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ABSTRACT 

Andesites of both island arc and conti- 
nental margin environments contain petro- 
logic evidence of mixing of mantle and 
crustal melts. Andesitic volcanism appears 
to involve addition of mantle-derived basaltic 
magma to the crust and fractionation of 
preexisting crustal material. Changes in 
andesitic volcanism with increasingly conti- 
nental character of the crust reflect changes 
in a rhyolitic component derived from 
increasingly aged and fractionated crust. The 
initial stage in development of continental 
crust is partial melting of oceanic crust. 

INTRODUCTION 

A number  of recent  papers  have cal led 
a t ten t ion  to the observat ion  tha t  andes- 
i tes  commonly  conta in  phases  der ived 
bo th  f rom basa l t ic  and  silicic magmas  
and have suggested tha t  mixing of 
basa l t ic  and  silicic m a g m a  plays an 
impor t an t  role in pet rogenesis  and  vol- 
can i sm (EICHELBERGER, 1975; ANOERS0R, 
1976; SPARKS et al., 1977; JOHNSTON, 1977; 
EICHELBERGER and GOOLEY, 1977). EICHEL- 
BERCER et al. (1976) a rgued tha t  such a 
process ,  combined  wi th  c rus ta l  melt ing,  
can  be the basis  for a general  model  for 
in t e rmed ia te  and silicic igneous ac t iv i ty  
which is consis tent  wi th  o ther  geochem- 
ical  and geophysical  data.  The purpose  
of  this  p a p e r  is to discuss the  app l ica t ion  
of  this model  to i s land a rc  vo lcanism 
and the p rob lem of  c rus ta l  evolution. 

SUMMARY OF MIXING MODEL 

The p r i m a r y  basis  for  p ropos ing  tha t  
andesi tes  and  daci tes  a re  hybr ids  is the 
presence wi th in  them of d i sequi l ib r ium 
phenocrys t  assemblages.  In  add i t ion  to 
phenocrys ts  app rop r i a t e  to m a g m a  
sys tems of  bulk  in te rmedia te  com- 
posi t ion,  andes i tes  and daci tes  commonly  
conta in  phenocrys ts  of a t ype  and 
composi t ion  app rop r i a t e  to basa l t i c  
and  silicic magmas .  Fors te r i t i c  olivine, 
highly calcic plagioclase,  and somet imes  
magnesium- and a luminum-r ich  augite  
which occur  as  equi l ibr ium assemblages  
in basa l t  also occur  in andesi te  and  
daci te  as individual  grains  and wi th in  
cognate xeiholiths of basa l t ic  bu lk  com- 
posi t ion.  Inclusions of basal t ic  glass have 
been repor ted  in olivine and calcic 
plagioclase  in andes i tes  (Am~ERSON, 1976), 
indicat ing tha t  these phases  grew f rom 
a basal t ic  liquid. Modera te ly  sodic pla- 
gioclase and somet imes  quartz,  sanidine,  
and biot i te  (roughly in o rde r  of f requency 
of  occurrence)  which  occur  as equi l ib r ium 
assemblages  in rhyol i te  also occur  as 
resorbed  or  reac ted  phenocrys ts  in 
andesi te  and  dacite.  S o d i c  plagioclase is 
invar iab ly  su r rounded  by  a dark  resorbed  
zone consis t ing of  mel t  channels  in more  
calcic plagioclase,  which is in tu rn  
su r rounded  by  normal ly  zoned calcic 
overgrowth.  Quartz  contains  e i ther  em- 
bayments  indica t ing  resorp t ion  or  is 
su r rounded  by  an augite  reac t ion  rim. 
Sanld ine  is resorbed.  Biot i te  usual ly  
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reacts to form hornblende,  plagioclase, 
and t i tanomagneti te .  Inclusions of rhyol- 
itic glass can often be found within the 
unresorbed  or unreacted  cores of these 
phases, indicat ing that  these phases grew 
from a rhyolitic liquid. The cognate 
xenoliths consist  of euhedral  plagioclase 
and  hornblende or pyroxene with inter- 
stitial glass. Plagioclase and  hornblende 
are often highly elongate and hollow 
suggesting rapid growth. In  composit ion 
the hornblende resembles hornblende 
coexisting with melt  in basalt ic systems 
from 1000°C to 700°C (HELz, 1973). In  
some cases grain size decreases markedly 
toward the edge of the xenolith. Some 
large xenotiths are concentrically zoned 
with basaltic cores surrounded by 
andesit ic r inds which contain resorbed 
plagioclase and quartz. The texture and 
bulk and phase composit ions indicate 
that  the xenoliths are essentially pillows 
formed by rapid crystallization of 
basaltic magma in cooler silicic magma. 
Mixing of basaltic and silicic magmas 
results in rapid crystallization of basaltic 
magma and resorpt ion or reaction of 
any crystals present  in the silicic 
magma. Crystals which originally grew 
in basaltic or silicic systems survive 
the mixing event if they become coated 
with overgrowths or reaction products. 
The system is homogenized by rapid 
convection, driven by the large temper- 
ature differences accompanying the 
init ial  heterogeneity in composition. This 
process accounts for the elemental  and 
isotopic composit ion of andesites and 
dacites, since the composit ion of these 
rocks can be closely approximated as a 
l inear  combinat ion of basalt ic and rhyol- 
itic compositions. The origins of the 
parental  basaltic and rhyolitic l iquids 
are a t t r ibuted to part ial  melting in the 
upper  mantle and lower crust, respec- 
tively, since these regions contain 
appropriate  materials  and condit ions 
for magma genesis. The association of 
basalt ic and rhyolitic liquids in time 
and  space is a t t r ibuted to heating ~md 
consequent  melting of crust  by basaltic 
volcanism. The rise of basaltic magma 
from the mantle  and emplacement  in 

