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Abstract. A series of basaltic and andesitic lavas from three centers in the Cascades (Lassen, 
Medicine Lake, Mr. Shasta) have been investigated. The lavas are weakly porphyritic, con- 
taining phenoerysts of plagioelase, augite, and olivine or orthopyroxene; these phases are 
also found in the groundmass. Titanomagnetite is a groundmass phase in most lavas but  
it appears to be absent in some. A sub-ealcie augife is found in the groundmass in some 
of the basic lavas. Orthopyroxenes are present only in the salic lavas and show an increase 
in calcium with increasing iron. The range in composition shown by both phenoeryst  
and groundmass plagioclase is very similar except tha t  the phenocrysts extend to slightly 
more ealcic compositions. The residual glasses in many of the lavas have a rhyolitic com- 
position. However, only those from the Shasta andesites have normative salic constituents 
tha t  plot near the ternary minimum in the Ab-Or-Qtz system at  500 bars. Both chemical 
and mineralogical data  allow the lavas of the different cen~rs  to be distinguished from one 
another. The most likely origin for the orogenic lavas of the Cascades is by partial melting 
of the upper mantle. 
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A. Introduction 

The Cascade volcanic province, which extends from the Canadian border to just 
south of Lassen Peak in northern California (Fig. 1), may  be subdivided into two 
parts;  the Western Cascades composed of deeply eroded early Tert iary volcanic 
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Fig. 1. Map of northwestern U.S.A. show- 
ing some of the major Cascade volcanoes. 
The three volcanic areas described in this 
paper are represented by filled circles 

rocks, and the High Cascades, containing lavas of the orogenic basalt-rhyolite 
suite. Volcanic activity in the High Cascades began in the Pliocene (WATwRS, 
1962) and has continued intermittently until historic times. In  the east, the 
Cascades pass into the relatively stable interior platform (Fig. 1) characterized by  
extensive outpourings of high-alumina basalt (WAT~S, 1955, 1962). 

Petrographically the volcanoes of the High Cascades belong to several distinct 
types. The majori ty  of the large strato-volcanoes are composed mainly of pyroxene 
andesite; these appear to be dominant in the northern par t  (Mr. Rainier, Mr. Baker). 
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I n  cont ras t ,  some of the  more  sou ther ly  volcanoes  are composed  of l avas  ranging  
in composi t ion  f rom basa l t  to  dac i te  (Crater  Lake ,  Lassen  region). The volcanoes  
s i t ua t ed  nea r  the  b o u n d a r y  be tween  the  High  Cascades and  the  in te r io r  p l a t fo rm 
are  charac te r ized  b y  e rup t ion  of basa l t  and  rhyol i t e  wi th  l i t t le  or no i n t e rmed ia t e  
l ava  (Newberry ,  Medicine Lake) .  In t e r spe r sed  among  these  larger  cones are  
numerous  basa l t ic  shield volcanoes.  
Q u a t e r n a r y  lavas  f rom three  volcanoes,  represent ing  the  m a j o r  t ypes  men t ioned  
above,  have  been s tud ied  wi th  the  ob jec t  of descr ibing the  chemical  and  minera l -  
ogical  va r i a t ions  be tween  the  di f ferent  centers  and  to  a t t e m p t  to  provide  an  
exp lana t ion  for  the  origin of these  lavas.  
The  th ree  volcanoes  chosen were:  
a) Mr. Shas ta ,  the  exposed  p a r t  of which is p r e d o m i n a n t l y  andes i te  (WILLIAMS, 
1932a, 1934). 
b) Medicine Lake,  one of the  border ing  volcanoes,  is composed ma in ly  of basic  
andesi tes .  Howeve r  the  l a t e s t  l avas  e rup ted  range f rom basa l t  to  obs id ian  wi th  
few in t e rmed ia t e  l avas  (PowERs, 1932; ANDERSON, 1941). 
C) The  Lassen  group of volcanoes  forming the  sou the rnmos t  ex tens ion  of the  
Cascade chain,  are  charac te r ized  b y  a wide v a r i e t y  of rock  types .  This va r i a t ion  
is ref lected in  the  Q u a t e r n a r y  lavas  which range  in  composi t ion  f rom high- 
a lumina  basa l t  to  daci te ,  m a n y  having  been e rup t e d  a lmos t  s imul taneous ly  f rom 
separa te  volcanoes  (DAY and  A L L ~ ,  1925; A~D~RSO~, 1940; WILLIAMS, 1932b). 

B. Petrography 
The lavas  s tud ied  range  f rom olivine basa l t  to  hornblende  andesi tes  (Table 1). 
CARMZCHAEL (1967a) has  p rev ious ly  descr ibed the  acid  lavas  of the  province.  
Augi te  a n d  plagioclase  are  p resen t  in nea r ly  all  of the  l avas  of ten bo th  as 
phenocrys t s  and  in  t he  groundmass .  Olivine is found  only  in the  basic lavas,  
i t s  p lace  being t a k e n  b y  o r thopyroxene  in the  more  silicic representa t ives .  Many  
of the  lavas  conta in  in te r s t i t i a l  pa tches  of d a r k  brown res idual  glass wi th  
numerous  granules  of i ron  oxide.  I n  some lavas  an  oxide phase  is p resen t  as 
discrete  g roundmass  grains,  while in a few i t  is comple te ly  absent .  

Table 1. Modal analyses (volume percent) 

Groundmass Olivine Clino- Ortho- Plagioclase Other 
pyroxene pyroxene 

1 93.6 6.4 tr  - -  - -  - -  
3 91.5 - -  4.1 3.4 1.0 - -  
5 97.9 - -  0.9 0.9 0.3 - -  
6 81.9 - -  - -  - -  13.6 4.5 a 
8 90.8 0.9 - -  - -  8.3 - -  
9 93.7 2.2 - -  - -  4.1 - -  

10 95.4 2.0 - -  - -  2.6 - -  
11 97.7 0.3 - -  - -  2.0 - -  
12 97.9 1.4 - -  - -  0.7 - -  
14 73.8 4.0 5.7 0.5 16.0 - -  
17 92.7 3.9 1.1 - -  1.5 0.7 b 
18 85.3 0.6 1.3 1.3 10.3 1A b 

a Hornblende; ~ Quartz. 
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(3. Chemistry 

Chemically the lavas studied vary  from high-alumina basalts to andesitic dacites. 
Analyses (Table 2) reveal consistent differences between the three groups of rocks; 
those from Mr. Shasta are the most distinctive. 

a) Mt. Shasta. Most of the latest lavas of Mr. Shasta are andesites with SiO~ 
between 61--65 % and are relatively high in alumina and low in iron and alkalis. 
Compared with typical tholeiltic andesites (CA~MIC~A~L, 1964) they are relatively 
richer in calcium and magnesium; this is reflected in the compositions of their 
modal and normative pyroxcnes. 
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Fig. 2. A plot o:[ potassium 
agains~ silica for the lavas 
of Medicine Lake, Lassen, 
and 1Kt. Shasta. The X gives 
the position of the average 
orogenic andesite of T~tYLO~ 
and WmT~ (1966); the 
other symbols represent ~he 
lavas studied in this paper 
(Table 2). The avarage 
~rends (solid lines) are drawn 
using all available data 

