}qus mc.llcate Fhat they are ty
Fe0,* Toss 569 e 208 423 3 with dacites being only slightly
Mgo© . 19T L 200 620 66h 149 ‘:“,majority of the volcano. The yo
€0 s 2;50 3 S35 3 ibut distinet geochemical group,
Na,0 - : ;?Z 8 204 ' 213 . 165 ._1"10" Heites are. significantly enriched in
ISIO _ o o o 5 iy :to similar rocks from Jefferson
Ni I R I - 18 o » o - fAlkali element ratios exhibit ratk
Co . .. .. 2 2 : ig 19 a9 ¥ssimilar in both:the’pyroxene anc
cr - PP U i (I)Q;' » Y 02 . 070 : l?'basaltjc andesites: K/Rb = 300.
Sb-. o '05215 e 20 - st UG TR A = 30-90. Most elements in the Py
éz o | W .41 % A ;i§:see1n to 'deﬁn‘e a tre_hd on SiO, v
‘. o : I C o ;o 4. . 25 Jare suggestive of a -rough decré
Rb _ ' 50 B . ]55 .18 . .09 - Fincreasing Si0; (Figs. 4 and 5). Bc
Cs o o o 4‘4‘2‘ o 88 40 - - 2 ‘butimlls are rather similar in al]
§ _ };v R o C sy 839 49§ . 501 i?ﬁdeSItGS?(Flg; 7). The . Eu/Eu* r
: f , = IR . i.. L 7 \ fz,:only from 0.9-1.1.. o .
P e 5o ot o - o4 g The young basaltic andesites «
s Ce . 95 v 44;5 » a1 48 ‘gseparated on SO, variation diag
Sm - . 48 - ?é 13 ' 13 B T ;ﬁ,i%'clement ‘concentrations. They ar
- Eu ’ - o .'0:87 : 62 o " 046 o 08 i,‘ly.\‘ig, Sb, Cr, Co, Ni, and Cu and:d
Tb, . , ]—2 EE 17 Lo (1)‘31 :ff,’ to the voluminous pyroxene ande
E: o 0.26 028 2(2,7] . N Hhey are similar to the older Jeffe
YIREE Tl o8 B : U The relatively high contents of |
| o R w : IR | 365 " ‘f.ock,s'is 'prqbably controlled by t]
* K/Rb s =0 L0094 So012 . 0085 0.050 5 Hively large ‘amount of Fe-Ti oxid
‘Rb/Sr - 082_9.7. s 62 Y. i I‘ Systematic compositional cha
' E;gs . R LI _ 123201 . 7'()2;7{0" o :%cess or Cowlitz Cleaver se"c'ti(’)ns. A
" Ba/Sr . . 0397 - 086 O'fo . 090 - - 059 4gin the Cowlitz Cleaver section wij
Ni/Co - 050 08 ?; I YRR 25 3fand Rb. This same discontinuity,
- Zo/Ca’ B . "31‘2 ' 21 89 “Ebecause of inadequate sampling, o
v haYe 13 09 - L0 L SRR ‘_:;%Cowlitz Cleaver (Fig. 3). The varia
' Eu/Bux. R - — — ) i tnuity and throughout the Success
Note: blank SD‘a'Ces in]f_lic(z)itetno determinations. : . 3nd of about the same «magni_tude
* Fe,0; = total Fe as Fe,0;: ’ S '
S .10

1




Young .
Basaltic

‘Andesites’
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Cowlitz Cleavers, as.well as in the Paradise, Yakima, and Spray
Park areas (Fig. 2). Stratigraphic successions were sampled ‘at Success

-migan Ridge. for the young basaltic andesucs

Compositional data [10m Rainier are given in Table 3 and Figs.
4,5, 7 and 8. Both major- and trace element dlsmbuLlons in Rainier

‘majority of the volcano. The young basaltic andesites form a minor,
but distinct geochémical group. Rainier pyroxene andesites and da-
dtes are “significantly enriched in K, Rb, Cs, and. light REE compared
to similar rocks from Jefferson and Shasta (Tables 2-4; Figs. 4-7).
Alkali element ratios GYth]t rather dimited ranges and are in general

{ similar in both the pyroxene andesites and dacites and in the young

‘basaltic andesites:  K/Rb = 300-400; K/Cs = 5,000-15,000; K/Ba =
= 30-90. Most elements in the pyroxene andesites and dacites do not
seem to define a trend on-Si0; variation diagrams although the data

.‘ale suggestive, of a rough decrease in Ca, Ti, Fe, Al, and Sr with.

tincreasing SiO; (Figs. 4 and 5). Both absolute and relative REE distri-

conly from 0.9-1.1.

element concentrations. They are significantly enriched in Fe, Ti,

“LMg, Sb, Cr, Co, Ni, and Cu. and depleted in K, Rb, and Cs -compared
‘1o the voluminous pyroxene andesites and dacites. In some respects
Ythey are similar to the older Jeflerson volcanic group (Figs. 4 and 5).
§The relativély high cdntent‘s‘ of Mg and transition metals in these

srocks is probably controlled by the presence of olivine and the rela-

tively large amount of Fe-Ti oxides in the groundmass.