the lower crust  causes crustal  mel t ing 
and  development of rhyolitic magma  
bodies. Once formed, these rhyolitic 
magma  bodies t rap  subsequent  in t rus ions  
of denser basalt ic magma and mix by 
convection, forming andesit ic and  dacitic 
magmas,  depending on the proport ions.  
Thus the basalt-andesite-dacite-rhyolite 
association and  its plutonic equivalent,  
the gabbro-diorite-granodiorite-grauite as- 
sociation involve both  crustal  and mant le  
melts. Comparison of silicic volcanism 
in different crustal  and tectonic sett ings 
indicates that  cont inenta l  crust  favors 
generation of rhyolitic magma and 
compressional  tectonic activity favors 
mixing. 

ISLAND ARCS AND ANDESITES 
The debate over mant le  versus crustal  

origin of andesitic magma is of ten 
viewed in terms of mant le  mel t ing and 
fract ionat ion versus contaminat ion.  Andes- 
itic magma might come from the mant le  
directly by melt ing or by fract ionat ion of 
mantle-derived basaltic magma or by 
melt ing in a subduct ion zone of mantle-  
derived oceanic crust. The al ternat ive is 
often viewed as assimilat ion of granit ic 
crustal  rocks by basalt ic magma. The 
recognition that island arcs erupt  large 
volumes of andesite where cont inenta l  
crust  is absent  or poorly developed 
(GoRsHKOV, 1969), as well as the relatively 
low ~TSr/**Sr of most  andesites (DrcKINSON, 
1970), have ruled out a major  role for 
assimilat ion of granitic rocks in andesi te  
genesis. Continental  crust  is not  required 
for andesite genesis, but  this does not  
necessarily rule out crustal  involvement  
altogether. Is land arcs have thus become 
a focus for the debate over andesites,  
both because they place impor t an t  
constra ints  on how andesites can form 
and  because their voluminous andesi tes 
and related intrusives appear to represent  
an early stage in development of conti- 
nenta l  crust. 

EVIDENCE OF MIXING 
IN SOME ISLAND ARC LAVAS 

The Lesser Antilles are an active is land 
arc in the Caribbean, apparent ly repre- 
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senting an intermediate  stage of island 
arc development. The Lesser Antilles are 
smaller  and younger than the Japan 
island arc but  larger and older than the 
Mariana is land arc. In  this paper  I 
present  new data  on rocks from two 
ma jo r  andesit ic centers of the Lesser 
Antilles, pyroxene andesite from La 
Soufriere, Guadeloupe, and hornblende 
andesite f rom Pitons du Carbet, Marti- 
n ique (Fig. 1). These lavas appear to be 
fairly typical of young andesit ic rocks 
of the Lesser Antilles. 
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0 ! 0 200km 
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FIG. 1 - The Lesser Antilles island arc. 
Crosses indicate the locations of La Soufri6re 
Volcano on Guadeloupe and Pitons du Carbet 
Volcano on Martinique. 

