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,. Delailecl major and trace element studies of volcanic rocks from Jeffer.son, 
•Rainier, and Shasta stratovolcanoes in the Cascade Range indicate that each 
:volcano has distinct geochemical distribution patterns. Silica variation diagrams 
are not smooth nor, in general, continuous for any volcano. ,?9rtions of strati-

'graphic sections within the volcanoes exhibit coinpositibnal coherency and are 
I inlerf)reted as eruptive groups which were extruded over time intervals which 
arc short compared to the lifetimes of Ihe volcanoes. The results of this 

: iiivcsiigalion indicate the feasibility of geochemically mapping eruptive groups 
• within stratovolcanoes. Systeinatic compositional trends are nol observed within 
• tliick (500-1000 m) eruptive groups but may occur Over thicknesses of < 200 m. 
• Compositional variations within eruptive groups are commonly non-systeinatic 
. and .show ranges similar to the ranges observed in individual flows. Correlations 
betu'een the amounts or kinds of phenocryst phases present and intra-group 
compositional variation is not observed. Inter-group compositional differences 
are sometimes accoinpanicd by mineralogical differences. Late andesites and 
d;i('i!i:s at Rainier and .Shasta are characterized by decreases in K and Rb while 

•at Jell'erson increases in these elements and other compositional changes occur 
in tlie late eruptives. 

Progressive fractionni crystallization, models do not seem capable of explain-
' inj: the element distrihniions observed in the three volcanoes. Existing data 
: are consistent with a model involving varying degrees of inciting of some 
' combination of amphibolite, eclogite or peridotite in or above a sul.iduction 
•lone with \arving -water content.s.. Segregation and sequential eruption of 
•'.small batches of magma may produce the eruptive groups characterizing the 
:; volcanoes. Late mafic magmas erupted at satellite vents appear to be produced 
JHi different (deeper?) mantle source areas.' 

.>fc * Current address: .Sierra Rutile Ltd., P.O. Bo.\ 59, Freetown, Sierra Leone, 
•'|i,W. Africa. 
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Introduction 

The, stratovolcanoes of the high Cascades in the northwestern 
United.States represent, the most recent calc-alkaline volcanic activity 
iii the conterminous United States. Paleomagnetic data suggest that 
most or a i r of these volcanoes were erupted during the present 
polarity, epoch (MCBIRNEY, 1968).. The purpose of the present inves
tigation is to evaluate compositional variation within several Cascade 
stratovolcanoes in order to more, fully understand the origin of the 
magmas which formed the volcanoes and the relationship, of erup-

(de/ined by the chondrite-n 
by drawing . a straight lint 
reproducible to about 5 pen 
and modal analyses were 
major stratigraphic succe.ssi 

Mt. Jefferson, is the 
, , . . , . ^ , t volcanoes studied and t 

tional histories to magma evolution. Four stratovolcanoes were sam-; ,.p „j.^ j ^ - .• _, 
pled and studied in. detail: Mt. Jefferson in northwest Oregon; Mt. i |i ^̂ .̂ĝ  Y , I . °^ 
Rainier in southwest Washington, and Mt. .Shasta and the Medicine ^̂  g'pf ĵ̂ g volcan' I- • 
Lake volcanic center both in northern California. Only results for.|:^pj.Qpgj. -̂  _ ., ^ 
the first three are herein reported. •'WUnA ,-,,r,-^^i„^^-

^ , . feana pyioclastics rangmcr 
Up to about 150 samples of flo.ws were collected from each ; | p ' "̂  " 

volcano, and many of these were analyzed for K2O and SiOa to identify „ liT,„,o 1 A , 
' •. f r • .T .r. I r , 1 ff.TABLE 1 - Accumulative thickiies 

gross geochemical teatiires. Up to 30 samples from each volcano were ^ ,,-* and Mt. Rainier. 
then selected for more complete analyses. In oi^der to evaloate com-'Sj- —— 
positional variations as a function of stratigraphic height (eruptive :;p' 
age), flows from several stratigraphic sections exposed on ridges and }.m-' 
cleavers pf the volcanoes were systematically sampled. Because of-jfe 
poor exposure or hazardous sampling conditions, however, only four-iplf;, 
sections were sampled w h e r e obvious age relationships wei-e clear ,te 
for more than a few volcanic units. The thickness of these sections;,jj | 
which are given in Table 1, range, from 150 m tq 1000 m. Saniple l l i ' 
locations and generalized geologic maps of each volcano are given ]p.~ 
in Figures 1-3. . 

; Seclioij 

Southwest Ridge, Jeflersor 

Success Cleaver, Rainier 

Cowlitz Cleaver, Rainier 

Ptarmigan Ridge, Rainier 

Analytical Methods 

'.; |:ji ' 'n composition. The noi 
' ^ a s s u m e d in-this paper: / 
" ' ^ d a c i t e s from 62-68 % Si( 

m mineralogy. They are poi 
Twenty to. thirty samples of lava from each volcano were analyzed fof'tfedase ("30 3S 

the major elements'si, Al, Ti, Fe, Mg,.Ca, and K and the trace elements RWlgL ^ -̂ ^ percent j , chn.( 
Sr, Zn, Cu, and Ni by non-destructive X-ray nuorescence'methods previouslf:®^ '^ percent) with 0.5-3 p 
described (CONDIE, 1967a, /?) using standard rocks W-1,-BCR-l, AGV-1, GSP-i:'S|F'ows thin in average thi( 
GR, T-l, G-2, and Sy-1 to construct major element calibration cur\'es.Andesile;'||iSummit pinnacle is compo 
AGV-1 was used as a standard for all trace element analyses. 8-10 samples'ildui-.ji-ig (-ĵ g fjĵ jj] gtagp 
.from each volcano were analyzed for Na, Cs, Sb, Cr, Co, Ba,. La, Ce, Sm, Eu.fi?jnade fro th ^ K 
Tb, Yb, and La by non-destructive neutron' activation analysis (CONDIE and Lo.!;! , . , ™ ne exposed b 
1971) using AGV-1 as a standard. Total analytical error .is estimated < 5 perceiit1fe '̂™g_ ^^e Northwest, "Wes 
for major elements, Rb, Sr, Cu, Zn, Co, Cr, La, and Ce; < 10 percent for Ni,'!pParative purposes sorne s 
Ba, Sb, Cs, Sm, Eu, Yb, and Lu; ahd-<25 percent for Tb. The Eu/Eu* ratiojfe.distance of 12 km of the 

m 

h^ 
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h (dehned by 'the chondrite-normalized Eu value divided by the value obtained 
|C by drawing a straight line jfrotn- Sm''to Tb-and reading Ihe . Eu value) is 
|i' loproducible to about 5 percent. Thin sections were examined of rnost samples 
,J, and modal - analyses, were made of representative sarnples .from each of the 
fc: major stratigraphic successions. ,. 

I I Mt. Jefferson 

worn each ,• 
•*o identify 
l l a n o weie 
! |uate com-
11 (eruptive 
| | i dges and -

iecause of 
*! only four -

i^ere clear 
sections, 

1. Sample 
are given'4| 

Mt. Jefferson is the most deeply dissected of the three strato
volcanoes studied and provided the most- readi ly accessible 's t rat i -
''graphic sections. The' general geology of the Mt. Jefferson Primitive 

Area has been described by'WALKER, et al. (1966) and the petrology 
of the volcanic rocks is .reported on by GREENE (1968). The volcano 

Ipioper is composed of about equal amounts of interbedded flows 
I* and pyroclastics ranging ' f rom pyroxene andesite to pyroxene dacite 

TABir 1 - Accumulative thicknesses of stratigraphic sections sampled at Mt. Jefferson 
and Mt. Rainier. 