A single analysed basalt (Table 2, No. 1) is somewhat high in aluminum, magne- 
sium and calcium and low in alkalis. The normative quartz probably reflects 
late oxidation, which is indicated pctrographically by  rims of iron-oxide granules 
around many  olivine grains. 
A striking feature especially in the andesites is the potassium content (Fig. 2) 
which is lower than  has been recorded both for other Cascade andesRes ( M o o ~ ,  
1962) and for values considered by  TAYLO~ and W~IT~ (1966) as diagnostic of 
orogenic andesites in general. Prelimluary determinations show these andesites 
are low in Rb, Ba and Zr and relatively high in Ni. 

b) Medicine Lake. The Quaternary lavas of Medicine Lake can be divided into 
an acid and a basic group, the latter range iu composition from high-alumina 
basalts (Nos. 8, 9 and 10) to basaltic andesite (No. 11). All are rich in alumina 
and show an increase of total  alkalis and a decrease in magnesium and calcium 
with increasing silica (Table 2). 
For comparable silica contents (Table 2) the lavas studied from Medicine Lake are 
relatively richer in potassium than those from Mr. Shasta and Lassen. However, 
when all the analyses from the different centers are compared (Fig. 2) there is 
little difference in potassium content between the basic lavas of Medicine Lake 
and Lassen. These two centers are also similar in trace element content but  with 
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Key to specimen localities 
a) Mr. Shasta 

1. Olivine basalt, Cinder Cone 

Fig. 3. A plot of the Cascade lavas (filled 
circles) with their residuM glasses (open 
circles). - - - -  represents the average 
trends for the three centers (drawn using 
all available analyses); the Thingmuli 
trend - - . - -  is taken from CA~ICmtEL 
(1964). F FeO-bF%03; M MgO; 
A Na20 -~ K20 (weight percent) 

(242) 
2. Pyroxene andesite of Shastina, near Highway 97 (235) 
3. Pyroxene andesite of Shastina, near Cinder Cone (244) 
4. Pyroxene andesite of Shastina, near Whitney Creek (237) 
5. Pyroxene andesite, near McBride Springs (72) 
6. Hornblende andesite, Black Butte (70) 
7. Pyroxene andesite, east of Inconstance Creek (73) 

b) Medicine Lake 
8. Olivine basalt, latest flow in Modoc Lava Beds (200) 
9. Olivine basalt, Paint  Pot Crater flow (187) 

10. Olivine basalt, Callahan flow (196) 
11. BasMtic andesite, Schonchin flow, Modoc Lava Beds (199) 

c) Lassen Region 
12. Olivine basalt, Hat  Creek lava flow (63) 
13. Olivine basalt, Hat  Creek lava flow (81) 
14. Basaltic andesite, Red Lake Mountain (3) 
I5. Quartz-basalt, near source vent of 1851 flow, Cinder Cone, 

Lassen National Park (Cal 20) 
16. Quartz-basalt, bomb, Cinder Cone, Lassen National Park (Cal 24) 
17. Quartz-basalt, flow front of pre-1851 flow near Butte Lake, Cinder Cone, 

Lassen National Park (Cal 25) 
18. Quartz-basalt, recent flow, West Prospect Peak, Lassen National Park (Cal 43) 
19. Pyroxene andesite, Crater Lake Mountain (117) 
20. Olivine basalt, Cold Creek Butte, near Mineral (175) 
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t he  Medicine Lake lavas being richer in Zr. The lavas from these two centers 
are distinguishable however on their iron contents; those of Medicine Lake being 
richer in iron (Figs. 3 and 9). 

c) Lassen. The lavas of the Lassen region may  be divided into two distinct groups. 
1. Basaltic andesites similar to those already described from the Medicine Lake 
region. 2. Basic high-alumina basalts. 
The Quatcl~ary basaltic andesites of the Lassen region are distinctively rich 
in magnesium and sometimes calcium relative to their silica and alkali contents; 
this may  be due to contamination of basaltic magma by  sialic material (FINCE 
and ANDERSON, 1930). This is especially true of the so-called "quar tz -basa l t s"  

1 0 0 0  . . . . . . . . . . .  

5 0 0  ,,. 

K / R b  " 

100 . . . . .  
0 . 5  1 

i i  
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o~  
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i , ~ i r , 

5 10 

Fig. 4. The relationship 
between K and K/Rb in 
the lavas of the Cascades. 
The large circles represent 
the lavas described in this 
paper; the small circles are 
the other Cascade lavas for 
which data is available 
(NOCKOLDS and ALLEY, 
1953; JACK and CARMIC~AEr,, 
unpublished data) 

of Cinder Cone and West Prospect Peak which contain abundant  xenocrysts 
of quartz. Trace element data  indicate tha t  the lavas from the Cinder Cone are 
rich in Cr and Ni and poor in Sr. 
In  striking contrast  to the lavas just described is the high-alumina basalt  of 
H a t  Creek (Table 2, No. 12), which is characterized by  relatively low silica and 
total  alkalis and high iron, magnesium, calcium and alumina. Because of its 
distinctive character this lava will be discussed separately from the other Lassen 
lavas. 
The only Cascade lava which is chemically similar to the H a t  Creek flow is the 
Warner  basalt  (ANDERSON, 1941; YODE:R, and TILLEY, 1962). This similarity is 
also shown by  comparison of trace element data (SMIT~, unpublished data). 

d) Discussion. One of the most  distinctive features of the lavas of the Cascades 
is tha t  the more easterly volcanoes tended to extrude lavas richer in alkalis, 
especially potassium, than those further to the west (Figs. 1 and 2). An increase 
in potassium towards the continental side of orogenic volcanic belts has been 
previously noticed by  KuNo (1966) and DlCmNSON (1968). MOOR]~ (1962) cor- 
related this feature, by  means of gravi ty  anomalies, to an increase in the thickness 
of the underlying crust. Geophysical data  by  DV, HLINC]~R et al. (1965) has shown 
tha t  the crust under the western par t  of the Cascades is relatively thin (approxi- 
mately  30 kms) and it thickens toward the east. In  contrast, KuNo (1966) and 



Quaternary Lavas from the Southern Cascades, Western U.S.A. 219 

DICKINSON (1968) correlate the increasing potassium content of lavas with 
increasing depth of formation of the magmas. This seemingly systematic 
variation in potassium content will have to be accounted for in any explanation 
of the origin of the Cascade lavas. 

With the exception of the hornblende andesite (No. 6) from Mr. Shasta, which 
has an anomalously low Rb content, the K /Rb  ratios in the lavas from the 
Cascades decrease with increasing potassium content (Fig. 4). The ratios found 
for the lavas studied tend to be higher than those found by GUNN (1965) and 
TAYLOR and WHITE (1966) for New Zealand andesites but  similar to those of 
the Japanese andesites (TAYLOR and WKIT~, 1966). 