PETROLOGY OF PITONS DU CARBET 
AND LA SOUFRIERE ANDESITE 

In  terms of petrologic features, Iavas 
of Pitons du Carbet and La Soufriere 
have much in common with each other 
and  with other orogenic andesites, but  
there are some differences. The dominan t  
mafic  phase in  La Soufriere andesite is 

pyroxene, while in Pitons du Carbet 
andesite it is hornblende.  Unlike La Sou- 
friere andesite, Pitons du Carbet andesite 
contains fine-grained mafic aggregates 
pseudomorphic  after biotite. A major  
petrologic difference between these andes- 
ites and andesites of cont inental  mar- 
gins is that  cores of resorbed plagioclase 
in cont inental  andesites are generally 
much more  sodic. Representative electron 
microprobe analyses of phases in Pitons 
du Carbet and La Soufriere andesite are 
given in Table 1. For phases which are 
relatively unzoned, a single analysis is 
reported. Core and r im analyses are 
reported for strongly zoned phases. 
Examples of some of these phases are 
shown in Fig. 2. 

PlagiocIase 

The total range of plagioclase com- 
positions observed in both lavas is about  
An~0 to Ang~. Except for the outermost  
rims, the most  sodic plagioclase occurs 
as the cores of resorbed phenocrysts.  
Resorbed plagioclase phenocrysts are 
present  in abundance  in the lavas and 
also occur in cognate xenoliths of 
in termediate  composition. The cores are 
only weakly zoned, usually from about  
An, .~  In  contrast ,  cores of similar  
resorbed plagioclase in  Cascade andesites 
range from An~ in the Lassen Volcanic 
Field to Aru5 at Mt. Hood (EIcnE.LBERCER, 
1978). Similar  plagioclase cores in the 
Andes are commonly An~_~5 (PICHLER and 
ZEIL, 1972; EICHELBERGER, 1978). Com- 
posit ion of rhyolite glass inclusions in 
cores from La Soufriere is reported in 
Table 2. Similar  inclusions appear to be 
present  in cores from Pitons du Carbet, 
but  were too small  for satisfactory 
analysis. The cores are surrounded by a 
¢¢ cloudy ~ or ~ dusty ,~ zone of fine glass 
channels,  skeletal calcic ptagioclase, and 
fine pyroxene and opaque grains. This 
dark zone is in tu rn  surrounded by a 
clear, normal ly  and strongly zoned over- 
growth. In  both  lavas, composit ions 
range from about  Am~ at  the inside of 
this r im (~ in r im ~ in  Table 1) to about  
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An~.~ a t  the  outs ide  of the r im (<< out  r im  >> 
in Table 1). 

Highly calcic plagioclase  (An~.9~) occurs  
bo th  as phenocrys ts  and  wi th in  cognate  
xenoli ths.  I t  occurs  as d e a r ,  weakly  
zoned, equant  la ths  or  as cores of m o r e  
sodic grains.  

The dominan t  plagioclase  of the  
xenol i ths  (~ no rma l  xeno ~ in Table 1) is 
i n t e rmed ia te  in composi t ion  be tween the 
r e so rbed  sodic and highly  calcic plagio- 
clase. I t  occurs  mos t  of ten as e longate  
la ths  wi th  no rma l  zoning. In  the Piton 
du Carbet  xenoUths this  phase  is smal ler ,  
more  elongate,  and more  s t rongly zoned 
than in La Soufri~re xenoliths.  Some 
gra ins  in xenoli ths in La Soufri~re andes- 
i te  lack calcic cores. 

Plagioclase of s imi lar  morphology  and  
compos i t ion  (<, microphenocrys t s  >, in Table  
1) a re  d ispersed throughout  the hos t  
lava. Because of  this  s imi la r i ty  and  
because  o ther  xenol i th  phases  are  some- 
t imes  a t t ached  to them, they appea r  to 
be  der ived f rom dissaggregat ion of the  
xenoli ths  (or vice versa  if the  xenol i ths  
are  to be in te rp re ted  as  cumulates) .  

Hornblende 

The dominan t  mafic  phase  of Pi tons 
du Carbet  andes i tes  is hornblende.  I t  
invar iably  occurs  as accicular  gra ins  
r i m m e d  with, o r  somet imes  comple te ly  
conver ted  to, f ine-grained opaque ag- 
gregates.  This l a t t e r  fea ture  is p robab ly  
due to oxidat ion  during o r  af ter  erupt ion.  
Some grains  appea r  to be hollow (Fig. 2). 
As wi th  the  dominan t  p l ag iodase  phase  
of the xenoliths,  hornb lende  of the  xeno- 
l i ths  ( , x e n o ~  in Table 1) and  lava  
(,, phen ~ in Table 1) a re  very  s imi la r  in 
morphology  and  composi t ion.  Com- 
posi t ion of the hornblende  is also s imi la r  
to composi t ions  r epor t ed  by  HELZ (1973) 
for  hornblende  coexist ing with  mel t  in 
basa l t i c  systems.  Dist inct ive composi-  
t ional  fea tures  a re  low Si, high A1, high 
Na + K, and modera t e  Ti concentra t ions .  
Acicular  hornhlendes  in many  o the r  
orogenic andesi tes  are  s t rongly zoned 