Section Thichicss (in) ' 

Southwest . Ridge, JelTerson 

Success Cleaver,. Rainier 

Cowlitz Cleaver, Rainier 

Ptarmigan Ridge, Rainier 

1,000. 

800 

400 

150 

I m composition^ The nomenclature suggested by TAYLOR (1969) is 
assumed in th i s 'paper : i.e., andesites range from 56-62% SiOa and 
dacites from 62-68 % SiOi. The lavas are remarkably uniform in 
mineralogy.' They are porphyrit ic containing phenocrysts of plagio-

t.r'^'?'^'^'^ J ilase (30-35 percent), clinopyroxene (1-5 percent), and orthopyroxene 
lernents ^ • ,J (3 5 percent) with 0.5-3 percent of Fe-Ti oxides in, 'the groundmass. 

'fcv-l GSPl, 1'^'°*^ ^^™ ^" average thickness towards the top of the volcano. The 
lies. iiAndesite lisummit pinnacle is composed of a plug of pyroxene andesite emplaced 
1^-10; samples'§ during the final stages of activity.. Major sampling traverses were 

Ce, Sm Eu, 1 piaJg from the exposed base of the volcano to the summit pinnacle 
[«NDin an • t | along the Northwest, West, and Southwest Ridges (Fig. 1). For corri-

< 5 pet cent J ^, • , > , . , . 
1-cen't for Ni.|&P '̂"'̂ tive purposes some samples from nearby areas within a radial 

f;Eu/Eu* ratio, I distance of 12 km of the peak w e r e also collected and analyzed. 

<%>' ' ' . SS«a * 
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Major and trace element data from lavas of Mt. JelTerson are 
summarized in Table ;2 and in Figures 4-7. The Jelierson-rocks exhibit 
low K, Rb,. and Cs concentrations and relatively high K/Rb ratios 
compared to volcanoes frpm most other high Cascade volcanoes for 

... E X P L A N A T r - Q N 

M t . J e f f e r s o n A n d e s i t e s 

a n d D o c i t e s 

'|»(;in the concentration of most 
| | i ; groups and is observed both 
;||;. 5) and in the Southwest Ridj 
Tr Fig. 6). The first group define 

• ? ; ' 

• f : 

\ 

i 
F l o w s a n d ' 
P y r o c l a s t i c s 

G l o c i e r s 

S a m p l e 
S i t e s 

~T\ Q u a,t 0 r n a r V 
- Z J P r e - ^ ' R - a i n i e 

- ,• . S o m p I . e S i l 
C o n t o u r I n t e r v o l '8 0 0 f e e t 

FIG. 1-- Generalized geologic map of Mt.'Jefferson, Oregon, showing sample locations, jiiii-. F,r -> r^..„„„„i- , ' , . 
Geology after WAIKER; at a l (1966). . . . « • ' % : " ' ^ " ^ ' " f ^ ' ' f geolpgic map of P 

•!•:.?. Uons . Geology a f t e r FISKK, et a 
'"* .|-,*' CCC = C o l u m b i a Cre.st , Cone ; 

which data are available. In this respect they appear to be transitional fei W<̂  = Wapowety Cleaver, 
between the calc-alkaline aiid arc-tholeiite series as defined by JAKES,.; t/. 

a n d ' W H I T E (1972). ^ l l l o w e r two-thirds of Southwest, 
The data indicate that the Jefferson rocks fall into two rather.' »Mg, Ca, Cr, Sb, Cu, and Sr a 

distinct compositional .groups. A discontinuity of varying magnitude | 'percent. Most elernent concenti 

Jfe.:. 
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Jyefferson are | inthe concentration of most but not all. eleinents separates the two 
^̂ 1 t'|i"Ocks exhibit I groups and is observed both on SiOa variatioii diagrams (Figs. 4 and 

K / R b ratios ; . | 5) and in the Southwest Ridge section (between samples 37 arid 39, 
olcanoes for i ; Fig. 6). The first group defined by samples from the West Ridge and' 

' - • 4.! j 

! ' . ' • • . • ; • • ] ; 

sample locations.'.'; 

• E X P L A N A T I O N 

I Q ^ I - G l a c i e r s 

I M t , . R a i n i e r , A n d e s i t e s a n d D a c i t e s , 

Y o u n g B a s a l t i c A n d e s i t e s , 

[7 7 1 Q u a t e r n a r y A l l u v i u m a n d 
1 ' / I . P r e , — R a i n i e r ' R o c k s U r i , d i f f e r e n t i a t e d 

• S o , m p i e S p i e s .. R o o, d s 

. , 0 • I -, 2 3 k m , . • 

FIG. 2 - Gerieralized geologic map of Mt. Rainier, Wa.shington, showing sample loca
tions. Geology after FiSKi;,-e/ al. (1963). Abbreviations: PC = Puyallup Cleaver; 
CCC = Coluinbia , Crest Cone; CR = Cathedral Rocks; CC = Cowlitz Cleaver; 

,j'_ WC = Wapowety Cleaver. • 3e transitional.;^ 
# i n e d by JAKBS''-|=! 

.J : *>;M lower two-thirds of Southwest Ridge is relatively high in Fe, Ti, Al, 

. | , to tw6 r a t h e r . I Mg, Ca, Cr, Sb, Cu, antJ Sr and exhibits a Si02 range from 56-59 
"" îng niagnitude! Ipercent. Most element concentrations are rather constant over this 

••(it?-" • aSP ' f i i^f j 

sifi^^T'} 

-:dM"t h******-

r̂  

ill J^'W'li^ 
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Si02 range (Figs. 4 and 5). Relative and absolute distributions of.REE 
are .s imilar to those/.reported for other young calc-alkaline volcanics 
(TAYI/JR, •1969; GILL, 1970). The second group, defined by samples |^ 
from the Northwest Ridge arid Summit area (upper one-third of the. 

T,\DLE 2 - Average 

E X P L A N A T I O N 

G I o c i e •! 

I a s a 1 t s o n d ' 

. D o m e s a n d 

l o s o l t i c A n d e s i 

o 
A n d e s i ) I o n d D a c i T f i s * 

- A n d e s i t e s 

S h a s t a A n d e s i t e s a n d D o c . 

H i g h w 0 y s 

2 3 4 5 k m 

1 6 0 0 f e e t 

jfc.. Sm 
fejtu 
S.?Tb 

/•fMlVREE 
•'•ife-K/Rb , 

FIG.-3 - Generalized geologic map of Mt. Shasta, California, showing sample localitiei.m6! v.. ,„ 
Geology after WILLIAMS (1932; 1934). ' ' / W * 

MZn/Cu 
• , , l % t . a / Y b 

Southwest Ridge .section), ranges from 59-64 percent Si02, is enrichedJffi^'Eu/E^ * 
in Na, K, and. to a lesser degree in Rb, and exhibits higher K/Rh;!fe'^. 
K/Cs, K/Ba, and Rb /S r ratios than the first group (Table 2). In thislliKote.- blank spaces indicate 

can be. obtained fror 

56.71 
1.02 

17.47 
7.92 

,2.74 
7.76-

, 3.97 
0.91 

. 18 
24 
99 

0.11 
84 
60 

13 
0.35 
442 
667 

11 ' 
33 

4.0 
1.2 
0.52 
1.5 
0,32 

~52 
581 
0.020 

17 
22xl0 ' ' 

0.66 
0.75 
1.4 
7.3 
LO • 

groLip K slightly increases and Fe, Ti ; ,and Ca decrease with SiO!J|f/p^Q_ oe, obtained frc 

(Fig. 4) and light REE are depleted relative to the first group (Fig. 7). fe older "group of" Voi^nks cs only. 

f i t 
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Idistributions of REE ; 
feilc-alkaline volcanics 
I i defined by samples 
jbper one-third of the 

T.Mii.E 2 - Average compositions of. lavas from Mt. JelTerson, Oregon. 