Systematic compositional changes were not observed in the Suc—

4055 Or Cowlitz Cleaver sections. A discontinuity occurs about. midway. -

iin the Cowlitz Cleaver section with the -upper group depleted in K
and. Rb. This same discontinuity, dlthough not as precisely. defined

Ybecause of inadequate sampling, occurs on Cathedral Rocks north of
Cowhtz Cleaver (Fig. 3). The variations above and below this discon-
L; dinuity and throughout the Success Cleaver section are non-systematic

and of about’ the same maamtude as those found in the Southwest

i1

nade, " Lower ‘Puyéll-lup, Success, Wapowety, Cathedral Rocks and

- and Cowlitz Cleavers in the main andesites and dautes and a t‘Ptar-'j '

rocks indicate that they are typical of .the calc-alkaline association
with dacites being only slightly less abundant than andesites in the.

butions .are rather similar in all Rainier rocks mcludmg the basaltic
& andesites (Fig. 7). The Eu/Eu* ratlo is also ‘rather constant rangmg

-4 The young basaltic andesites deﬁnc a distinct composmonal group
sepaxated on SiO, variation dlaglams by a- discontinuity in many
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- Ridge section of Jefferson (Fig. 6). Unlike ‘these two sections, the thin

stratigraphic. section in the basaltic andesites at Ptarmigan Ridge

A

Ry

Tanr 4 - Average conipo;

12

“the abundances. of phenocrysts “or .groundmass minerals and the

' Fe,0, = total Fe as-Fe,0, .

showed systematic variations in many eclements as a function of C"r’e':‘i
stratigraphic height. These can be seen in Figures 4 and 5 since SiO; § i .
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TasLe 4 - . Average- composition of lavas from Mi. Shasta, California.
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_compositional variation ,o'bscrved ~within any’ of the stratingaphic, distributions: Samples from
sections. P g . below the compositional dis
One of ..the most sml\mg 1L5ulls of the Rainier study is Lhe » litz Cleaver- and Cathedral
composmonal gloupmg of xocks from all or pomons of specrﬁc " part .overlapping the Succes
: : SR - will probably allow this gro
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some samples from the n
group-herein- called the Sus
define a very low-K, low-Si(
cleavers on the west side ¢
generally fall within or -on
Success .Groups .(Fig. 8).

t_al'thou_gh not as numerous

. Frc 6. Compositional ‘variations "along thc Somh\w,st Ridge .stratigraphic section- o{
M. Jefferson, Oregon. Major element oxides in \vught perccnt trace elements
in _ppm; vertical axes in arbxtrary units. . . ’ !

ridge and cleaver 'éectioxis “This is best illustrated with the extensis
K:0 and. SiO; data’ which are summarized in Figure 8. Samples from
Wapowety and Success clewvers deﬁnc rather- narrow and dlStlHC(\.
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\'distributions; Samples from. the Paradise area (including those from

“below the compositional discontinuity previously referred to on Cow-
litz Cleaver and Cathedral Rocks) define a  much larger region, in
part overlapping the Success Cleaver’ section. -‘More detailed sampling
will. probably allow this gitoup to be subdivided. Samples from upper
Cowlitz Cleaver, upper, Cathedral .Rocks, Columbia Crest Cone, and

T

40 T T
.‘E"/D;‘S.\ou'i'\-, . , )
= Ryt . N
S U L R X JEFFERSON:-
L7y L B e T . 1
P o T Ses .

TSummyatal o

~_ T~

-félé.i . R " La ce ? Sm Eu T Tb . ) Yb Lu

. Fi6. 7 - Average chondrite-normalized REE distributions in voleanic rocks from Mounts.