f rom composi t ions  s imi la r  to Pi tons du 
Carbet  hornblende  to high Si, and  low A1, 
Na + K, and Ti (EICm~LSL~CER and  BAR- 
THOLOMEW, 1978). Since the r ims  of Pi tons 
du Carbet  hornblende  were  des t royed  by  
oxidat ion,  some of the  range in composi-  
t ion may  have been lost.  

Pyroxene 

Only t race  amounts  of or thopyroxene  
are  p resen t  in Pitons du Carbet  andesi te .  
bu t  i t  is a m a j o r  phase  in La Soufri6re 
andesite.  Morphological ly  and composi-  
t ional ly  s imi la r  or thopyroxenes  occur  as 
m a j o r  phases  in bo th  cognate xenoli ths  
(,, xeno ~ in Table i) and  lava (,, phen 
in Table 1) of La Soufri~re. They are  
subhedra l  to euhedra l  and re la t ively  
unzoned. 

Three k inds  of augite  occur  in  La Sou- 
fri6re andes i te  and  two kinds occur  in 
Piton du Carbet  andesite.  One type  of 
augite  which is p resen t  in lavas of both  
volcanoes (~ a luminous  >~ in Table 1) 
occurs as  smal l  la ths  wi th  hourglass  
ext inct ion in both  xenoli ths and lava. I t  
is s t rongly  zoned, wi th  very a luminous  
cores and low A1, low Ti r ims.  The 
dominan t  type  of augi te  in La Soufri6re 
lava is absent  in  Pi tons du Carbet  lava. 
I t s  mode  of occurrence  is the same  as 
or thopyroxene,  appear ing  in bo th  xeno- 
l i ths and  lava (~ xeno >> and <<phen>~ in 
Table 1). I t  is also re la t ively unzoned,  
resembl ing  in composi t ion  the  r ims  of 
the alurninous augite. The th i rd  type  of 
augite  compr ises  the  reac t ion  r ims  on 
quar tz  phenocrys ts  p resen t  in bo th  lavas. 
In  i ts low Ti and A1 contents  i t  resembles  
the dominan t  augi te  of  La Soufri6re and 
differs great ly  f rom the a luminous  
augites of bo th  lavas.  

Quartz 

Quartz phenocrys ts  in var ious  s tages 
of resorp t ion  and reac t ion  are  p resen t  in 
both  lavas. Remnants  of wel l-formed 
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faces a re  p resen t  on some of the  grains,  
suggest ing tha t  the phenocrys ts  were 
or ig inal ly  euhedral .  Euhedra l  holes or  

negative c r y s t a l s ,  a re  p resen t  wi th in  
quar tz  in Pi tons du Carbet  andesi te  
(Fig. 2) and  conta in  rhyol i t ic  glass 
(Table 2). Fo rma t ion  of augi te  r ims  
appears  to  begin wi th  growth  of fine- 
grained aggregates  at  the edge of the 
crystal .  As the  mel t  f rac t ion at  this 
bounda ry  increases  wi th  increasing SiOz 
content  of  the  melt ,  larger ,  e longate  
augi tes  grow within the ear ly  fo rmed  
augite  r ing and norma l  to the  re t rea t ing  
crystal .  SATO (1975) has careful ly  descr ibed  

these  fea tures  in  some andes i t ic  lavas 
f rom Shikoku,  Japan.  

Olivine 

Olivine occurs  as resorbed,  re la t ively 
unzoned gra ins  wi th in  bo th  lava and 
cognate xenol i ths  of  Pitons du Carbe t  
and  La Soufri6re andesites.  Where i t  
occurs  in the  lava, i t  often has some 
xenol i thic  ma te r i a l  a t t ached  (Fig. 2). I t  
is se ldom found in d i rec t  contact  with 
e i ther  the in te rs t i t i a l  glass of the xeno- 
l i ths  or  the g roundmass  of  the lava. 

TABLE 2 -  O b s e r v e d  a n d  i n f e r r e d  c o m p o s i t i o n s  o f  m a g m a s  r e l a t e d  t o  P i t o n s  d u  C a r b e t  a n d  
L a  S o u f r i ~ r e  a n d e s i t e .  