D. Mineralogy 

1. Olivines 

Olivines (Foso_sv) are found as phenoerysts in the basaltic andesites as well as 
in the basalts. They sometimess how skeletal outlines similar to those described 
by KuNo (1950) from the lavas of Hakone volcano, and invariably they contain 
inclusions of brown chrome spinel. The groundmass olivines have a more limited 
distribution. Apart  from the ]avas of Medicine Lake, orthopyroxene and ground- 
mass olivines are not found in the same rock; this suggests a reaction relationship 
between the olivines and the enclosing liquid, which is supported by  the fact 
tha t  in two lavas (Nos. 14 and 17) containing both groundmass orthopyroxenes 
and phenocrystal olivines, the olivines are enclosed by  rims of orthopyroxene. 
Both phenoerysts and groundmass olivines exhibit "no rma l "  zoning (ToMKEIEFF, 
1939) of a similar magnitude, the groundmass grains being richer in iron. The 
amount  of zoning seems to be dependent, in part,  on the rate of cooling. This is 
illustrated by two samples from the H a t  Creek lava. The olivines of the more 
slowly cooled central portion of the flow (No. 12) have a much greater range in 
composition than  those from the surface phase (No. 13). A similar situation 
has been described by MooRE and EVANS (1967) for the olivines of the Makaopuhi 
lava lake. 

NiO, MnO and CaO are all found in values similar to olivines from tholeiitie 
(MooRE and EvANs, 1967; CARMmHAEL, 1967b) and alkali basalts (WILKINSON, 
1956a; SMITH, unpublished data). NiO tends to be zoned in a similar way to 
magnesium and MnO and CaO become progressively enriched in the more iron- 
rich zones. 

2. Pyroxenes 

With the exception of the hornblende andesite (No. 6) from Mr. Shasta, a calcinm- 
rich pyroxene is found in all the lavas studied. A co-existing orthopyroxene is 
found only in the more siliceous lavas, while pigeouite appears to be restricted 
to those lavas containing subcalcic augite. Analyses of the pyroxenes are given 
in Table 31 . 

1 Table 3 analyses of pyroxenes, and Table 4 analyses of feldspars, are not presented 
in the paper but can be obtained from the Department of Geology, University of C~lifornia, 
Berkeley, Calif. 94720 upon request. 
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Fig. 5. Microprobe determmations of pyroxenes (Atom %). �9 phenocrysts; �9 groundmass; 
�9 pyroxenes rimming xenocrysts of quartz (No. 17). Range in composition of phenocrystal 

olivines is given by •  •  - . . . . .  represents pyroxene trends from the Skaergaard intrusion 
(BRowl~ and VInCEnt, 1963). See p. 217 for key to specimens 

a) Mt. Shasta. The single basalt specimen (No. 1) contains subcalcic augites with 
iron substituting for calcium (Figs. 5 and 6). All of the andesites contain both 
a calcinm-rich pyroxcnc and an orthopyroxene. The calcinm-rich phase, invariably 
present as phenocrysts, has a calcic composition near the magnesium end of the 
Skaergaard trend (BRowN, 1957). When also present in the groundmass it  shows 
slightly increased Fe/Ca. 

Orthopyroxene ~, both as phenocrysts and in the groundmass, shows sympathetic 
increase in calcium with iron (Fig. 5). Only in the iron-rich types does calcium 
approach that  of the Skaergaard orthopyroxenes (Bl~ow~, 1957). Some pheno- 
crysts are jacketed with an augite similar in composition to the outermost zones 
of the augite phenocrysts; such a texture is regarded by Mmlr and LoNG (1965) 
as parallel growth rather than a reaction texture. 

Mr. Shasta pyroxenes, like the rocks in which they occur, are consistently more 
magnesian than those recorded from other orogenic andesites (KAwANo et al., 
1961) or from icelandites (C~I~MICHAEL, 1967b). 

2 In the hornblende andesite (No. 6) the orthopyroxene is too small to be analysed with 
the electron probe. 
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b) Medicine Lake. The majority of the lavas from Medicine Lake arc characterized 
by subcalcie augites (Fig. 5) whose composition (in two of the ]avas) covers the 
complete range from augite to magnesian pigeonite. Although subcalcie augites 
are found in other Cascade lavas (Fig. 5) the compositional range is never as 
great as in these lavas. The most basic lava (No. 8) is distinctive in that  it pre- 
cipitated pyroxenes with only a limited substitution of magnesium for calcium. 
In  contrast, the most silieie lava (No. 11) contains both a calcium-rich pyroxene 
and an orthopyroxene (Wo content 4.5 %) (Fig. 5). The orthopyroxene is rather 
rare and only a partial analysis is given in Table 3. The precipitation of two 
pyroxenes in this latter lava could be due to lower temperature of crystallization, 
slower cooling of the lava or to some compositional difference. 

Di ! 7 9 
Mg 

Di 

Mg Mg 

Di Di 

19 17 .187 / 

Mg Fe 

Hd 

Fig. 6. Average analyses of pyroxenes and olivines (Atom %). o phenocrysts; �9 groundmass. 
In the diagram for Hat Creek the following symbols are used: vH average pyroxene from 
high-alumina basalt of Hawaii (l~u~R and TILLEr, Table 9, Anal. 4, 1961); [] pyroxenes 
from high-alumina basalts of the second type (K 7 and K 8 from KuNO, Table 3, Anal. 7 
and 8; 8, 9, and 10 from Medicine Lake, Table 3); o average pyroxene from the Warner 
basalt (YODER and TmLEu 1962, Table 3, Anal. 16) 

c) Hat Creek. From Fig. 6 it can be seen that this lava contains only one pyroxene 
which is rich in both calcium and iron s. Tie-lines between co-existing pyroxenes 
and olivines indicate an approach to equilibrium for the more slowly cooled 
central part of the flow (No. 12) but a disequilibrium trend for a specimen (No. 13) 
from the upper part  of the flow. 
Comparison of the composition of the pyroxenes in the Hat  Creek lava with 
those from other high-alumina basalts (Fig. 6) indicate a close similarity to the 
pyroxenes of the Warner basalt, thus confirming their similarity noted above 
on the basis of chemical composition. 

d) Lassen. The majority of the Quaternary lavas from the Lassen region contain 
two pyroxenes, an orthopyroxene and an augite. The augites are relatively 
magnesian in composition. In  two of the lavas (Nos. 19 and 20) the calcium-rich 
pyroxenes exhibit a subcaleic trend. However, the andesite from Crater Lake 
Mountain (No. 19) also contains an orthopyroxene (Wo content 4%). 

3 ANDERSON (1940) reported that the characteristic pyroxene in the Hat Creek lava 
was pigeonitic. In this study no trace of a pyroxene of this composition could be found. 
This discrepancy may be the result of the relatively high content of titanium and alumina 
found in these pyroxenes (Table 3), since WILKn~SON (1956b) has suggested that pyroxenes 
rich in these constituents have optical properties which "indicate a higher iron and lower 
calcium content than revealed by analysis". 
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The "quar tz -basa l t s"  of the Cinder Cone (FrNc~ and ANDn~SO~r 1930) and West 
Prospect Peak are characterized by  xenoerysts of quartz. These xenoerysts are 
surrounded by  a reaction rim of augite and sometimes glass. The augite rims 
are of a more magnesian composition than  the co-existing groundmass pyroxenes. 
Although the groundmass pyroxenes show a slight enrichment in iron compared 
to the phenocrysts (Fig. 6) many  of the individual grains exhibit an increase 
of magnesium from core to margin. I t  is suggested tha t  this reversal of zoning 
is associated with the contamination of these lavas since BOWEN (1928, p. 206) 
noted tha t  the addition of silica to a basic magma tends to decrease the amount  
of olivine and to increase the magnesian content of the pyroxene. 