4 . -Jelferson, Rainier and. Shasta. Number in parenthesis refers to number of.
< samples included in average. : ’ ’ :

A
o
s

graphic scction-ol ¥ some samples . from the northwest side of Rainier define a low-K
“group-herein called the Summit Group. The young basaltic andesites.

deﬁrié a very low-K, low-Si0; group. Scattered samples from the other
cleavers ‘'on the west sidé-of Rainier and from the Yakima Park -arca
‘generally fall within or on the extension of the Wapowety-Paradise-

o Samples from ¥ Success Groups (Fig. 8). Existing data for many other elements,
“although . hot' as numerous, tend to substantiate the groups defined’
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on the K,O- SlOz dlag am. These data suggest that it may be ;)0951ble 1
with extensive sampling to make a « geochemical map » of a strato-

K and Rb-poor magmas

the older rocks (except

trasts to Jefterson, whi

voleano like Rainier by defining specific_compositional groups. These
and a distinct increase i

- groups ‘are herein defined as eruptive groups and- are tentatively §
1nterp1eted as individual batches of magma that are eruptcd over
‘time intervals that are small compared to the total age of the volcano.

Most of the” Rainier volcanics appear to have .rather constant
K:0. conlents between 1.8 and 2,4 percent (Fig. 8). The Summit
Group, however, which represents some of the youngest activity of
_the strato-volcano proper, exhibits distinctly lower values (1.4-18

Like Rainier and Je
rather uniform pyroxene
and Jefferson in that, 1
;. amount of dacites, 2) |
flows, and 3)- hornblend
g rocks. The geology of N

1934) and general featu
s whole-rock and phenocr
CARMICHAEL (1968). WiLL
sure system developed du
~4¢ the locations of several ¢
»,‘""','and_ at least two- basalt
~parasitic cone west of SI
stages of activity perha
. final activity at Shastina
dacite and emplacement
of Shastina.- Very. young
erupted from the flanks ¢
’f’ side, Ho_rnblende occurs i
.. and does not exhibit an
basalt and . basaltic ande
" low. on the flanks of the
{«_qf the majc_)r aelwlty of

Wapewet
Cleave

L

2.4

% KO-

% Si0,

K,0-8i0, distribution diagram for samples from Mt.
samples.

Fic. 8 -

z;cqver. Thc deepest.canyoz
the southeast slope and
are not clearly exposed. U:
vere not. readily accessi
vere collected howevef

erupted before the basaltlc ande51tes as- evidenced' by composmonal

data from pyroxene andesites and dacites beneath the basaltic andes’,
“ites suggesting that the former belong to the Summit Group. &
- Rb-8i0; diagram shows,essentlally ‘the same groupings as the KO}
' --diagram but n'o other element clearly distinguishes the Summi’t Group" 1

ﬁ and satellxt

‘the ﬁnal stages o[ Raqmcl S uuptwe hlstory were ch aractexued bv e uuptlons (F

N
16 ¥
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.possible" " K and Rb- poor magmas (,\hlblllng a Si0, range that broadly overlaps
% a strato- “the older rocks (L,\(,C}’Jl for the minor basaltic andcsltm) This con-
1

entallvely '_'and a dlstmct mcneasc in Si0;.
pted over :
1‘3 volcano.

const—ant T o IR h Mt. Shasta
4 Summit | - , B EE o
ctivity of .} .- -Like Rainier ‘and Jeflerson, Mt. Shasta is composed chiefly of

s (14-18 rather uniform pyroxene andesites and dacites. It differs from Rainier

B amount of dacites, 2)- pyloclastlc rocks are more abundant than

ocks. The geology of Mt. Shasta is described by WiLL1AMS. (1932;
934) and general features of the. major element geochemistry of
ywhole-rock and phenocryst samples are dlscussed by Smith and
- CARMICHAEL (1968). WiLLiams (1932) sug ggests that a north-south fis-
ure system developed during the late stages of activity and -controlled

and at least two basaltic ‘cinder .cones- (Fig. 3). Shastina, a large

erupted from the flanks of the volcand particularly on the northwest
ide. Hornblende occurs in andesites and dacites of all eruptive ages
%and does not exhibit an. obvious time-dependent relationship. Minor
basalt and b15a1t1c 'mdcsne uuptlons occurred at satelhte cones.

due to relatively poor outcrops, inaccessible outcrops, and snow
cover. The deepest canyon’ (Mud Creek) cuts only about 500 m into
-\lhe southeast slope and stratigraphic relationships in the canyon
V lale not clearly exposed. Unambiguous stratigraphic sections at Shasta
iwere not readily accessible for sampling. Representative samples
jiwere collected, however, from ‘lavas ranging .in age from the oldest
sexposed parts of the volcano (in Mud Creck) to the youngest ﬂank
and satellite gruptlons (Flg 3. '

ps.  These ’btmsis to Jeflerson, which shows terminal increases 'in K and Rb‘

.and Jefferson in that, 1) it is composed of a proportionally larger

Mows, and 3) hor nblende phenocrysts occur in 5-10° percent of the.