I 2 3 4 5 6 7 8 9 10 11 

SiO z 50.1 51.4 50.0 50,0 61.2 60.3 73.8 73.9 73.8 74.4 74.0 

TiO 2 0.6 0.5 0.9 1.0 0.5 0.6 0.1 0.3 0.2 0.1 0.5 

AI,O 3 18.1 18.6 19.3 19.7 17.5 17.7 12.7 12.5 13.3 16.0 16.6 

FeO 11.6 10.9 10.3 10.8 5.9 6.4 1,2 2.3 2.0 1.4 0.2 

MnO . . . .  0.1 0.2 . . . . .  

MgO 6.0 5.3 4.6 6.8 2.4 3.7 0.2 0.4 0.4 0.0 ( 1.1 ) 

CaO 10.7 10.3 11.5 9.2 7.1 6.0 1.4. 2.3 2.7 2.5 3.5 

Na20 2.4 2.5 2.7 1.7 3.2 2.6 3.9 4.0 3.9 3.7 4.0 

K,O 0.6 0,5 0.8 0.9 1.3 1.3 4,7 3.2 3.3 1.8 2.3 

100.0 100.0 I(30,1 100.1 99.2 98.8 98.0 98.9 99.6 99.9 100.0 

I. Average of three high-Al basal ts  f rom Mart inique (WESTERCAMP, 1975), recalculated water-free. 
2. Average of two cognate basal t ic  xenoliths in Pitons du Carbet andesite,  Martinique (W~qxRCAMP, 

1975), recalculated water-free. 
3. Composition of basalt ic  parent  of Pintons du Carbet andesite calculated from andesit ic composition 

5, recalculated water-free, and rhyolit ic composi t ion 10. 
5. Average of seven andesites from Pitons du Carbet  (Gtnqt¢ el al., 1974). 
6. Composition of andesite from summit  dome of La Soufribre. Guadeloupe. Electron microprobe analy- 

sis of fused bead. R. Gooley, analyst.  
7. Average of three  analyses of glass inclusions i n  quartz phenocrysts,  Pitons du Carbet andesite. 
8. Average of thir teen analyses of glass inclusions in  c.ores of resorbed plagioclase, La Soufri~re andesite. 
9. Average of five analyses of rhyoli te lava, South Aegean Arc (NlClIOLL, 19"/I). 

10. Melt composition, Picture Gorge Tholeiite, T = 750°C, P = 5 kb, H20 saturated (HEm, 1976). 
11. Composition of rhyolitic parent  of Pitons du Carbet andesite calculated from andesit ic composition 

5, recalculated water-free, and basalt ic composi t ion 2. 
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Biotite Pseudomorphs 

Pitons du Carbet andesite contains 
large (< 2 cm) phenocrysts of biotite 
which are almost  completely converted 
to masses of oxides, pyroxene and pla- 
gioclase. 

Other Features 

Two other, relatively rare, features 
deserve comment.  Some ortho-pyroxenes 
have r ims of moderately a luminous 
augite. These grains appear to be derived 
from the cognate xenoliths. In  addit ion 
to cognate xenoliths described earlier, 
Pitons du Carbet andesites contain small 
fragments with corroded grains of pla- 
gioclase and hornblende,  possibly repre- 
senting lower crustal material.  

DISCUSSION OF DATA 

For the reasons outlined above, the 
data indicate that both andesites formed 
by mixing of high-Al basaltic magma 
crystallizing calcic plagioclase, forsteritic 
olivine, and a luminous augite with rhyol- 
itic (or rhyodacitic) magma crystallizing 
moderately sodic plagioclasc and quartz. 
The rhyolitic parent  of Piton du Carbet 
andesite may have, in addition, contained 
biotite. In the case of Pitons du Carbet, 
mixing caused growth of the rims on 
resorbed sodic plagioclase, the similarly 
zoned ~ normal  ~ plagioclase of the 
cognate xenoliths, hornblende of the 
cognate xenoliths, and phenocrysts 
derived by disaggregation of the xeno- 
liths. In addition, augite reaction r ims 
formed on quartz. The si tuat ion is 
similar for La Soufri~re, except that 
orthopyroxene and clinopyroxenes formed 
in place of hornblende. Mixing explains 
the occurrence of the non-equilibrium 
phases, the rhyolitic glass inclusions in 
the resorbed plagioclase and quartz, the 
cognate basaltic xenoliths, and the 
textures suggestive of rapid growth in 
the xenoliths. 