Although WILLIAMS (1932b) reported the presence of orthopyroxene in many  
of the Cinder Cone lavas, orthopyroxene was found in only one of the pre-1851 
flows (No. 17) where it  occurs both as a groundmass constituent, and as rims 
around phenocrystal olivines. The orthopyroxenes in this lava show only a 
restricted range in composition (Fig. 5) and are thus similar to the orthopyroxenes 
of the basaltic andesite of Red Lake Mountain (No. 14). 

e) Minor Elements in the Pyroxenes. The distribution of minor elements between 
co-existing pyroxenes from all of the lavas studies is similar to tha t  described 
by  B~owN (1957). The augites are always enriched in Al, Ti and Na and im- 
poverished in Mn with respect to their co-existing orthopyroxenes. Although 
somewhat variable, Al and Ti generally tend to increase with increasing iron 
content (Table 3), ra ther  than decrease as in the pyroxenes of the Thingmuli 
tholeiitie lavas (C~IC~rAEL, 1967 b). 

On comparison of the minor element content of the pyroxenes from the different 
centers it can be seen tha t  the calcium-rich pyroxenes from Mr. Shasta tend 
to be poor in A1 and Ti, while those from H a t  Creek are the richest in these 
elements. The pyroxenes from H a t  Creek are also rich in alumina in tetrahedral  
coordination as are the "quartz-basalts" from the Lassen region. There generally 
seems to be less difference between the orthopyroxenes of the different areas 
than between the calcium-rich pyroxenes. 

3. Feldspars 

The Quaternary lavas of the Cascades are characterized by  only one feldspar, 
a plagioclase, which is found as scattered phenocrysts in most of the lavas, and 
as a groundmass constituent in all. There is generally a complete gradation in 
size between phenoerysts and groundmass crystals. The phenocrysts, which some- 
times form clots of smaller crystals, usually possess subhedral outlines. Some 
crystals however, exhibit a subrounded shape suggestive of resorption. 

All of the feldspars are zoned (Table 4). Some crystals exhibit zoning of an 
irregular nature;  in other feldspars a large number  of zones are discernable and 
the zoning is commonly oscillatory. A third type of zonation is one in which 
the feldspars display a wide, approximately homogeneous core, surrounded by  
a narrow, more sodie margin. Often within a single thin section (especially of the 
andesites) crystals m a y  be found exhibiting the different types of zoning. 

Many of the feldspar phenoerysts within the lavas of Medicine Lake and Lassen 
contain inclusions, some of which appear as interstitial areas in glomeroerysts 
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and were probably formed by  the trapping of the liquid between the coalescing 
grains. In  other phenoerysts the inclusions occur either in the cores or in definite 
zones. In  most of the inclusion-rich crystals the outermost zone is generally clear. 
Sometimes this clear zone reflects the shape of the inclusion-rich area but  more 
often, the outer zone has a subhedral shape in contrast to the rounded outline 
of the inclusion-rich area. Satisfactory analysis of the inclusion-rich areas was 
not possible in the majori ty of cases due to the closeness of the inclusions. Where 
analyses were obtained the anorthite content was higher in these zones than 
in the surrounding areas. The compositions of the outer clear zones are similar 
to those of the margins of inclusion-free crystals, while the average composition 
of those feldspars which contained inclusions was not significantly different from 
those of inclusion-free feldspars. 
One explanation for the formation of these inclusions is tha t  during the growth 
of the feldspar the concentration of iron and magnesium increased at the boundary 
layer until co-precipitation of plagioclase and ferromagnesian phases occurred 
(BoTTISCA et al., 1966). Another explanation is tha t  these inclusion-rich feldspars 
are xenoerysts which have been part ly  resorbed by  the enclosing magma (KvNo, 
1950) breaking down into a more calcie feldspar and glass (MACDONALD and 
KATSU~A, 1965). 
Of the minor elements in the feldspars only barium and iron are present in 
significant amounts. Barium is rather low (0.1% BaO); iron, on the other hand, 
ranges between 0.4 and 1.2 % F%03 and is zoned in a similar manner to calcium. 

a) Mt. Shasta. The feldspars of the lavas from Mt. Shasta are relatively free 
of inclusions, but  are strongly zoned. I t  can be seen from Table 4 tha t  although 
the andesites of Mr. Shasta are the most silicie lavas studied, their feldspars, 
especially the centers of grains, are relatively calcic. There is also a considerable 
overlap in composition between phenocrysts and groundmass feldspars. The most 
calcie composition found in the phenoerysts is generally about  3 to 15% more 
anorthitic than the most ealcie groudmass composition. On the other hand, the 
most albite rich composition found in both phenocrysts and groundmass is 
approximately the same (Fig. 7). 
When the modal and normative feldspars are plotted in the system Ab-An-Or 
(Fig. 8) the low potassium content of the Shasta suite of lavas is evident. The 
trend exhibited by  the normative feldspars lies wholly within the one feldspar 
field and is similar to the trends reported for the Skaergaard and Icelandic 
tholeiitic sequences (WAGE~, 1960; CA~MICHAEL, 1963). 

b) Medicine Lake. The lavas of Medicine Lake contain only a few plagioclase 
phenocrysts (Table 1), many  of which contain inclusions. Some of the more 
basic lavas contain some very calcium-rich feldspars (Anss_ss) (Fig. 7). These 
are found in the cores of large phenocrysts and there is generally a slight com- 
positional gap between them and the generality of phenoeryst compositions. 
Again it  can be seen tha t  there is a large compositional overlap between pheno- 
crysts and groundmass (Fig. 7). In  contrast to the relatively large range shown 
by  the feldspars in the basalts, the basaltic andesite (No. l l )  contains relatively 
albite-rieh feldspars which are rather restricted in composition (Arts6_56). 

c) Hat Creek. In  some respects the feldspars from the H a t  Creek lava are similar 
to those described from Mr. Shasta, in tha t  they have a low orthoelase content 
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Ab An An 

Or 
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Ab 
Fig. 7. Microprobe analyses of feldspars (Wt. % ). �9 the most anorthitic and albitie phenocryst 
compositions; �9 groundmass feldspars. See p. 217 for key to specimens 

and inclusion-rich feldspars are lacking. The phenocrysts in this lava range in 
composition from bytownite (Ans0-s4) to labradorite (An53). The groundmass 
feldspars in the two samples studied have the same maximum anorthite content 
(An~4) while their most sodic composition is andesine (Au35_4~). 