he locations of several andesite domes (including the summit. plug).

parasitic cone west of Shasta’s. summit. also formed during the late
;stages of activity pcrhaps a]ong an east-west fissure system.. The
& final activity at. Shastina is marked by the eruption of hornblende
i dacite and emplacement of a hornblende dacite plug in. the throat.
Sof Shastina, Very young pyroxene andesite and dacite flows weré.

Shasta was the-most‘dlfﬁcult of the three. volcanoes to sample -
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Tt differs from bot] Rainier and Jefferson in that, with exception™§

'scatter on SiQ; variation d(agrams (Figs. 4.and 5)..Representative.

‘terns are similar for samples from all three volcanoes (Fig. 7) although'

~in Jefferson and Shasta rocks than in Rainier rocks (Tables 2-4).i
.Eu/Eu ratios in andesites and dacites from Shasta aré also 51mllar-

‘and Rb contents a_md‘ hlghcr Cr, Sr, and Eu/Eu ratios than. the
" andesite-dacites which cOmpbse most of Shasta."No obvious minera

“of activity, magmas being erupted from the main vent region (in this

B

L.

h
o

Element distributions in the andesites and dacites indicate that K (KZO = 0205 percent) a
Shasta is also a calc-alkaline volcano (Table 4; Figs: 4, 5, and 8). }{ and basaltic andesites, .

of ‘the ‘minor basaltlc rocks found in satellite "cones, it contains v .
p11n01pally dacites (60-67 percent Si0,) and the rocks exhibit more § "~ . : ‘ Sumr
mplcs of the swtc[llte basalts and basaltic andesites (which show a ..~ Geochemical - studies o
SIOZ range of 49-52 percent) are not shown. in the figures because §. in the northwestern Unite
complete anql)scC are not avallablc Shasta andesues and dacites : conclusions which bear o
also differ from ‘those at Rainier and Jefferson in their much higher §. genexal
Sr. contents and in their slightly higher Ca and slightly lower Ti §
contents.- They tend to have K, Rb, and:-Cs contents intermediate -
between Rainier and Jefferson samples. Most other elements broadly
overlap with samples from one or both of these volcanoes. Except. ;
for the younger' volcanic group at Jefferson, REE distribution pat

1) Each volcano has d
.. tion patterns. Silica variati
i have reported for these s
' smooth ilor are they, in ge
the absolute concentration 'of REE (especially light REE) is lower 2) Fortions of stxaugla
“volcanoes often exhibit comr
. as..eruptive groups. Eruptiy
magma- that are -erupted ¢
“compared to the- lifetime o
magnitude in the concentra
.f‘ between these’ groups. Wit

X

to those ratios observed in.andesites and -dacites from Jefferson and;
Rainier except for Shastina and young flows which exhibit anomalously
high ratios (1.2-1.5). Shasta Rocks are more. like Rainier rocks with
their relatively low. K/Rb, K/Cs, and high La/Yb ratios and morel
like Jefferson- rocks with their low K/Ba and Rb/Sr ratios.. i 10 such a degree as to allc
Two discontinuities in composition occur at Shasta. The hrgest ;Jf‘ ,volcano
one is between the andes;tes and dacites of Shasta-Shastina and the i
late, 'small “satellite .basaltic .eruptions. The Shastina eruptions .and:f

3) Systematic composit
the younc andesite- dac1te ﬂows from ‘the ﬂanks of the stratovolcano

stratigraphic height within :
volcanic'thicknesses of 500-
occur in part of an eruptive - :
‘groups of small total volun

.

logical changes accompany these chemical- changes. A . correlation ,
of high Sr with high Eu/Eu* values probably results from plagloA - 4) Composmonal variat
clase accumulation during the late stages of eruption since Sr and i typically non-systematic anc
‘Eu. are preferentially cncorporated in plagioclase (PHILPOTTS; 1970)§% those ranges obsewed in i

" Shasta is very similar to Rainier in that during its final stages volcanoes '

{4

i

i

. S)‘ Except for mafic satel
Icant volume . of the. volcanoc
observed between thé amoun

case, Shastina) and -from some associated flank eruptions decreased
in K and Rb yet roughly maintained the same SiO, range while other:
Jess numerous satellite eruptions exhibited a significant decrease in§f:

 18




L indicate that. '
4,5 and 8). ¥

Mes, it contains
s exhibit .more

(which show a*
'ﬁ figures because’
Stes and dacites
gr much .hxgher :

Blements broadly ::
Jlcanoes. .Except:
istribution pat-’
%Flz 7) although

g%( REE) is lower
ks (Tables 24).

p
¢
b (il
3

K (K'zb

Representative ;‘ ‘

. general.