The occurrence of hornblende in place 
of pyroxene as a mixing product in 

Pitons du Carbet has a n u m b e r  of pos- 
sible explanations: (1) lower temperature ,  
(2) effect of bulk composi t ion especially 
water  content  and, (3) mixing at  higher 
pressure. Lower tempera ture  can be due 
to either lower init ial  tempera ture  of one 
or both of the parental  magmas  or a 
larger propor t ion of the cooler rhyolitic 
melt  in the mixture. In  the Lassen vol- 
canic suite (EICHELBERGER and GOOLEY, 
1977) the cooler, more silicic mixtures  
contain plagioclase-hornblende xenoliths 
while the hotter, more mafic mixtures  
contain plagioclase-pyroxene xenoliths. 
However, the composit ions of Pitons du 
Carbet and La Soufri~re andesite are so 
s imilar  that proport ions of parental  
magmas in the mixtures are unlikely to 
be very different. The only other obvious 
difference between the two rocks is the 
presence of mafic aggregates pseudo- 
morphic after biotite in Pitons du 
Carbet. This may indicate a higher 
water  content  and /o r  lower tempera ture  
of Pitons du Carbet parental  rhyolite, 
which would account for the stabili ty of 
hornblende in the hybrid. 

COMPOSITION 
OF PARENTAL MAGMA 

The bulk composit ion of the parental  
magmas can be inferred from: (1) com- 
position of associated, end member ,  
unmixed magmas or where such data  is 
lacking, by analogy to other regions or 
appropriate experimental  data, (2) extra- 
polated composit ion of end members  
assuming that the observed variat ion in 
composit ion is due entirely to mixing, 
(3) for the basaltic parent ,  composit ion 
of the cognate xenoliths, (4) for the 
rhyolitic parent,  composit ion of glass 
inclusions in resorbed plagioclase and 
quartz. Results of those approaches for 
which data are available are given in 
Table 2. The average composit ion of high 
AI basalts from Martinique (WESTERCAMP, 
1975) is very. close to the composi t ion of 
cognate basaltic xcnoliths in Pitons du 
Carbet andesite (WESTJ~RCAMP, 1975) and 
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probab ly  closely approx imates  the  com- 
posi t ion of the basa l t ic  parent .  Calculated 
composi t ions  for  the Pi tons du  Carbet  
and  La Soufri~re basa l t ic  pa ren t s  using 
a rhyol i t ic  mel t  compos i t ion  f rom 
I-I~Lz (1976) a re  also shown. The ap- 
p ropr ia teness  of  this  mel t  is discussed 
below. 

Since the rhyol i t ic  glass inclusions in 
the  two andesi tes  were  clear ly t r apped  
a f te r  growth  of plagioclase  and quar tz  
phenocrys ts  began in the rhyoli t ic  
magma,  they represent  the composi t ion  
of the l iquid f rac t ion  bu t  may  differ  
somewhat  f rom the bu lk  composi t ion  of 
the magma.  Growth  of plagioclase  would 
deple te  the l iquid in A1 and Ca. Growth  
of quar tz  and  plagioclase  have opposi te  
effects on Si in the liquid. The exact  
composi t ion  of the pa ren ta l  rhyol i te  
cannot  be de termined,  but  the  glass inclu- 
sion composi t ions ,  an is land arc  rhyoli te ,  
a rhyol i t ic  mel t  composi t ion  (HELZ, 1976), 
and  a composi t ion  ca lcula ted  f rom the 
basal t ic  pa ren t  compos i t ion  are  l i s ted  
for  compar i son  in Table 2. 

SOURCE OF RHYOLITIC MAGMA 

Evidence tha t  these andes i tes  fo rmed  
by  mixing of basal t ic  and  rhyol i t ic  
magmas  implies  tha t  the rhyoli t ic  
m a g m a  is not  re la ted  to basa l t i c  m a g m a  
by f rac t ional  crystal l izat ion,  s ince the 
in te rmedia te  member s  of the  series do 
not  represent  a ¢ l iquid line of descent  ~. 
Rather ,  i t  appea r s  p robab le  that  the  
rhyol i t i c ,  magma,  l ike basa l t i c  magma,  
is a p roduc t  of melt ing.  