< 
^ i » l 

showing sample localities^/ij, 

§rcent SiO:, is enriched _ 
|exhibits higher K/Rb, # 
toup,(Table 2).,In this.#'Note 

. . . • 

,SiO, 

TiOj 

• A l A -. , 
•Fe,0,' 

..MgO 

,CaO 

,,.Na;0 

,K,0. 

'NI 
•Co 

!.Cr 

: > . ' • 

r'zn 
;-Cu 

? R b . 
•Ts 

' ;Ba-. 

; Sr ' , 

' L a 

'"Ce ,• : 

' Sm 

i'Eu 

:,Tb 

i.'vb 

;vLu 

>I7REE 

"K/Rb . 

Rb/Sr 

• • K/Ba 

; K/Cs. 

IfBa/Sr 

IjNi/Co 

|,Zn/Gu 

?La/Yb 
kEu/Eu * 
i.;—-. 

Soalhwesl ' 
•' Ridge + 

56.71 

-•-.. 1.02 

17;47 

7.92 

2.74 

7.76 

• 3.97 

0.91 

. ,' 18 

24- . 

99 

0.11 

84 

: ' 6 0 

,13 

.. • 0.35 

442 

667 • 

. 1 1 

•' 33 -. 

4.0 , 

' • ,; , 1.2 ' 

0.52 • 

1.5 

0,32 . 

, .~52 

581 

0.020 

17 • 

2 2 x 1 0 ' 

0.66 

. • 0 7 5 

1.4 

7.3 

• 1-0. 

West 
Ridge 

57.33 • 

1.02 

17.45 . 

7,94 

2.27 

, 7.83' 

4.02 

,0.94 

, 19 • 

. • — 

. — , 
— -
84 

, 6 2 

14 . 

— 
— 

636 

' • — 

—̂ 
— ' • ' 

— ' • 

— . • 

-.̂  
— 
— 

557 • , . 

0..022 . 

• • • — 

• - -

— -
— -
- - • 

—.' 
^ 

Northwest' 
Ridge-Suiniiiit 

61.27 

• 0.78 

16.60 

. 5.92 

1.74 

6.59 

.4:44 , 

1.16 

16 , 

20 

• 33 

0.21 

79 • 

45 

16 

0.31 

• 374. 

•553 • . 

• 6.3 

•'21 
'3.4 

1.3 

0.62 

• I . r 

. - • • ,0.25 

~ 3 4 -

602 

0.029 

26 

3 1 x 1 0 ' • 

0.68 

0.80 

•1.8 -

•57 

1.1 

h decrease Avith SiO, ;Jf ,^„ ; : ' J^ , 
blank spaces indicate no determinations: complete 
can be obtained from the, authors upon request. 

data , from , all 3 volcanoes 

jthe first group (Fig. ' older group 
Fe as Fe,Oj 
of volcanics 
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only. 
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Eu anomalies are small to absent in both groups and in this respect 
are like other youngs calc-alkaline and arc-tholeiilc volcanics (TAYLOR, 

1969; JAKES and GILL, 1970). 

Field relationships indicate that the first group is the older of 
the two groups and that i tp i 'obably composes most of, the volcano. 
The younger group found on the Northwest Ridge and Summit area, 
today may have been, removed by erosion from much or all of the fe 
western and southwestern parts of the volcano. Remarkably little 
v a r i a t i o n i n the concentration of. most elements is observed'within 
each group and especially the older group. The non-systematic varia
tions observed with increasing stratigraphic height within the older 
group in the Southwest Ridge section (Fig. 6) are usually within the 
ranges observed in individual flows from other Cascade volcanoes 
(LAiDLEY and MCKAY, 1971; HAYSLIP and CONDIE, 1973, in prep.). 

Rather smooth continuous SiOi variation diagrams covering a'slflj*"^ 
Si02 range from 52-74 percent have been reported from the JelTerson |||;,. 
area (GREENE, 1968) and difi'er from those herein reported for the Mi 
stratovolcano proper. The apparently smooth and continuous charac- ||..-
ter of the variation diagrams described by GREENE (1968) results Mci. 
chiefly, from inadequate sampHng and the large Si02 range from'.the fe 
sampling of a large geographic area (up to 25 km from the volcano).;'|ft{i!;o 

O0,9 

H O , 0 

•I '- ° - ' 

;fi i 0,5 

'7 " 

t 
Sf'y o 

Mt. Rainier lit? I 
liA^'e' 

Mt. Rainier is the most voluminous of the Cascade volcanoes 
and was even larger prior to the removal of the summit region by.|;p|.-
collapse after a ,major eruption of by. a series of smaller eruptions':;|#i 
(FISKE, el a/., 1963).- Most of the volcano is composed ' of. ratherJfS|;,'-' 
uniform pyroxene andesites and dacites with flows dominating over4ft:|i 
pyroclastic rocks. Modal analyses indicate ranges of mineral abun-lK|'^ ^ 

: dances similar to those found at Mt. Jefferson. Olivine phenocrysts nM|o" 
also occur in relatively young basaltic andesites of very minor volume-Ml 
erupted from two satellite cones on the northwest flank of the volcano i|g|,t-,^ 
(Fig. . 2). Columbia Crest Cone resting on top of the decapitated.';|St. 
volcano represents some of the most recent volcanic activity a t Rainier„|||f' ^ 
and is composed of pyroxene andesites similar, to those cohiposing 
most of the volcano. Sampfing at Rainier was concentrated along the'1,S|. 
cleavers between glaciers where the freshest, although often inacces-'JMi 
sible, exposures occur. Detailed sampling was completed on Colon-•»<» 

.--:''-m 
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T;\8i.E 3 -,Average compositions of lavas from Mt. Rainier, :Washington. 

SiOj 
TiO, 
Al.O, • 
Fea03 * 
MgO 
CaO 
Na.O 
K,0 

•Ni • 
Co 
Cr ' 
Sb , 
Zn 
Cu 

Rb 
Cs 
Ba 

, Sr , 

La 
Ce 
Sm 
•Eu 
Tb, 

•Yb 
Lu 
I.7REE 

K/Rb 
•Rb/Sr 
K/Ba 
K/Cs 
Ba/Sr • 
Ni/Co 
Zn/Cu 
La/Yb 
Eu/Eu •* 

Wapnweiy 
Cleaver 

59.28 

0 . 8 7 • •• 

17.88 

•5.84 

1.97 • 

7.08 

3.47 , 

2.11 

20 . 

22-
80 •• 

0.25 

• 7 ) . 