Comparison of the normative and modal feldspars from a number of high alumina 
basalts (Fig. 8) indicates that  the normative feldspars in the Warner and Ha t  
Creek basalts are poorer in potassium than the other high alumina basalts with 
the exception of tha t  studied by NICHOLLS (1965) from the Atlantic Ocean. 
Of all the high-alumina basalts plotted in Fig. 8, the Hawaiian example (MvI~ 
and TILL~u 1961) has by  far the most sodic composition of both its modal and 
normative feldspar. 

d) Lassen. Inclusion-rich feldspars are common in the Quaternary lavas described 
from the Lassen region, especially in the "quartz-basalts" of Cinder Cone and 
West Prospect Peak. MACDONALD and KATSU~ (1965) have also reported similar 
feldspars from the Recent dacites of Lassen Peak. 
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Fig. 8. Normative feldspar of rocks ( �9 ) and residual glasses (o )  (Tables 2 and 6); - - .  --  trend 
of normative feldspars for the lavas of the different centers; - -  compositional range 
of feldspar phenocrysts (only No. 12 in Hat Creek diagram). In the figure representing Hat 
Creek the following symbols are used: A H normative feldspar of alkali high-alumina basalt 
(Myra and TILLEu 1961, Table 4, Anal. 4); h . . . . . .  h range in composition of modal feldspar 
in above lava ( l ~ m  and TILLEY, 1961, Table 11, Anal. 4); �9 normative feldspar components 
of second type of high-alumina basalt; J Kv~o's  average Japanese high-alumina basalt 
(KuNo, 1960, Table 6); 0 average high-alumina basalt of Oregon (WATEgS, 1962, Table 5); 
�9 normative feldspars of third type of high-alumina basalt; A high-alumina basalt from 

N. Atlantic (NIczZOLLS, 1965, Table II ,  Anal. 1); W Warner basalt (YODV.R and TILLEr, 
1962, Table 2, Anal. 16); 12 Hat Creek (Table 2). The dashed line represents the limit of 
ternary solid solution in natural feldspars (S~rr~ and M~CKE~ZIE, 1958) 

As in  all  the  o ther  l avas  described,  the  composi t ion  of the  phenoc rys t  and  ground-  
mass  fe ldspars  show a considerable  overlap.  The phenocrys t s  wi th  one except ion  
(No. 19), are more  calcic t h a n  the  g roundmass  fe ldspars  while a t  the  more  sodio 
end t h e y  have  a p p r o x i m a t e l y  the  same composi t ion  (Fig. 7). 

A p lo t  of the  no rma t ive  fe ldspars  of the  l avas  s tud ied  in  the  sys tem A n - A b - O r  
(Fig. 8) does no t  show the  sys temat i c  t r end  exh ib i t ed  b y  the  Q u a t e r n a r y  lavas  

15 Contr. Mineral.  and  Petrol . ,  u  19 



226 A.L. S~T~ and I. S. E. CARMICItAEL; 

of Medicine Lake, but  all the points do fall in or near the two feldspar field. 
When the normative feldspars of all the Lassen lavas reported in the literature 
are plotted, a pronounced trend across the two feldspar field becomes evident. 

e) Discussion. Perhaps the most  striking feature to come out of the s tudy of 
these feldspars is the large overlap in composition between phenocrysts and 
groundmass feldspars. Such a n  overlap was not found by  the second author 
in his s tudy of the Thingmuli tholeiitie lavas (CA~MIC~_~L, 1967 b). From Table 7 
it can be seen tha t  there is still a compositional gap between the average pheno- 
cryst and the average groundmass feldspars, although in general this is rather  
small, and it  is not until individual analyses are plotted tha t  this overlap becomes 
evident (Fig. 7). 
One possible explanation for such a feature is tha t  the phenocrysts had only 
a very restricted range in composition on eruption and tha t  the compositional 
overlap is due to the crystallization of the feldspars on eruption both as individual 
groundmass grains and as rims around the phenocrysts. Another explanation 
is tha t  the groundmass feldspars are metastable and tha t  their composition 
is the result of rapid quenching of the lava. In  order to evaluate these and other 
explanations, and to determine the frequency of occurrence of this overlap more 
work is being undertaken. 

4. Iron-Titanium Oxides 

In  nearly all of the lavas studied the precipitation of an oxide phase has been 
restricted to a late stage in the crystallization history of the lava, or it has been 
snrpressed almost entirely. Of the Quaternary lavas studied it is generally the 
more basic which exhibit this lack of oxides but some of the older andesites of 
Medicine Lake also show this feature (SMIT~, unpublished data). The possible 
reasons for the absence of an oxide phase in basaltic lavas will not be discussed 
here as they have been considered recently in a paper  by  CA~Mm~A~L and 
I~ICHOLLS (1967, pp. 4682--4684) to which the reader is referred. 

a) Mt. Shasta. Of the lavas described from Mr. Shasta it  is only the basalt (No. 1) 
which lacks an oxide phase. This lack of oxides in the more basic lavas, in contrast 
to their presence in the more sallc ones m a y  only reflect a decrease in solubility 
of the oxide minerals as the lavas become more siliceous (C~MICHAEL and 
NICHOLLS, 1967). 
A titaniferous magneti te is found as a groundmass phase in all of the andesites 
studied and as microphenocrysts in one. The relationship between the pheno- 
crystal and groundmass fl-phases in this one lava (No. 7) is similar to tha t  described 
by  CA~MIC~AnL and NmHOLLS (1967), in tha t  the phenocryst is enriched in Mg, A1 
and ulvospinel when compared to its co-existing groundmass phase. 
One of the lavas, the hornblende andesite (l~o. 6) contains a fi-phase of two 
distinct compositions. One has been precipitated by  the lava, while the other 
formed by  the breakdown of the amphibole. The latter fi-phase can be seen to be 
poor in t i tanium but  rich in silica, magnesium and alumina (Table 5). 

b) Medicine Lake. A titaniferous magneti te is found of two of the lavas studied 
(Nos. 9 and 10) while the other two lavas (Nos. 8 and 11) appear to be lacking 
in oxides entirely. In  comparison to the oxides from the other Quaternary lavas, 
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that  from the Paint  Pot  Crater flow (No. 9) is seen to be relatively enriched 
in chromium. I t  was previously noted that  many of the olivines in the more 
basic lavas contain inclusions of chrome spinel. The fact tha t  such inclusions 
are lacking in the phenocryst olivines in the Paint  Pot  Crater flow may account 
for the relative riehness of the groundmass oxides in chromium. 

c) Hat Creek. The high alumina basalt of Ha t  Creek is characterized by the 
presence in the groundmass of a titaniferous magnetite which only co-exists 
with an ilmenite in the more slowly cooled central parts of the flow (No. 12). 
The temperature and fugacity of oxygen of the equilibration of these oxides 
have been determined using the curves of BUDDIIqGTOIq and LI~DSLV~Y (1964). 
Comparison of this equilibration data (Table 5) with that  given by  CA~rm~AV~L 
(1967 b) for a series of tholeiitie lavas from Iceland indicates tha t  the conditions 
under which the oxides equilibrated in both types of basalts were very similar. 

d) Lassen. Of the three areas studied it is the lavas from Lassen which are the 
most characterized by a lack of oxides. Only two (Nos. 14 and 17) of the six 
samples contain an oxide phase (excluding the ehrome-spinels) of sufficient size 
for analysis. In  the other lavas an oxide phase appears either to be lacking 
entirely (No. 19) or it only occurs as small granules confined to the residual glass. 