The occurrence  of rhyol i t ic  m a g m a  in 
a relat ively young is land arc  places 
severe cons t ra in ts  on possible  sources of 
the magma.  Geological and  geophysical  
da t a  indicate  tha t  the Lesser Antilles a rc  
is ~ bui l t  on oceanic crus t  of Jurass ic  age 
(WESTBROOK, 1975). Fur ther ,  those fea tures  
which make  the arc  more  cont inenta l  
in charac te r  than  sur rounding  oceanic 
crust ,  greater  c rus ta l  thickness and  
presence of silicic rocks,  appear  to be  
due to the calc-alkaline arc  m a g m a t i s m  
itself. To a t t r ibu te  the rhyol i t ic  m a g m a  

to remel t ing  of  silicic intrusives begs 
the quest ion of how silicic magmas  form 
in an  init ial ly oceanic environment .  I t  
seems unl ikely tha t  these volcanoes a re  
s imply recycl ing previous magmat i c  
products .  I f  this were true,  the  arc  has 
ceased to grow, since no new silicic 
ma te r i a l  is being produced.  There are  
no o ther  da ta  to suppor t  such a conclu- 
sion. I f  on the o the r  hand,  the pa ren ta l  
rhyol i t ic  m a g m a  represen ts  the genera- 
tion of new silicic ma te r i a l  in the  arc,  
as the h i s tory  of the a rc  would  seem to 
suggest, then it mus t  fo rm by large scale 
mel t ing subduc ted  sediments  or  pa r t i a l  
mel t ing  of u l t r amaf ic  mant le  or  basa l t i c  
oceanic crust .  The th ick  r idge of highly 
deformed  sed iments  east  of the Lesser  
Antil les suggests  tha t  sediments  a re  
being sc raped  off the down-going p la te  
r a the r  than subduc ted  (WESTBROOK, 1975). 
Even if enough sediments  were  sub- 
ducted to p roduce  the rhyol i t ic  magma ,  
it  seems unlikely that  such a m a g m a  
would survive i ts  journey  through 100 k m  
of u l t r amaf ic  mant le .  Yet such a journey  
would  be required,  since the rhyol i t ic  
m a g m a  began prec ip i ta t ing  plagioclase  
before mixing wi th  basal t .  An u l t r amaf ic  
source for  rhyol i t ic  magma  appears  to 
be ruled out  by exper imenta l  da ta  ( S T ~  
and  WYLLIE, 1973). T.WO possible  + oceanic  
c rus ta l  sources lie benea th  the  volcanoes:  
the crus t  d i rec t ly  beneath  them and the 
subducted  slab. The slab lies as 100 k m  
to 200 km depth  (W~.srBROOK, 1975) and 
exper imenta l  da t a  indicate  that  pa r t i a l  
mel t ing  at  these mant le  p ressure  would 
not  p roduce  highly silicic l iquids (S~Rm 
and W~'LLIE, 1973; G~Em and RmgWOOD, 
1968). However,  the lower Lesser  Anti l les 
crus t  represents  a large volume of 
ma te r i a l  under  condi t ions  app rop r i a t e  to  
p roduce  rhyol i t ic  magma.  Data on 
mel t ing of basa l t ic  ma te r i a l  under  lower  
crus ta l  condi t ions indicate  tha t  mel t s  of  
app rop r i a t e  composi t ion  will be p roduced  
up to about  20 % mel t  f ract ion (H~Lz, 
1976). Such a mel t  is consis tent  wi th  the 
La Soufri6re and  Pitons du Carbet  
composi t ional  da ta  (Table 2) and coexists  
wi th  An~, plagioclase,  as does the pa ren ta l  
rhyol i t ic  magma.  
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• ~To% MELTING [ 1 RHyoLITE~ 

~1~ PRE$[NT LOWER CRU$'~ 

o .  

°-'°'I 1 
R b l S r  

Fit;. 4 - "TSr/"oSr vs. Rb/Sr diagram il- 
lustrating interpretation of Sr isotopic data 
in mining model. Separate crust and mantle 
systems develop during some previous crust- 
forming event (T = ¢xa2000 m.y.). During a 
recent magmatic event (T = 0 m.y,) melting 
occurs in both the mantle and lower crust. 
A small degree of melting in the lower crust 
produces a rhyolitic magma with Rb/Sr of 5 
to 10 times that of its source. Mixing of this 
magma with basaltic magma from the mantle 
produces andesitic magma with RTSr/~Sr only 
slightly higher than the basaltic parent 
magma. The mixtures fall on a pseudo- 
isochron giving an age much less than the 
age of the crust/mantle system. Note that 
for young, low Rb/Sr crust such as is under 
island arcs, the Sr isotopic difference between 
hybrid andesite and basaltic parent is negli- 
gible. The pseudoisochron shown is based 
on data from Barroso, Peru (JAMES et al., 
1976), projected to basaltic and rhyolitic 
compositions. 