40 

50 

— 
200 , 

516 • 

15 
49 

4.8 

— 
— 
1.2 
0.24 

~71 

350 
0.097 

88 
— • • 

, 0.39 

•0.90 

• 1.8 

13 
— 

Sncce.-i.-i 
Cleaver 

61.46 

0.84 

16.22 

5.69 

•2.00 

• 6.30 

3.95 

, 2.04 

• ' i s • 

• 21 

104 , 

0.24 

120 
36 

49 
1.9, 

448 
524 

, 21 

•. 55 

'5.2 _. 

. 1 . 6 " 

.0.87 

' • t.3 . 

0.26 

•' ~ 8 5 

345 • 

•0.094-

. 38 

8 .9x10 ' 

0.86 

0.86. 

•3.3 . 

16. . 

0.9 

Ptu'ddi.-ie 
Area 

62.39 

0.77 ' 

16.41̂  

5.17 

1.95 

.6.20 

3.48 

2.13 

18 

20 

73 • 

0.07 

• 51 

41 

52 

1.5 

288 

439 

• 21 , 

48 

4.7 

1.3 

, 0.62 

1.7 

, 0.21 

~.73 • 

340 

0.12 

62 

12x10' 

0;66 -

,0.90 

1-2 

12 

1.0 

Stnnn'iit 
Area . 

60.63 

0.81 

17.29^ 

• 5.83 

.2.08 
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nade, Lower Puyallup, Success, Wapowety, Cathedral Rocks and 
Cowlitz Cleavers, as . well as in the Paradise, Yakima, and Spray 
Park areas (Fig. 2). Strat igraphic successions were sampled at Success 

I and Cowlitz Cleavers in the main andesites aiid dacites and at Ptar-; 
migan Ridge, for the young basaltic andesites. 

Compositional data from Rainier are given in Table 3 and Figs. 
4, 5, 7 and 8. Both major and trace element distributions in Rainier 
rocks indicate that they are typical of the calc-alkaline association 
with dacites being only slightly less abundant than andesites in the. 
majority of the volcano. The young basaltic andesites form a minor, 
but distinct geocheniical group. Rainier pyroxene andesites and da
cites are significantly enriched in K, Rb, Cs, and. light REE compared 
lo similar rocks from JelTerson and Shasta (Tables 2-4; Figs. 4-7). 
Alkali element ratios exhibit rather limited 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 SiOi variation diagrams although the data 

jaie suggestive, of a rough decrease in Ca, Ti, Fe, Al, and Sr with 
jinereasing SiOi (Figs. 4 and 5). Both absolute and relative REE distri-
;btitions are rather similar in all Rainier rocks including the basaltic 
andesites (Fig. 7). The Eu/Eu ' ' ratio is also rather constant ranging 
only from 0.9-1.1. 

The young basaltic andesites define a distinct compositional group 
separated on SiOz variation diagrams by a discontinuity in many 
element concentrations. They are significantly enriched in Fe, Ti, 
Mg, Sb, Cr, Co, Ni, and Cu, and depleted in K, Rb, and Cs compared 

•'|lo the voluminous pyroxene andesites and dacites. In some respects 
they are similar to the older Jefferson volcanic group (Figs. 4 and '5) . 
The relatively high contents of Mg and transition metals in these 

.'Irocks is probably controlled by the pixsence'of olivine and the rela
tively large amount of Fe-Ti oxides in the groundmass. 

•i Systematic compositional changes were not observed- in the Suc-
|cess or Cowlitz Cleaver sections. A discontinuity occurs about midway-
l|in the Cowlitz Cleaver section wjth the upper group depleted in K 
•'and, Rb. This same discontinuity, .a;ltliOLigh not as precisely defined 
,;because of inadequate sampling, occurs on Cathedral Rocks north of 

'•{ iCowlitz Cleaver (Fig. 3). The variations above and below this discon-
;tinuity and throughout the Success Cleaver section are non-systematic 
•and of about the same magnitude, as those found in the. Southwest 
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Ridge sectioii of Je/Terson (Fig. 6). Unlike these two sections, the thin.f. 
s t rat igraphic. section in the basaltic andesites at Ptarmigan Ridge 
showed systematic variation.s in many elements as a function ol 
stratigraphic height. These can be seen in Figures 4 and 5 since S\Oi 

TADLH 4 - Average compo; 

- I 1 h 1 H 1 1 ' -< H ^ 1 ^ 1 1 -

r „ 

V .m 

'.Hi Ba 
Cs 

I'fe- Eu 

53 5 4 . 5 5 56 57^ 58 59 60 61 

% S i 0 2 

62 63 64 65 66 

FiG.̂  5 - Trace-element SiOz variation diagrams for volcanic rocks from Mounts Jc^<.|•|;.K/Cs, 
ferson, Rainier and Shasta. Symbols as given in Fig. 4.-Concentrations in PPin^vlSBa/Sr 

, '''.pNi/Co 
increases from about 53 to 57 percent with increasing stratigraphic pZn/Cu 
height: Mg, Ti, Fe, Cr, .Co and Ni decrease and K, Rb, Cs, andIjii|La/Yb 
(with some suggestion of Na and Al) increase with stratigraphic'fe "' " 

Mud 
Creek 

height. Modal analyses indicate the absence of a relation-ship between fe'.- ; 
° . . •' • . Ev^o'c. blank spaces 

the abundances, of phenocrysts or .groundmass minerals and the&'Fe;0j,= total Fe as, 
• • : . . ' • • ' ' • " • - i l ; -
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TAUI.I; 4 - Average^ composition of lavas from Ml. Shasta, California. 
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compositional variation observed within any of the stratigraphic | ' 'distr ibutions; Samples froir 
sections. .t • ' ' |, below the compositional dis 

One of the most striking results of the Rainier study is the f", Htz Cleaver and Cathedral 
compositional grouping of rocks from all or portions of specific |: part overlapping the Succes 

will probably allow this gro 
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FIG. 6 - Compositional variations along the Southwest Ridge .stratigraphic section (>f,i4',some S a m p l e s f r o m t h e 11 
" " '""'' rson, Oregon. Major element o.\id •" ' ' '"'"^ '• ' - ' -*-'•'• 
m p p m ; vertical axes in arbitrary units. 
Mt. Jefferson, Oregon. Major element o.xides in weight percent; trace elenients-Ew , • ,, , , „ 

:• -• • • ' , . . --..- - ''. ' •.(•!|fcg'"oup-here]n called the Sui 
.•,;,.';,k̂^̂^ 
'll ;p|cleavers on the west side'c 

ridge and cleaver sections. This is best illustrated with the extensiveW'generally fall within or on 
Kzb and Si02 data which are summarized in Figure 8. Samples fromp, Success .Groups (Fig. 8). 
Wapowety and Success cleavers define rather narrow and distinctJ|t*.although not as numerous 
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stratigraphic distributions. Samples from the Paradise area (including those from 
below the compositionaf discontinuity previously referred to on Cow-

| i - study is the |,litz Cleaver and Cathedral Rocks) define a much larger region, in 
' ns of specific I part overlapping the Success Cleaver section. More detailed sampling 

will, probably aUow this group to be subdivided. Samples from upper 
Cowhtz Cleaver, upper Cathedral Rocks, Columbia Crest Cone, and 
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. FIG. 7 Average chondrite-normalized REE disti-ibutions in volcanic rocks from Mounts, 
JelTerson, Rainier and, Shasta. Number in parenthesis refers to number of. 
samples included in average. 
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\ |5graphic section ol 
Sijnt;.. trace elements 

s^h the extensive 
. Samples from 

l l w and distinct 

some samples . from the northwest side of Rainier define a low-K 
group-herein called the Summit Group. The young basaltic andesites 
define a very low-K, low-SiOz group. Scattered samples from the other 
cleavers on the west side of Rainier and from the Yakima Park area 
generally fall within, or on tlie extension of the Wapowety-Paradise-

I'Success Groups (Fig. 8). Existing data for many other elements, 
allhough not as numerous, tend to substantiate the groups defined 
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on the K20-Si02 diagram. These data suggest that it may be possible 
with extensive sampling' to make a « geochemical map » of a strato-
voTcano like Rainier by.defining specific compositional groups. These 
groups are herehi. defined as eruptive groups and are tentatively 
interpreted as individual batches of magma that are erupted over 
time intervals that are small compared to the total age of the volcano. 