5ghtly lower Ti P _
s intermediate - ‘ has :
. lion patterns. Silica’ variation diagrams are not; as previ()us-studi'eq
+ have reported for these and other calc-alkaline volcamc centers,

ST
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= 0.2-0.5 percent). and .in SIOZ range giving rise to thg basalts
and basalhc andcb]tcs :

Summary and- Discussion

'Géochcmi'cal studies of Mounts Jefferson, Rainier, and Shasta

. conclusmns which bear on stratovolcano " origin and evolution. in

1) Each volcano -has distinct major and.trace element distribu-

! smooth nor are they, in general continuous.

N
’C N
N
o

2) Portlons oE stratlgmphlc volcamc sections w1thm the strato-
- yolcanoes often exhibit. compositional coherency and are 1nterp1eted

qare also. 51m11arc

' Jefferson and;
b.lt anomalously
nier rocks with.’

‘ r‘r'atioé'.
sta. The Jargest;
Bhastina and the ;
zm eruptions and'r;
he stlatovolcano

'

‘magma that are- erupted -over intervals of time which are shor
‘compared to the lifetime of a.stratovolcano. Differences of valvmg
-between these croups ‘Within-group coherency - may be ‘developed
-to such a degtee as to allow geocnemlcal « mappmcr » of a strato-
i volcano.

o B

M

3) Systematlc compositional tr(,nds in lavas as a functlon of

)«slratlgraphlc height within an eruptive group are not observed over

-volcanic thicknesses - of 500-1000 'm. Rarely, systematic trends may
roups of small total volumc
4) Composmonal varlahons within most CIUpthC moups aie

ypically - non:systematic - and exhibit variational ranges similar to
hose ‘ranges obselved in md1v1dual lava llows from. calc- alkalmc

5) Except for mafic satellite eruptions which compose an. insignif-
Acam volume of . the volcanoes studied, no inter-group correlation ‘is

-in the northwestern United States result in the followmg major

fas eruptive groups. Eruptive groups probably represent batches of -

;magmtudc in the concentlalmns of a few to many elements "occur .

Loccur in part of an eruptive group (=< 200 m thick) or w1thm eruptive

T observed between the amounts of kmds of phenocryst phases present E

e

I A

e A .
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ystematic compositional -ch
.Rainier andJefferson does 1
_volcanoes. Local, short-term
‘be consistent with .such a me
ﬁs"decr cases in Fe, Ti, Cr, Ni, M
i ing increases in alkali and rel:
age in the Ptarmigan’ Ridge
preted’ in terms of periodic er
a shallow. (<< 35 km) magma
Aional  crystallization. involvis
piroxene, and plagioclase in t
t‘,‘t(’u occur in the rocks.

' Anothu ‘perhaps’ more. r

in the lavas and corresponding compositional dillerences.. Intra-group
OI’I]pOSlthI‘la] varlatxons are not accompamed b\ parellel mineral-.
ogical variations. _ -

~ 6) Decreases in K and Rb concentration occur in the late andes-
ites” and dacites erupted from Rainier and Shasta.- Also, minor satel-§
lite eruptions of K-"and Rb-poor mafic lavas characterize the final
stages of activity at these volcanoes. Jeflerson. andesites and dacites,
.on the other hand, exhibit increases in K and Rb (as well as other
. compositional _changes) dunng the late sta ges o_E activity.’ ‘