e) Discussion. When #-phases which co-exist with similar ferromagnesian species, 
such as orthopyroxenes (see Tables 1 and 5), are compared, their ulvospinel 
contents are found to vary  only within restricted limits. For example, the #-phases 
associated with olivine and augite exhibit a range from 74 to 65 molecular percent 
ulvospinel. Those #-phases associated with both phenocryst and groundmass 
orthopyroxenes also show a restricted range in composition (3~ 45% Usp); 
however, those #-phases which co-exist with both olivine and orthopyroxene 
have values overlapping the two ranges mentioned above. The only oxide phase 
which falls outside these limits is tha t  from the Paint  Po t  Crater flow (No. 9) 
but  as has already been noted the composition of this spinel is unusual in tha t  
it  is rather rich in minor elements, particularly Cr. Similar restrictions in ulvo- 
spinel content were found for #-phases co-existing with orthopyroxenes, iron-rich 
olivines and amphiboles from salie lavas (Cx~mO~A~L, 1967a). This similarity 
between the ulvospinel contents of #-phases from obsidians and the lavas described 
here is not altogether surprising if it is remembered that  in many of these lavas 
the groundmass oxides are associated with residual glasses of rhyolitic com- 
position. On the assumption that  if ~-phases had been present in the residual 
liquids of the basalts and andesites from the Cascades they would have had 
R~03 contents similar to those found in obsidians (C~mMIO~A~L, 1967a) then 
oxide equilibration data can be calculated for these lavas. Temperatures of 
between 800 and 980~ were indicated from the curves of BuDDr~GTON and 
LI~DSL~Y (1964) for those oxides co-existing with orthopyroxene. These tem- 
peratures are within the range of what the authors would expect for co-existing 
groundmass oxides in salic andesites and suggest tha t  the temperature (and 
perhaps oxygen fugacity) during the final stages of crystallization of these andesites 
were s~m]lar to those shown by the obsidians (CA~IOHA~L, 1967a). 
O s ~ o ~  (1959, 1962) noted that  differentiation of basalt followed either of two 
trends, one involving silica enrichment, the other iron enrichment. From his 
s tudy of the system MgO-FeO-F%0~-SiO~ he proposed that  these two trends 
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were dependent upon the oxygen conditions under which the magma fractionated. 
Recently, RO~DE~ and OSBORN (1966) found tha t  the general course of crystalliza- 
tion described for the above system was not changed by  the addition of anorthite. 
PR~SN~LL (1966) from his s tudy of the join Fo-Di-Iron oxide concluded tha t  during 
the early stages of crystallization reagardless of whether the sys t emwas" in te rna l ly"  
or "ex te rna l ly"  buffered 4 the trend of enrichment depended on the initial com- 
position; only during the late stages of fractional crystallization was control 
of oxygen fugacity important .  The main conclusion of this experimental work 
is tha t  in order for a basaltic magma to undergo silica enrichment with restricted 
iron enrichment it must  be externally buffered at  moderate to high fugacities 
of oxygen; and, as a consequence of this, magnetite must  precipitate in significant 
amounts during the early and middle stages of crystallization. Petrographically, 
lavas which have crystallized under these conditions should therefore show some 
evidence of early separation of a fl-phase. 

The orogenic suite of lavas are probably the best known examples of silica enrich- 
ment  with little or no iron-enrichment. The Cascades are perhaps more suited 
than  most  orogenic areas to test  the hypothesis noted above as they were the 
original examples cited by  OSBORN (1959, 1962) of crystallization under conditions 
of constant fugacity of oxygen (externally buffered). 

From the data present in Table 5 and discussed on p. 226--228 it appears tha t  
the Quaternary lavas studied do not suppor~ the experimental evidence. In  
nearly all of the lavas examined a fl-phase is not an early crystallizing phase; 
indeed in some lavas a fl-phase was not a pr imary phase at  all. I t  could be argued 
perhaps tha t  this is the result of fractionation of fl-phase a t  depth;  if such was 
the case then it  would seem reasonable to expect some evidence of this in the 
derived lavas. As was pointed out by  C~R~CHA~L and N I c ~ o ~ s  (1967), the 
absence of oxide phenocrysts indicates a more complete fractionation than is 
evident from the other early crystallizing phases. 

Thus, it would appear tha t  the conditions which give rise to silica enrichment 
in rocks are not the same as those found experimentally. The oxide equilibration 
data for the more basic and acid lavas from both orogenic and non-orogenic 
environments are similar (Table 5, No. 12; CARMICHAWL, 1967a, 1967b)indicating 
tha t  orogenic and non-orogenic lavas have crystallized under similar oxygen 
fugacity conditions, this does not mean however, tha t  they necessarily originated 
under similar conditions. 

5. Amphibole 
An amphibole is only found in one of the lavas investigated (No. 6). I t  occurs 
only as elongate phenocrysts which are characterized by  a deep red to yellow- 
brown pleochroism. Some of the phenocrysts are completely replaced by  iron- 
oxide while all are surrounded by  oxide rims. The amphibole which is a Ti-rich 
hornblende, is relatively rich in alumina (12 % ) and magnesium (16 % ) but  poor 
in potassium (0.19 % ). 

4 These terms are after CAR~rC~EL and NICHOLLS (1967); internally buffered meaning 
a system in which the crystal liquid assemblage has an oxygen buffer capacity; while an 
externally buffered system is one in which the environment or the volatile phase is the con- 
trolling factor. 
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E. Residual Glass 

Residual  glass appears in  m a n y  of the lavas described, however in  some, due 
to the presence of microlites, the  glasses are too variable to be satisfactorily 
analyzed with the electron probe. The composit ion of the glasses (Table 6) ranges 
from dacitic to rhyoli t ic ;  however, only  the residual  glasses from Mr. Shasta 
form a closely related group. 

Table 6. Chemical analyses and C I P W  norms o/residual glasses 

Mt. Shasta Medicine Lassen Region 
Lake 

(235) (244)  (237)  (72) (73) (200) (3) (Cal 25) (117) 
-2G- -3G- -4G- -5G- -TG- -8G- -14G- -17G- -lUG- 

SiOe 75.9 75.8 73.7 73.2 75.7 66.2 72.1 72.2 71.3 
Ti02 1.00 1.00 1.00 1.00 0.68 2.70 1.20 1.30 1.30 
A1203 11.2 11.4 11.0 11.3 ll.1 13.8 13.8 12.4 12.2 
FeO a 2.5 2.3 3.6 1.8 2.8 4.6 2.3 2.4 4.7 
M_aO 0.02 0.02 0.05 0.40 0.02 0.16 0.03 0.03 0.08 
MgO 0.26 0.24 0.59 0.22 0.23 0.46 0.21 0.40 0.40 
CaO 0.75 0.58 1.40 0.60 0.70 2.40 0.43 0.86 1.40 
Na~O 3.0 2.8 3.0 3.0 2.9 4.3 5.3 3.0 4.7 
K~O 5.2 5.4 4.7 4.0 4.9 4.5 4.5 5.8 3.4 

Total 99.83 99.54 99.04 96.52 99.03 99.12 99.87 98.38 99.48 

Qz 35.6 36.1 33.0 36.1 36.5 17.7 22.1 29.3 25.4 
Or 30.7 31.9 27.8 23.6 29.0 26.6 26.6 34.3 20.1 
Ab 25.4 23.7 25.4 25.4 24.5 36.4 44.9 25.4 39.8 
An 1.7 2.6 2.7 5.6 2.8 5.1 0.6 3.2 2.2 
Di-wo 0.8 0.1 1.8 1.0 0.3 2.9 0.7 0.4 2.0 
Di-en 0.2 0.0 0.4 0.2 0.1 0.6 0.1 0.1 0.3 
Di-fs 0.7 0.1 1.5 0.9 0.3 2.4 0.6 0.3 1.9 
Hy-en 0.5 0.6 1.0 0.4 0.5 0.5 0.4 0.9 0.7 
Hy-fs 2.3 2.5 3.6 1.5 3.8 1.9 1.7 2.0 4.7 
I1 1.9 1.9 1.9 1.9 1.3 5.1 2.3 2.5 2.5 

a All iron calculated as FeO. 