•Most of the" Rainier volcanics appear, to have rather constant 
K2O . contents , between 1.8 ancl 2,4 percent (Fig. 8). The Summit 
Group, however, which represents some of the youngest activity of I' 
the strato-volcano proper, exhibits distinctly lower values (1.4-1.8 

K and Rb-pooi- magmas 
the older rocks (except 
trasts to Jefferson, whi 
and a distinct increase i 

-J I L. 1 I l_ 
54 55 56 5-^ 59 60 61 

% S i 0 2 

62 63 64 65 66 67 
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||:; rocks. The geology of IV 
1934) and general featu 

•tip whole-rock and phenocr 
,1 CARMICHAEL (1968). "WILL 

;' sure system developed du 
\ the locations of several i 
7 and at least two basalt 
.,Xparasitic cone west of Si 

4'.' stages of activity perha] 
:'̂ { final activity at Shastina 

'•||,v dacite and emplacement 
•.•jlj.of Shastina. •'Very, young 
•}>̂^ erupted from the Hanks c 

side. Hornblende occur s 1 

Fiu. 8 - KA-SiO^ distribution diagram for samples from Mt. Rainier. + = Misccllaiicous;!' °'^^ ,"° ' - ^-'^h'blt an 
samples. . \ :1 ; ; basalt and, basaltic ande 

. 'Jii . iow on the flanks of the 
•'#,of the major activity of 

.percent). Although Columbia Crest Cone is probably ' younger than^ . r Shasta was the most 
the basaltic andesites, most of the Summit Group was probablysp due to relatively poor c 
erupted before the basaltic, andesites as^ evidenced by compositional Ij,cover. The deepest! canyoi 
data from pyroxene andesites and dacites beneath the basaltic andes-':l|'the southeast slope and 
ites suggesting that the former belong to the Summit Group. A feare not clearly exposed. U: 
Rb-Si02 diagram shows essentially the same groupings as the K20;|l. were noL readily accessi 
diagram bu t no other element clearly distinguishes the Summit Group;'!!'were collected, however, I 
from the older andesites and dacites.. The data clearly indicate thatfe exposed parts of the vole 
The final stages of Rainier's eruptive history were characterized by, fe and satellite eruptions (F: 
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3 possible !:'. K and Rb-poor magmas exhibiting a Si02 range that broadly overlaps 
a strato- ' the oMer rocks (except for t he 'mino r basaltic andesites). This .con-

"ips. These I trasts to Jelierson, which shows terminal increases in K and Rb 
ientatively l a n d a distinct inci-ease in SiOz. 
pted over 

Mt. Shasta 
tp volcano. 

constant 
Summit 

yjctivity of 
s (1.4-1.8 

: • Like.Rainier and Jeflerson, Mt. Shasta is composed chiefly of 
;, rather uniform pyroxene andesites and dacites. It differs from Rainier 
;? and Jefi'erson in that, 1) it is composed df a proportionally larger 
iainount of dacites, 2) pyroclastic rocks are more abundant than 
||.llows, and 3) hornblende phenocrysts occur in 5-10 percent of the 
|.rocks. The geology of Mt. Shasta is described by 'WJLLTAMS (1932; 

I-i;'1934) and gerieral features of the major element geochemistry of 
'5 ||whole-rock and phenocryst samples are discussed by Smith and 

V PCARMICHAEL (.1968). WILLIAMS (1932) suggests that a north-south fis-
jj l-; sure system developed during the late stages of activity and controlled 
.;) | | the locations of several andesite domes (including the s u m m i t p l u g ) 
,',V|tand at least two .basaltic cinder .cones^ (Fig. 3). Shastina, a large 
•• P'parasitic cone west of Shasta's, summit, also formed during the late 
'';\if stages of activity perhaps along an east-west fissure . system.. The 
•;'-|! final activity a t Shastina is marked by the eruption of hornblende 
,,.'* dacite and ernplacement of a hornblende dacite plug in, the th roa t . 
'ylj'of Shastina. 'Very young pyroxene andesite and dacite flows were 
,. .Rerupted from the flanks of the volcano particularly on the northwest 
• ifeside. Hornblende occurs in andesites and dacites of all eruptive ages 

:iand does not exhibit an obvious time-dependent relationship. Minor 
j;,basalt and basaltic andesite .e rupt ions occurred at satellite cones 

,i | , ','.;̂ 4i;low on the flanks of the volcaho during and after the final phases . 

M •""il°^ ''^^ major activity of Shasta and Shastina. 
W;tger than''*T;-t- Shasta was the most difficult of the three volcanoes to sample 
f M ' ' ' • ¥ ' J • • • 

j lprobably' . •|fidue to relatively poor outcrops, inaccessible outcrops, and snow 
''|9ositionai:5i;|fcover. The deepest canyon (Mud Creek) cuts only about 500 m into 
Ifiic andes-'' l|lhe southeast slope and stratigraphic relationships in the canyon 
?Gjroup. A I'.are not clearly .exposed. Unambiguous stratigraphic .sections at Shasta 
M the K2O ;!|i,wcre not readily accessible for, sampling. Representative samples 
•pit Group-Sfwere collected, however, from lavas ranging ,in age from the oldest 

•• ate,'t,hat{;'i|exposed; parts of the volcano (in Mud Creek) to the youngest flank 
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Element disti-ibutions in the a;ndesites and dacites indicate that 
Shasta is also a calc-alkaline volcano (Xable 4 ; Figs. 4, 5, and 8). 
It differs fi-om both Rainier and Jefl'erson in that, with exception 
of the minor basaltic rocks found in Scitellite cones,, it contains 
principally dacites (60-67 percent Si02) and the rocks exhibit more 

•scatter on Si02 variation diagrams (Figs. 4 . a n d 5). Rispresentative 
samples of the satellite basalts and basaltic andesites (which show a 
Si02 range of 49-52 percent) are not shown, in the figures because 
complete analyses are not available. Shasta andesites and dacites 
also dilTer from those at Rainier and Jefferson in their much higher 
Sr. contents and in their slightly higher Ca and slightly lower Ti 
contents. They tend to have K, Rb, and Cs contents intermediate |l' 
between Rainier and Jefferson samples. Most other elements broadly 

K (K2O := 0.2-0.5 percent) a 
and basakic andesites! 

Sumr 

Geochemical studies o 
in the, northwestern tfnite 
conclusions which bear o: 
general. 