Rainier and Shasta are common]y cited -as eKl]lb]tIDg coherent- }
geochemical tlends (MCBIRNEY, 1968) From 'the extensive. data for 4
these voleanoes and Mt. Shasta herein summarized, however, it ap-
pears that a simple two- fold classification into divergent and coherent,
‘types . [or Cascade volcanoes is an oversimplification, It c11t1cally :
_dcpcnds on the extent of the area .sampled around the volcano and
~the number of" samples analyzed. At Jefferson, for instance, if a~
~ region within a 25 km fadius of the peak is included, rocks ranging‘g
from -52 to 74 percent SiO; occur (GREENE, '1968), whereas if only
samples from the stratovolcano proper are included the observed:
.Si0; range is only 56 to 64 pércent. At Rainier and. Shasta, on the
other hand, rocks ranging from basalt or -basaltic andesite (49:52
percent Si0;) to siliceous dacite (64-67 percent Si0:) occur in or on"
the immediate flanks of the volcanoes. As previously discussed for:,
“Jefferson, m'\dequate sampling can produce apparently smooth and
continuous variation diagrams for a stratovolcano. The results of 1
this study indicate that a large number of- samples (> 20) are ‘needed |
“to identify discontinuities on variation diagrams. Such discontinuities -
characterize the three ‘stratovolcanoes studied. Interpletatlons of 't
variation diagrams of calc-alkaline volcanic centers based on only,}
_a few samples .or eamplcs from a w1dc]y scattered area should be;
considered questionable. - {

Eruption '1ccompany1ng pxogresswe flaetlonal crystallization’ of:
" high-alumina basalt or- andesne is one mechanism to be considered,
by \Vthh stratovolcanoes may gxow For mstance the element trends, j

mot necessuate synchronous ¢
:chambers may receive fresh
et thcy are tapped spoxadl

the same geochemleal pxob]
andesitic magmas in general,
sierystallization in producing tl
:{‘Cascade volcanoes. Transition
'-*trapldly removed from an’ and
\bemg removed, yet in the
‘}‘eroxcne and cllnopyroxene

concentrations of these eleme
'the case of Shasta) over a bro

s

crystallization (TAYLOR, 1969),
broad SiO; range. Finally, thez
in the Shastina and young flow
severely restricts the amount

lifetime, can be most ea51ly mterpreted in termis’ of approxnnatel\'
concurrent eruption- and fractional crystallization (4 minor crustal.
contaminations; WiLcox, 1954). The absence, however, of long-term

_ The p0551b111ty that the ¢
¢ Cascade volcano was produced
ingtiOn of basalt or basaltic

20




volcanoes. Local, short-term systematic trends within a volcano may

Ye the final 4 age in the Ptarmigan Ridge section at Rainier can be readily inter-
nd. dacites, - § preted in terms of periodic eruption of basaltic andesite magma from

tional crystalllzatlon involving principally the removal of. olivine,
g' coherent * [ “to occur in the rocks:.

" Another, perhaps more rcahst]c fractlona] crystallization- model
for stratovolcano growth involves several magma chambers ‘and does
ot necessitate synchronous' eruption and fractionation. The magma

(.vet .they are tapped sporadically and at different stages in’ their
ance ‘if a
%cks ranging :
FEAs 1[ onlv

trends with stlallgxaphlc height in the volcanoes: Such a mechanism
is consistent with the eruptlve group interpretation previously dis-

4

N

& different magma. Chambexs at various fractionation 'stages. However,
the same geochemical problems discussed by Tavror (1969) for
andésitic magmas in ueneral specifically limit the role of fractional
wcryqla]h?auon in producing the diversity of rock types found in the
Cascade volcanoes. Transition elements such as Ni and Co. should be

.;-’Lu in or on
discussed for
iimooth and:
&

& results. of - §rapidly removed from an andesite magma from which pyroxenes are
i are needed ifibeing removed, yet in the Cascade - volcanoes where' both ortho-
gcommumcs pyroxene and clinopyroxene are important phenocryst phases, the

_lhe case of Shasta) over a broad SiO, range (Fig. 5). Also such ratios

rystédlization (TA\"LOR 1969) are high and rather constant over a
road Si0, lange Finally, the absence of . maJor Eu anomalles (e‘(cept

vcrely restricts Lhe amount of plagloclase rcmoval or accumulatlon
b fractionating hqulds :

The possibility that the leGI‘SIly of rocl\ compositions at each
JEf .lQngjterm." ination of basalt’ or basaltic andesite magma also seems. unlikely

;g[ntla group systemallc compositional .changes in" the strllmmphlc secnons at -
/ cl mmeral Rainier and Jefterson does not favor such a mechanism for larger

: o be consistent. with such. a mechanism, As an example, the progressive .
late andes- § decreases in Fe, Ti; Cr, Ni, Mg, and related elements and correspond:-
gninor satel- § ing increases in alkali and related elements as a function-of decreasing. -

o1l as other ;% a shallow (<35 km) magma chamber undergoing progressive frac- -

. pyroxene, and plagloclasc in the ratios that phcnocrysts are observed -
! chambers- may receive fresh magma from - the same mantle source,

fractionation history thus not producing systematic compositional .