I n  contras t  to the relat ively large deplet ion in  iron shown by  tholciitic residual  
glasses (VIncEnT, 1950; W A L K ~  et al.,  1952; ELLIOT, 1956) those from the  
basal ts  and  andesites of the Cascades exhibi t  less impover i shment  in  iron. This 
perhaps is due to the late crystal l izat ion (if a t  all) of an  oxide phase in  the Cascade 
lavas. Trend-l ines  between lavas and  their  residual glasses t end  to cut  across the  
average t rends  of the lavas from the different centers when plot ted  in  an  A-F-M 
d iagram (Fig. 3). This difference in  t r end  m a y  indicate  t h a t  the more salic lavas 
of the Cascades and  the residual glasses are no t  related to the basalts  in  the  
same way. 

I n  a recent  paper  B~ow~  and  SCHAIR~ (1967) have shown t h a t  a series of 
orogenic lavas from the Wes t  Indies  exhibi t  a dis t inct ive t r end  towards low 
magnesia  and  to ta l  i ron oxides. Trend-l ines  between rocks and  associated ground- 
masses (B~ow~ and  SCHAI~E~, 1967, Fig. 65) when plot ted  in  terms of MgO 
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and FeO ~-F%0 a exhibit a progressive flattening of slope from basalts to rhyo- 
dacites. When the lavas and their residual glasses from the Cascades are plotted 
in such a diagram the trend-lines between rock and glass are steep (i.e., similar 
to the trend-line for the basalt given by  B~owN and SCHAI~E~) and show no 
tendency to flatten out as the lavas become more silicic (Fig. 9). 

The feldspar components of the glasses have been plotted in Fig. 8. All of the 
glasses co-exist with only a plagioclase feldspar. The glasses from Mr. Shasta 
form a compact group with only (No. 5 G) plotting outside. The glass from one 
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Fig. 9. Relationship of total 
iron oxide to magnesia for the 
lavas of Medicine Lake (M), 
Lassen (L), and Mr. Shasta 
(S). Closed symbols represent 
rocks studied in this paper; 
open symbols residual 
glasses; �9 Mr. Shasta; 
�9 Lassen; �9 Medicine Lake; 
B . . . . . .  B and A . . . . . .  A 
represent trends shown by 
olivine basalt and andesite 
from the West Indies (BRow~ 
and Se~RER, 1967); 
t - - ' - - t  part of Thingmuli 
trend (CAR~IC~EL, 1964), 
for complete trend see 
B~ow~ and SC~AIRER (1967, 
Fig. 64) 

of the Medicine Lake basalts (No. 8 G), as far as its feldspathic components are 
concerned, is similar in composition to the two recent Medicine Lake obsidians 
( C ~ c ~ A n L ,  1967a). 

The relationship of the lavas to their residual glasses in terms of their normative 
salie constituents (less anorthite) is shown in ~ig. 10. As in most  of the other 
diagrams the residual glasses from Lassen and Medicine Lake are more variable 
in composition than  those from Mr. Shasta, which plot near the ternary minimum 
at  500 bars (Tu~TL~ and Bow]~ ,  1958). As (No. 5 G) has not precipitated quartz, 
its position above the quartz-feldspar boundary curve is seemingly anomalous. 
However, since this glass is richer in anorthite than the others, its projection 
from the Qtz-Ab-0r-An tetrahedron onto the Ab-Or-Qtz plane may  be respon- 
sible for its position. 

Unfortunately, no residual glass has been found in the samples of the H a t  Creek 
lava studied. As this lava is similar both chemically and mineralogieally to the 
Warner  basalt, perhaps the late stage crystallization trend described for this 
lava may  also apply to the H a t  Creek flow as well. KuNo (1965) has shown 
tha t  late stage segregation veins in the Warner  basalt show a trend towards 
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iron enrichment. This is in contrast to the trend exhibited by other high alumina 
basalts (KuNo, 1965, Nos. 5 and 7) and the Medicine Lake high alumina basalts 
(p. 230) for which similar information is available. If  this iron-enrichment is 
typical of the Warner-Hat  Creek high alumina basalts, then it  would appear 
tha t  these lavas may  be distinguished from other high alumina basalts not only 
on their chemistry but  also on their late stage fractionation trends. 

Qtz 

Ab Or 

Fig. 10. The salic normative 
constituents of the residual 
glasses are plotted in the 
system Ab-Or- Qtz; 
�9 Mr. Shasta; V Lassen; 
�9 Medicine Lake. The 

boundary curves at 500 
and 3,000 bars are taken 
from TUT~LE and BowE~r 
(1958) 

F. Petrology 

a) High-Alumina Basalts. In the preeeeding pages the high alumina basalt of 
Hat  Creek has been compared with other high-alumlua basalts. From the evidence 
presented it  would appear tha t  the term high-alumina basalt has been applied 
to a wide variety of lavas whose only common denominator is that  they are 
aphyrie and contain alumina in excess of 17%. I t  would appear (Table 7; Figs. 6 
and 8) tha t  there are at  least three types of high-alumina basalt: 1. Alkali high- 
alumina basalts; 2. Kv~co's high-alumina type basalt; 3. Warner-Hat  Creek 
high-alumina basalt. 