• 1) Each volcano has d 
^,.tion pat terns. Silica variati 

overlap with samples from one or both of these volcanoes. E.xcepi;|| have reported for these £ 
for the younger 'volcanic group at Jefferson, REE distribution pat- f. smooth nor are they in eei 
terns are simflar for samples from all three, volcanoes (Fig. 7) although iiS'-'-

the absolute concentration of REE (especially light REE) is lower ;| * 2) Portions of stratiera 
in Jefferson and Shasta rocks than in Rainier rocks (Tables 2-4);; Ŝ̂  volcanoes often exhibit com 
E u / E u * ratios in andesites and dacites from Shasta are also similar';, fc. as .eruptive groups. Eruoti^ 
to those ratios observed in andesites and dacites from Jefferson and 'p magma that a re erupted 
Rainier except for Shastina and young flows which exhibit anomalously * • compared to the lifetime 
high ratios (1.2-1.5). Shasta Rocks are more like Rainier rocks vvithife magnitude in the concentra 
their relatively low K/Rb, K/Cs, and high La/Yb ratios and morelj between these groups- 'Wit 
like Jefferson rocks with their low K/Ba and Rb /Sr ra t ios . . fc.to such, a desree as to alk 

Two discontinuities in composition occur at Shasta. The largest fe,volcano. 
one is between the andesites and dacites of Shasta-Shastina and the l i 
late, sma i r sa t e l l i t e basaltic eruptions. The Shastina eruptions and*.:' 3) Systematic comnosit 
the young andesite-dacite flows from the flanks of the stratovolcano i,; stratigraphic height within -
also tend to define an eruptive group. These rocks have lovver K,|| volcanic thicknesses of 500-
and Rb contents and higher Cr, Sr, and E u / E u " ratios than the fc occur in part of an eruptive 
andesite-dacites which compose most of Shasta. No obvious minera-il. g,roups of small total volun 
logical chaliges accompany these chemical changes. A • correlationfis.?; 

of high Sr with high E u / E u " values probably results from plagio-i|,'; - 4) Compositional variat 
clase accumulation during the late stages of eruption since Sr an(i'||;typically non-systematic anc 
Eu, are preferentially encorporated in plagioclase (PHILPOTTS, 1970).'fe those ranges observed in i 

Shasta is very similar to Rainier in that during its final stages ll'volcanoes. ' 
of activity, magmas being erupted from the main vent region (in this ?*'!,, 
case, Shastina) and from some associated flank eruptions decreased lil*- 5) Except for mafic satel 
in K and Rb yet roughly maintained the same Si02 range while otherMi icant volume of the volcano< 
less numerous satellite eruptions exhibited a significant decrease in|l' observed between the anioun 
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K (K2O = 0.2-0.5 percent), and in Si02 range giving rise to the basalts 
and basaltic andesites! 

Summary and Discussion 

. ' • • - • 

'• Geochemical studies of Mounts Jeflerson, Rainier, and Shasta 
in the northwestern United States result in the following major 
conclusions which bear on stratovolcano origin and evolution in 

Lgeneral. . 

:', 1) Each volcano has distinct major and trace element distribu-
f'tion patterns. Silica variation diagrams are not,,,as previous studies 
' have reported for these and other calc-alkaline volcanic centers, 

d i s t r i b u t i o n pat-"f^ smooth nor are they, in general, continuous. 
I Fig. 7) although' ' | / i ' !r 
I REE) is lower, 7" 2) Portions of stratigraphic volcanic sections within' the strato-
I K S (Tables 24). ; volcanoes of ten exhibit cornpositional coherency and are interpreted 
| | a r e also, sirnilars Tas eruptive groups. Eruptive groups probably represent batches of 
pTi Jefferson and i | magma that are erupted over intervals of time which are sjhort 
pibit anomalously- > compared to the lifetime of a. stratovolcano. Differences of varying 
l in ie r rocks with::-|-magnitude in the coticehtrations of a few to many elements occur 
!l atios and rnore ff;between these groups. 'Within-group coherency may be developed 
^j ' ,ratios. ^'K'° such a degree as to allow geochemical « mapping » of, a strato-
I ^sta. The .largest.; f .volcano. 
i ' h a s t i n a and the . ; te . • , 
| a eruptions and',>;p'' 3) Systematic compositional trends in lavas as a function of 
^ le stratovolcano^.'ij.stratigraphic height within an eruptive group are not observed over 

l i have lower K :,";f-volcanic thicknesses of 500-1000 m. Rarely, systematic trends may 
1 ratios than the^S'bccur in p a r t of an eruptive group ( < 200 m thick) or within eruptive 
f obvious minera-^A.groups of small total volume. 

A correlation Y'l-'i*-'. 

t
?; Its from pla.gio-.i|||;. 4) Compositional variations within most; eruptive groups ai'e 
i b n since Sr and '•fj.typically non-systematic and exhibit variational ranges similar to 

HiLPOTTS, 1970)., •• ;'ihose ranges observed, iri individual lava flows friom calc-alkaline 
its final,stages.'J'i ,%lcaiioes. 

l i t region (in ihis ' - fe . 
InDtions decreased ;(.|r«' 5) Except for mafic satellite eruptions which compose an, insignif-
hange while other'i'i'icant volume of, the volcanoes studied, no inter-group correlation is 
Ifcant decrease -in'lobserved between the amounts of kinds of phenocryst phases present 
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m. in the lavas and corresponding compositional'differences. Intra-group p^systematic compositional ch 
compositional variations are not accompanied by parellel 
ogical variations. 

muierat 

6) Decreases in K and Rb concentration occur in the late andes
i t e s ' and dacites erupted from Rainier and Shasta.• Also, minor satel
lite eruptions of K-"aiid Rb-poor mafic lavas characterize the final 
stages of activity at these volcanoes. Jefferson andesites and dacites, 
on the other hand, exhibit increases in K and Rb (asWel l as other 
compositional changes) during the late stages of activity. 

I-Rainier and Jefferson does i 
|, volcanoes; Local, short-term 
j|:be consistent with,such a me 
I*'decreases in Fe, Ti, Cr, Ni, M 
pjng increases in" alkali and rel; 
i^age in the Ptarmigan Ridge 
ji preted in terms of periodic er 
| a s h a l l o w ( < 3 5 km) magina 
I'tional crystallization involvii 

ppyroxene, and plagioclase in 1 
Rainier and Shasta are commonly cited as exhibiting coherent ;|;.,to occur in' the rocks. \ 