i cussed, in that such groups “could be pr oduced by eruptions from the

’concemratlom of ‘these elements are rather constant (or scatter in

as K/Rb and K/Cs; ‘which shou]d decrease lapld]y with fractional

'Cascade volcano was_ produced by varying degrees of crustal contam-’
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in terms s of the low: 518'/81"8(’ ratios (0. 703 0. 704) repor ted flom Cascade : :
“volcanoes (Hence, ef.dl., 1970; Pererman, ei al, 1970; Cuurch and. #i tions. Varying amounts of "wat

" ment rocks upon whlch some Cascade volcanoc,s rest. (CHURCH and

- zones to their sites of eruption over periods of several months (SHED

“tionation chambers prior;to eruption. Experimental data also prov1de

_peridotite under conditions. ranging from dry.to wet (GREEN and
- RinGwoon, 1968; Yoner, 1969; GREEN, 1972; Kusiiro, 1972). Recent
- experimental daat of NLLHOLLS and Ringwoop (1972), however -do-
* not favor an ‘origin for calc-alkaline andesites and dacites by hydrous
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Titron, 1973). The exceptionally high Si contents ’y_et very low Sr¥/Sr¥ “[a spectrum of rhagma’ composi

ratios in Shasta lavas indicate that they could not ‘have been produced - Y ‘Such variations in water cont

by mixing of ridge tholeiite magma and graywacke or By -partial §in the rate of eruption, in" wh
fusion of "older graywackés; or sialic crust (Pl;’rJEIzJ\vIAN, et al., 1970), | ‘ whlch water migrates into the

- Uniformity of Sr®/Sr% Tatios in Cascade. volcanics, in general, irrespec- * . The overall. dlﬂelences in cc
“tive ‘of Sr concentration’ argues against any magma origin. model'%; are more difficult to explain w
-‘iﬁvd]yi'ng mixing of ridge tholeiite magma with eugeosynclinal sedi- %

 differences in element concent
‘sition of mantle source materic
composition of magmas erupte
involving enrichment in K and
»’el_ements at ‘Rainier and Shast
«decrease in these elements at R
by a charige in SiO, range and’
-elements in the mantle source
Creasing or . termin'ati‘ng they"
however, if this is the correct
do not also exhibit decreases si
POTTS and. SCHNETZLER, 1970 Sc
.suggest. that they should be d
imore_rapidly than K and Rb.

At Jefterson, as plcvxously
increase in the late lavas, but
REE decrease and SiO, content.
these (.hangcs may. .involve char
lnstance most of the volcanic
hydrous melting of peridotite

2ne. Such ‘melting may have

water from the subduction zone
g'unet or/and orthopyroxcng col

mentary rocks, Pacific ocean deep sea sediments, or crystalline base:

TIL]ON 1973). S ' : S 3
“Seismic data suggest that calc alkalme magmas move from mantle
segxegatlon ch"tmbers at 100 200° km depth in or above subduction

MAN, 1971) with probably little or no' time 'spent in shallow frac:

[
1

boundary conditions for magma. origin. Most data indicate that andes
ites” and ‘dacites (which compose most of Cascade’ volcanoes) can
be produced in or above subduction zones (80-200 km deep) by varying
degrees of partial- melting of amphibolite (< 80 km), eclogite, ok

5

partial meltmg of peridotite. The trace-element results herein reported
together with existing isotope data support a model for the “origin
of Cascade magmas involving production from partially depleted
upper mantle, segregation into sub-crustal reservoirs, and periodic
tapping of these reservoirs. At each tapping, a relatively.small volume
of magma moves upward over several months and is erupted forming i
an eruptive group. Most of the time, little or no shallow fractional: ‘lREE patterns observed in the: ¢

crystallization occurs . during eruption of these batches of magma:} f:"used up,” melting in this regic
It is possible that the composition of an eruptive group, and insg‘melting geotherms may move

&

- particular the SiO; range,.is controlled by one or some combination; X’fcontmumg in ‘the upper part ¢

of, .a) varying degrees of melting of appropriate mantle source mateg were: < 100 km deep, amphiboli
iials, or b) changes.in the water content at Lhc source. The importance 3 dommant constituent, Mc]tlng C
of 'water is illustrated by the experlmental data of GRI:EN and RII\(}A‘ :major solidus phase could proc
woon (1968) which mdlcate that andesite magma is produced by § patterns, higher contents of K,
partially meltmg dry eclogite at- depths of about 100 km whereas o - :