The first type is similar mineralogieally to other alkaline lavas and their chemical 
composition can most easily be explained by  separation of olivine and pyroxene 
from a normal alkali olivine basalt. Lavas belonging to the second type seem 
to be related in many of their mineralogical and chemical features to their asso- 
da ted  lavas. I t  is these high-alumina basalts which appear to be characteristic 
of orogenic regions. Any theory regarding the origin of this type of high-alumina 
basalt must account for the association of these lavas with other members (andes- 
ire, rhyolite, etc.) of the orogenic volcanic suite. Lastly, lavas of the third type, 
namely the Warner-Hat  Creek high-alumina basalts, have a distinctive mineralogy 
and chemical composition noted above and show no gradational features to their 
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Table 7. Comparison o/high-alumina basalt compositions 

1 2 3 4 5 

SiO 2 48.27 49.15 50.19 49.77 48.13 
TiOa 0.89 1.52 0.75 2.46 0.72 
A120 a 18.28 17.73 17.58 18.37 17.07 
Fe20 a 1.04 2.76 2.84 4.28 1.17 
~eO 8.31 7.20 7.19 6.55 8.65 
MnO 0.17 0.14 0.25 0.21 0.13 
MgO 8.96 6.91 7.39 3.86 10.29 
CaO 11.32 9.91 10.50 7.19 11.26 
Na~O 2.80 2.88 2.75 5.08 2.39 
K20 0.14 0.72 0.40 1.98 0.09 
P~O 5 0.07 0.26 0.14 0.36 0.10 

Total 100.25 99.18 99.98 1 0 0 . 1 1  100.00 

Or 0.56 4.25 2.36 11.70 0.53 
Ab 23.58 24.37 23.27 33.29 20.22 
An 36.97 33.32 34.44 21.47 35.58 
Ne - -  - -  - -  5.25 - -  
Di 15.23 11.45 13.58 9.59 15.93 
Hy - -  12.86 16.65 - -  4.77 
Ol 20.55 5.43 3.80 7.09 19.67 
Mt 1.39 4.00 4.12 6.21 1.70 
I1 1.67 2.89 1.42 4.67 1.37 
A10 0.17 0.62 0.33 0.85 0.24 

1 Warner basalt (YoDER and T~LEY, 1962, Anal. 16, 10. 362). 
2 Average high-alumina basalt, Oregon 101ateau (WATERS, 1962, 10" 165). 
3 Average high-aluminia basalt, Japan (Kv~o, 1960, 10. 141). 
4 Hawaiite, ~auna  Kea, Hawaii, (~Ivm and TILLEu 10" 190). 
5 Glass rim of dredged basalt fragment, lq. Atlantic, (NIC~OLLS, 1965, 10. 378). 

233 

associa ted  volcanics (unlike t ypes  1 and  2). L a v a s  of the  t h i rd  t y p e  have  also 
been descr ibed  bo th  f rom non-orogenic  con t inen ta l  areas  (WAGER and  DEER, 
1939) and  f rom oceanic env i ronments  (NIC~OLLS, 1965). 

(L Petrogenesis  

The  rocks  of t he  Cascade Qua t e rna ry  volcanic  province  range  f rom h igh-a lumina  
basa l t s  to  rhyol i tes .  As in o ther  orogenic areas  andesi te  g rea t ly  p redomina te s  
over  basa l t ,  in con t ras t  to  non-orogenic  provinces  such as I ce l and  (WALKW~, 
1958; C)~RMIC~AEL, 1964), where basa l t s  are  more  a b u n d a n t  t h a n  the i r  andes i t ic  
and  rhyol i t i c  different iates .  
Some of the  pe t rogene t ie  theories  t h a t  have  been proposed  for the  origin of 
orogenic andes i tes  and  the i r  associa ted  lavas  are :  

1. F r ac t i ona l  c rys ta l l iza t ion  of a parental basa l t ic  m a g m a  as sugges ted  b y  BOWEN 
(1928, pp.  92--132)  or OS]3ORN (1959, 1962) who ind ica t ed  the  control l ing role 
of oxygen.  

2. F r a c t i o n a l  c rys ta l l iza t ion  of basa l t ic  m a g m a  modif ied  b y  sialic con tamina t ion  
as p roposed  b y  T~Lv,u (1950), K c ~ o  (1950) and  WATerS (1955). 
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3. Mixing of basaltic and more siliceous magmas as suggested by  LmasE~ et al. 
(1938) for the San Juan  region and by HoL~Es (1932) who invoked melting 
of the lower crust to give pr imary granitic magma which then mixed with basaltic 
magma. 
4. Melting of the lower crust to give andesitic magmas (TURNER and VEREOOGWN, 
1960, p. 287). 
5. Part ial  melting of the mantle (or subsequent fractional crystallization of the 
derived liquid in the mantle) to give pr imary andesitie magma as proposed by 
0'HARA (1965), G ~ N  and RINGWOOD (1966, 1968), HAMILTON (1966). 
Among the pertinent features of the Cascade volcanic series which should be 
considered by  any  theory of petrogenesis are the following : 
1. Presence of andesite in great abundance at  all eruptive centers. The inference 
is tha t  andesite has the status of a pr imary magma 5. 
2. Presence of aphyric high-alumina basalts which are unlikely to be differentiates 
of a parent  andesite magma.  
3. Presence of both basalt  and rhyolite, without intermediate andesite, in Recent 
eruptive cycles of some volcanoes (Newberry, Medicine Lake). 
4. Absence under Mr. Shasta of a large mass of basic material  (LAF~HR, 1965) 
such as must  be invoked to account for the predominance of andesites by  ffac- 
tionation according to the models of Bow~N (1928) and OSEO~N (1959, 1962). 
5. Evidence of magmatic  mixing as shown by  the Recent dacites of Medicine 
Lake (ANDERSON, 1941, p. 395). 
6. Increase in the potassium content of the andesites towards the interior plat- 
form (p. 218). 
7. Low initial strontium isotope ratios of some of the Cascade acid lavas (HEDGE 
and W A L k , L ,  1963) and of orogenic lavas (especially andesites) in general 
(CoMPsToN, unpublished data quoted by TAYLO~ and Wnz~E, 1966; TILLEV et al., 
1967; PUS~K~,  1968). 
8. Presence of relatively thin crust under the Cascades (DE,LINGER et al., 1965) 
beneath which is found an upper  mantle of low density material. Other orogenic 
areas are also characterized by  a thin crust (or no crust at  all) underlain by 
an anomalous mantle. T ~ o ~ s o N  and TALWANI (1964) and DV, HLINaE~ et al. 
(1965) suggest tha t  the upper mantle in these regions is composed of either 
hydrated peridotite or feldspathic peridotite. 
These facts, taking into consideration also G~E~N and RINGWOOD'S (1966, 1968) 
experimental data  on the melting of hydrated peridotite and feldspathie peridotite 5 
at  high pressure, are consistent with the fo l lo~ng model of petrogenesis. Part ial  
melting of an upper  mantle of feldspathic peridotite under either wet or dry 
conditions over an appropriate range of pressure and temperature.  This would 
give rise to basaltic, andesitic or rhyolitic magma with andesite predominant.  

5 Although andesite predominates among the lavas of Pleistocene age it should be em- 
phasized that during the Pliocene, basalt (partieularily high-alumina basalt) was erupted 
in great abundance; in fact, Pliocene andesites are exceptional (H. WILLT-~S, written com- 
munication). 

Although GREE~ and Rr~GWOOD (1966) concluded that andesites formed the low melting 
fraction of quartz-eclogite at depths of 100--140 kms, their evidence indicates that liquids 
of andesitic composition will also be the low melting fraction of feldspathic peridotite at 
much shallower depths (35--60 kms). 
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T h e  m a g m a s  so f o r m e d  m a y  be  s u b s e q u e n t l y  m o d i f i e d  b y  h igh  l eve l  f r a c t i ona l  

c ry s t a l l i z a t i on  a n d / o r  c o n t a m i n a t i o n .  H o w e v e r ,  m o d i f i c a t i o n  a t  h igh  leve ls  is n o t  

in  a n y  w a y  essen t ia l  for  t h e  f o r m a t i o n  of t h e  Cascade  o rogen ic  lavas .  
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