geochemical trends (MCBIRNEY, 1968). From the extensive data for,' ' | |*' Another, perhaps more- r 
these volcanoes and Mt. Shasta herein summarized, however, it ap-ptfor stratovolcano growth invc 
pears tha t a simple tworfold classification into divergent and coheixnt iWnot necessitate-synchronous ( 
types for Cascade volcanoes is an oversimplification, It criticallyj i | |chambers may receive fresh 
depends^ on the extent of the area sampled around the volcano and ,||:yet they are tapped sporadi 
the number of samples analyzed. At Jefl'erson, for instance, if a Bfractionation histoid thus nt 
region within a 25 km radius of the peak is included, rocks ranging,p|trends with stratigraphic heig 
from 52 to 74 percent Si02 occur (GREENE, 1968), whereas if only g '̂is consistent with the erupti 
samples from the stratovolcano proper are included the observed:;|||cussed, in that such groups cc 
Si02' range is only, 56 to 64 percent. At Rainier and. Shasta, on thcMdifferent magma chambers at 
other hand, rocks ranging from basalt or basaltic andesite (49-52 i l l the same geochemical probl 
percent Si02) to siliceous dacite (64-67 percent Si02) occur in or on §.f^hdesitic magmas in general, 
the immediate flanks of the volcanoes. As previously discussed for.»crystallization in producing tl 
Jefferson, inadequate sampling can produce apparently smooth anil'p|Cascade volcanoes. Transition 
continuous variation diagrams for a stratovolcano. The results of Mrapidly removed from an andi 
this study indicate that a large number of̂  samples ( > 20) are needed, febeing removed, yet in the < 
to identify discontinuities on variation diagrams. Such discontinuities 'pipyroxene and clinopyroxene 
characterizle the three stratovolcanoes studied. Interpretations off.pcqncentrations of these eleine 
variation diagrams of calc-alkahne volcanic centers based on onlyjMthe case of Shasta) over a bro 
a few samples or samples from a widely scattered area should be-'feas K/Rb and K/Cs, which si 
considered questionable. i'0crystallization (TAYLOR, 1969),, 

Eruption accompanying progressive 'fract ional crystallization of;'||jbroad Si02 range. Finally, the.; 
high-alumina basalt or andesite is one mechanism to be considered^ | | i n the Shastina and young flow 
by which stratovolcanoes may grow. For instance, the element trends, ^severely restricts the amount i 
observed at Paricutin in Mexico during its approximately 10-year'|iln fractionating liquids.. 
lifetime, can be most easily interpreted in terrris of approximately; The possibility that the c 
concurrent eruption ancl fractional crystallization ( + minor crustal.||Cascade volcano was produced 
contaminat ions; 'WIL.COX, 1954). The absence, however, of long-term ,||inati6n of basalt or basaltic 
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Intra-group | systematic compositional changes in the stratigraphic sections at 
el mineral- | 'Rainier and Jeflerson cloes not favor such a mechanism for larger 

volcanoes. Local, short-term systematic ti-ends within a volcano may 
be consistent w i t h such a niechanism, As an example, the progressive 
decreases in Fe, Ti,,Cr, Ni, Mg,'and related elements and correspond--
ing increases in alkali and related elements as a function of decreasing, 
age in the Ptarmigan Ridge section at Rainier can be readily inter
preted in terms of periodic eruption of basaltic andesite magma from 
a shallow (<,35 km) magma chamber undergoing progressive frac-
lional crystallization involving principally the removal of. olivine, 
pyroxene, and plagioclase in the ratios that ph'enocirysts are observed 
to occur in the rocks. 

Another, perhaps moi"e realistic, fractional crystallization model 
Se'ver, it ap- ,̂.( ; for stratovolcano growth involves several magma chambers and does 
| ind coherent J r , not necessitate synchronous eruption and fractionation. The magma 
| u t critically,JI;chanibers may receive fresh magma from the same mantle source, 
P 'olcano and {.•: i, yet they are tapped sporadically and at different stages in their 
Is tance, if a ^'H'Tractionation histoi"y thus not piroducing systematic compositional 
Jlcks ranging i!,.|!trends with stratigraphic, height in the volcanoes: Such a mechanism 
^ e a s if only " | | is consistent with the eruptive, group interpretation previously dis-

Icussed,.in that such groups could be produced by eruptions from the 
[.different magma chambers at various fractionation stages. However, 
flhe same geochemicaL problems discussed by TAYLOR (1969) for 

in or on j|landesitic magmas in general, specifically limit the role of fractional 
jscussed for ••iscrystallization in producing the diversity of rock types found in the 

| i m o o t h and'i'l^Cascade volcanoes. Transition elements such as Ni and Co should be 
f̂  results of J.1 rapidly removed from an andesi te-magma frorn which pyroxenes are 
,^ are needed Iffbeing removed, yet in the Cascade volcanoes w h e r e both ortho-
?i|continuities>;§pyroxene and clinopyroxene are important phenocryst phases, the 
^Wetations' of j i concentrations of these eleinents are rather constant (or scatter, in 
>*-'ed on only f i the case of Shasta) over a broad Si02 range (Fig. 5). Also such, ratios 

should be [|f as K/Rb and K/Cs,- which should decrease rapidly with fractional 
' .<f.crystallization (TAYLOR, 1969), are high and rather constant over a 

©e observed •, 
ista, oh the ;f: 

i ies i te (49-52 7 
y . 
W 

If 
liillization of,"; 

considered \-i 
i ^ e n t trends''. 

•(broad Si02 range. Finally, the absence of major Eu anomalies-(except 
.-in the Shastina and young flows at Shasta), either positive or negative, 
severely restricts the amount of plagioclase rempval or accumulation 

^Itely 10-yean t'Iin fractionating liquids. 
|jproximately.k||:-.' The possibility that the diversity of rock compositions at each 
i|inor crustal;:f|:Cascade volcano was produced by varying degrees of crustal contam-

ig-terrn ; i ination of basalt or basaltic andesite niagma also seems unlikely 
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in terms of t h e l o w Sr'VSr*'' ratios (0.703-0.704) reported from Cascade fedacite magma is produced at t 
volcanoes (HEDGE, e t i d i , 1970; PErER.MAN, e/ al., 19'70'; CHURCH and .| |!'tions. 'Varying amounts o f 'wai 
TiLTON, 1973). The exceptionally high Sr contents yet very low Sr'VSr^' ' P ' a spectrum of riiagma'composi 
ratios in Shasta lavas indicate that they could not have been produced PjSuch variations in water cont 
by mixing of ridge tholeiite magma and graywacke or by partial,I-'in the rate of eruption, in wh 
fusion of older graywackes, or sialic crust (PHTERMAN, et a i , 1970), • vvhich water migrates into the 
Uniformity of Sr"/Sr*'^ rat ios in Cascade,volcanics, in general,-irrespec- *• The overall differences in cc 
live of Sr concentration argues against any magma origin. model' :. are more difljcult to explain w 
involving mixing of ridge tholeiite magma with eugeosynclinal sedi- >" differences in element concentj 
mentary rocks. Pacific ocean deep sea sediments, or crystalline base-rl"'sition of mantle source materia 
ment rocks upon which sorne Cascade -volcanoes res t (CHURCH and-||;cornposition of magmas erupte 
TiLiX)N, 1973). '5;'|l.involving enrichment in K arid 