2




, low Sr "7/51

or by partial

i een produced
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 dacite magma is produced at the same depths under hydrous condi- *

tions. Valymg amounts of water in the source area could-result in
a spectrum .of magma compositions ranging from andesite to dacite.
Such'variations in water content could be produced by variations.
_in the rate of eruption, . in which water is lost; and in the rate at

»elements in. the mantle source area, and because subduction is de-
r,creasmg or ‘terminating - they are not replenished. It is puLzIm
’however if this is ‘the correct” explanation. why Cs and light REE
b do not also exhibit decreases since distribution’ coeficient data (Puir- -
wrTs and SCHNETZLER, 1970; SCHNETZLER and PHILPOTTS, 1970) would"

¥ et al.,. 1970). \vhlch water migrates into the source area from surrounding mantle. g ?Eg i
Heral, ifrespec-. - - The overall d1ﬂc1cnces in composition between the three volcanoes - C g,t?;‘ x y
Horigin model . are more d1ﬂ1cu1t to e\plam with existing data but probably reﬂeu R - N g %g ;
Hynclinal sedi:.” ¥ differences “in element ‘concentrations but not in Sr isotope compo- ?}».&
?'stalhnc base-"f" sition of mantle source materials. An explanation for the changes in - . o g
i (CHURCH and R ‘composition of magmas erupted. during the final stages of activity, - - o : ‘;§§H
: mvolvmg enrlchment in K and Rb at Jefferson and depletlon in these : g ! ”'%;%i
elements at Rainier and Shasta, appears to be more complex. The . S 1.iek
 decrease in these clcments at Rainier-and Shasta is not accompanied - B 5"’)
~by a change in SiO; range-and may simply reflect dcpletlon of ‘these i
I
I

A also. prov1de
Wte that andes"'

\ -eclogite, o
z{% (GRErN and’
£1972). Recenl}
# however, do’
ies by “hydrous.
‘%lem reported ©

At Jefferson, as previously -discussed, ot only do K and Rb
increase in the late lavas, but many transition elements and .light
,REE decrease and SiO, contents: increase. A possible’ e‘(planallon for
e "Bihese changes may involve changing of mantle source materials. For ..
For the origin - ‘*mstance most of the. volcanics at Jefferson may have formed’ by
F%a]ly delgletcd"“ ; ‘h)drous melting of .peridotite or/and eclogite above a subduction
z/and periodic.” £mne. Such melting may have resulted from ‘the-upward escape of
# small volume: water from the subduction zone. Equlhb]atlon of melts with residual
or mmet -or/and orthopyroxene could account for the relatively enriched
REE patterns observed in the older Jeflerson volcanics. As water is
sed up, melting in this region would come to an end and .the
melting geotherms ‘may move down-wards with melting eventually
wntinuing in the upper part of the subducted plate. If the plate
tvere < 100 km deep, amphibolite or hornblende eclogite may be the
dbmlnant constituent. Melting ‘of this material with amphibole as ‘a ..
major” solidus .phase: could produce liquids with less enriched REE
palterns higher contents of K, and Rb. and hlgher K/Rb ratios as

he importance
:“~EN and Ring
#l produced by
) km whereas

23
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are observed in the younger Jefferson volcanic group. A smaller ¢

- degree of ‘melting could account for the higher-SiO; range.

Still another problem in stratovolcano evolution is the origin
of the late mafic satellite eruptions observed at Rainier. and Shasta
- and at other Cascade volcanoes. Somehow these magmas avoul mixing~
or at least eompletcly mixing with the more voluminous andesites

_and dacites. Tn' this u,gard they seem-to have two features in com- |

“mon: 1) they form during the final stages of activity of the strato-
volcano and 2) they erupt from satellite- cones low on the flanks
of the stratovolcano. Although the present data are nhot. sufficient to
fully discuss: the origin of .these eruptions, it appears that they are
derived -from different, perhaps deeper, . source’ regions than the,
andesites and’ dacues and " that they have or. ploduce thelr own
plumbing - systems which are, at least in part, not. interconnected:
" with .the main conduit systems of the stratovolcanoes.

extensive sampling programs and field studies are necessary to unravel §
these- histories. After: individual eruptive groups are defined, mapped
and ‘dated (by fission track or other methods) in a volcano like Mt:
Rainier, it should be possible to rcconstruct time-dependent, quantl-
- tative. models of stratovolcano evolution. :
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- The data herein presented. indicate that calc- alkaline stratovol--}
canoes “have undergone complex developmental histories and that i~
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