Seismic data suggest that calc-alkaline magmas move-from mantle'ffeelenients at Rainier and Shast 
segregation chambers at 100-200 km depth in or above subduction.-jpKdecrease in these elements at R 
zones to their sites of eruption over periods of several months (SHEiN^|||by a change in Si02 range and 
MAN, 1971) with probably little or no time spent in shallow frae-.t|ielements in the mantle source 
tionation chambers pr ior to eruption. Experimental data also provide II'creasing or , terminating they 
boundary conditions for magma origin. Most data indicate that andes-":|g,hpwever, if this is the correct 
ites and dacites (which compose most of Cascade volcanoes) can.i-R.do not also exhibit decreases sii 
be produced in or above subduction zones (80-200 km deep) by varyinglfePOTTS and SCHNETZLER, 1970; SC 

degrees qf partial mefting of amphibolite ( < 80 km), eclogite, or-.-.p,suggest that they should be d 
peridotite under conditions ranging from dry to wet (GREEN and|t|Arnore. rapidly than K and Rb. 
RINGWOOD, 1968; YODER, 1969; "GREEN, 1972; KUSHIRO, 1972). Recent i l . \ At Jefferson, as previously 
experimental daat of NICHOLLS and RINGWOOD (1.972), however, do;l|incr.ease in the late lavas, but 
not favor an origin for calc-alkaline andesites and dacites by-hydrous-aiREE decrease and Si02 content 
partial melting of peridotite. The trace-element resiilts herein reportedmthese changes may involve char 
together with existing isotope data support a model for the origin: ^instance, most of the volcanic 
of Cascade magmas involving production from partially ,depleted(%hydrous melting of peridotite 
upper mantle, segregation into sub-crustal reservoirs, and periodic .j pone . Such melting may have 
tapping of these reservoirs. At each tapping, a relatively small volunie.fcwater from the subduction zone 
of magma moves upward over several months and is erupted forming'Wgarnet o r / and orthopyroxeiie.coi 
an eruptive group. Most of the time, little or no shallow fractional-|tREE patterns observed in the c 
crystallization occurs , during eruption of these batches of magma;; | u s e d ' u p , melting in this regie 
Tt is possible that the composition of an eruptive group, and infl [iinelting geotherms may move 
part icular the Si02 range, is contr'olled by one or some combination| |continuing in the upper part c 
of, ,a) varying degrees of melting of appropriate mantle source mate!- -were < 100 km deep, amphiboli 
iTals, or i?) changes in the water content at the source. The importance Jj'dominant constituent. Melting c 
of water is illustrated by the experimental data of GREEN and RiNfr ||-major solidus phase could proc 
WOOD (1968) which indicate that andesite magma is produced by Ipa t te rns , higher contents of K, 
partially rnelting dry eclogite at depths of about 100 km whereas. 
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dacite magma is produced at the same depths under hydrous condi
tions. Varying amounts of water in the source area could result in 

I a spectrum .of magma compositions fanging from andesite to dacite. 
^ Such variations in .water content couM be produced by variations 
in the rate of eruption, in which water is lost, and in' the rate at 
which vvater migrates into the source area from surrounding mantle. 
"• The overall differences in composition between the three volcanoes 
are more difficult to explain with existing data but probably reflect 

i
^ differences in element concentrations but not in Sr isotope compo

sition of mantle source materials. An explanation for the changes in 
composition of magmas erupted, during the .final stages of activity, 
involving enrichment in K and Rb at Jefferson and depletion in these 
elements at Rainier arid Shasta, appears to be more complex. The 
decrease in these elements at Rainier and Shasta is not accompanied 
by a change in Si02 range and may simply reflect depletion of these 
elements in the mantle source area, and because subductjon is de
creasing o r terminating they are not replenished. It is puzzling, 
however, if this is the correct explanation w h y Cs and light REE 
,(lo not also exhibit decreases since distribution coeflicient data ( P H I L -

POTTS and SCHNETZLER, 1970; SCHN'ETZLER and PHILPOTTS, 1970) would 
suggest that they should be depleted in the source as rapidly or 
more rapidly than K and Rb.^ . ' • 

:. At Jefferson,: as previously discussed, not only do K and Rb 
încrease in the late lavas, biit many transition elements and light 

"fes DV nvarous,-;-f.REE decrease and Si02 contents-increase. A possible explanation for 
fe-ein "reported ,'.fflnese changes may involve changing of mantle source riiaterials.- For 
^ o r the origin ,^;|'Bistance, most of. the volcanics at Jefferson may have formed by 
dai ly depleted^'.'jlMrous melting of peridotite o r / and eclogite above a subduction 
ll 'and periodic. Irone. Such melting may have resulted from the^ upward escape of 
ii small volume'v-'pater from the subduction zone. Equilibration of melts with residual 
Mipted forming./.'igarnet o r / and orthopyroxene could account for the relatively enriched 
||Ow fractionalJipEE patterns observed in the older Jefferson volcanics. As water is 
':^s of magma.vfeiiised up, melting in this region would come to an end and the 
S roup , and in.Mmelting geotherms may move down-wards with melting eventually 
ft combiiiatiori'r'lcentinuing in the upper par t of the subducted plate. If the plate 
% source male-;^;;l>'ere < 100 km deep, amphibolite or hornblende eclogite may be the 
Ihe iniportance-,4pominant constituent. Melting of this material with amphibole as a 
PEN and RiNO^'^lnajor solidus phase could produce liquids with less enriched REE 

produced byW&ttenis, higher contents of K, ancl Rb . and higher K/Rb rat ios as 
km whereas 

11 

i 
23 

m 

i , . 1 T 

, 5 - i i '^^'7'7f 
St;-'?: 

'•m-m 

• ^ \ - l -

• \ ^ 

itusyv 

•U • u ^ ' * ? « 
)i4 I *< >* V I'-

•'m I r^£? % 
i^Bf * ' *« iL* - ' r i , 

- '¥7t 

l i i i 

ll 



— 228 — ;: . , • 

are observed in the younger Jefferson volcanic group. A smaller 
degree of "melting could account for the higher Si02 range. 

Still another problem in stratovolcano evolution is the origin 
of the late mafic satellite eruptions observed at Rainier, and Sha.sta 
and at other Cascade volcanoes. Somehow these magmas avoid mixing 
or at least completely mixing with the more voluminous andesites 
and dacites. In this regard 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 f rom, satellite cones low on the flanks 
of the stratovolcano. Although the present data are iiot suflicient to 
fully discuss the origin of . these eruptions, it appears that they, are 
derived from different, perhaps deeper, source regions than the 
andesites and daicites and that they have or , produce their own 
plumbing systems which are, at least in part, not, interconnected 
with the' main conduit, systems of the stratovolcanoes. ' 

The data herein presented, indicate that calc-alkaline stratovol
canoes have undeirgone complex developmental histories and that 
extensive sampling programs and field studies are necessary to unravel 
these histories. After individual eruptive groups are defined, mapped 
and date:d (by fission track or other methods) in a yolcaiio like Mt.. 
Rainier, it should be possible to reconstruct time-dependent, quanti
tative models of stratovolcano evolution. 
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The ,Donzurubo su l iaqueous p 
aqueous, envi ronm'ents m a i n t a i n i n g 

Each tlow unit ' of t he se pyrocla 
size d i s t r ibu t ions in its s t r a t i g r aph 
the top clear ly defines the top faci 

..and the averages of the largest le 
start ing from both the top a n d th 
•points of Md 0 and the averages 
are usual ly found in the midd le zoni 
points a r e general ly i'n a lower posi 
show tha t the depos i t s consist of 
whole, an a s y m m e t r i c a l dis t r ibut ion, 
coarser f rac t ions of the main popu 
and- Ihe C-M pa t t e rn of the deposi t 
(low depos i t s were not ; o r ig ina ted b, 
but hy incandescen t t u rbu len t flow 

^ Geologic Setti 
' Characteristics of 

n • 

The Nijo group is one of 
I Ccno/oic volcanic deposits in 
f which lies in the middle zone 
•̂-i Aolcanic activity in the Nijo-J 

r 

* Institute of Earth Science, Osat 
Tcnnoji-ku, Osaka, Japan. 

** Department of Earth Science, Sci 
Kantaeho, Sumiyoshi-ku, Osaka, Japan. 