Mixing of a crustal  partial melt  with 
a mant le  par t ia l  melt  does not conflict 
wi th  the two main constraints  which 
have been used to argue against crustal  
involvement  in andesite genesis. Because 
the crustal component  in andesite is 
derived from a mafic source, continental  
crust  which is lacking or poorly developed 
in island arcs is not required. Because 
the crustal component  is derived from 
a marie source and diluted with a mant le  
component ,  the andesite has low ~'Sr/~Sr. 

This in terpre ta t ion  of the isotopic data 
is shown in Fig. 4. 

DEPTH OF MIXING 

The presence of  large volumes of  
relatively homogeneous hybrids implies 
mixing of large batches of parenta l  
magmas  within  plutons. The composi t ion  
and phase assemblage of  the parenta l  
magmas  before mixing, and the phases 
which grow within the p lu ton during 
and after  mixing, place constraints  on 
the depth of the pluton. Possibly signifi- 
cant  features in these andesites bear ing 
on depth of mixing are A1 content  of 
basalt-derived and mixing-generated py- 
roxenes, coexistence of forsteri t ic  olivine 
and calcic plagioclase in the xenoliths, 
early precipi tat ion of plagioclase wi thin  
basalt ic magma  before and during 
mixing, and involvement  of rhyolit ic 
magma.  

The A1 content  of pyroxene in basal t ic  
magma may increase with increasing 
depth of crystall ization (GREEN and 
RINGW0OD, 1967). Thus the high AI content  
of basalt-derived augite in the andesites 
would indicate that crystall ization of the 
basaltic parent began at high pressure.  
The low AI content  of pyroxenes 
produced during mixing by crystalliza- 
tion of basaltic magma and by react ion 
of quar tz  would indicate that mixing 
occurred at low pressure.  There is how- 
ever, little correlat ion between AI content  
of pyroxene in basalt ic systems and 
pressure  in available exper imental  data 
and there are very few data for high AI 
basalt. 

KusHrRo and YODER (I966) have shown 
that pure forster i te  and anor th i te  react  
to form clinopyroxene, or thopyroxene,  
and spinel above 8 kb. Absence of this 
react ion within cognate ~xenoliths con- 
taining forsteri t ic  olivine and calcic 
plagioclase implies a relatively low 
pressure of format ion and hence of  
mixing. Sodium content  of plagioclase 
raises the pressure of this react ion over  
the pure end members ,  but  iron content  
of olivine lowers it. Although offer ing a 
different  in terpre ta t ion of the xenoliths,  



494 3.  C .  E I C H E L B E R G E R  

0 ,6  

x 

w 

t O ~ 4  
g 
u 

~=o.2 

- - ~ - - I  I I I I 

NEW ZEALANO 
A~DES 

• ~IA.N ,~UAN 
CASCADE 

I i 

LE55gR ANTILLES 

NAR~ANA 

~O I 410 I 6OI I 
C R U S T A L  T H I C K N E S S  ( k i n )  

6 5  

3 

So _~ 

a; 

55  

FIs. 5 - Crustal melt component of surface 
lavas (XD versus crustal thickness for andes- 
itic volcanism in several island arcs and 
continental margins, where XR = R/R + B, 
R = rhyolitic parent magma and B = basaltic 
parent magma, by volume. Xa is calculated 
from the average silica content of lavas 
(average of equally weighted analyses), as- 
suming that the basaltic parent is 50 wt. % 
SiO~ and the rhyolitic parent is 73 wt. % 
SiO2. There is a general increase in crustal 
component with increasing thickness of 
crust. Data sources are as follows: MaNana: 
MIYASHtR0 (1974), MARAUCHI et  al. (1968); Ker- 
madec: EWARr et aL (1977); K~t~1 (1970), 
BRODm (1964); Lesser Antilles: BAKER (1968), 
WES'mROOr (1957); Kurile: MIYASHIRO (1974), 
GOeSHrOV (1970); Northern Honshu: Y0smt 
and AsANo (1972), MIYASHIRO (1974); Tonga: 
EWARr et  al. (1977), BaODm (1%4); Cascade 
Range: MIYASHtRO (1974), WARREN and HEaLY 
(1973); San Juan: LIPMAN et  al. (1978); WAR- 
REN and HEALY (1973); Andes (central): 
MIVASnZR0 (1974), JA>mS (1971); New Zealand: 
EWART et al. (1977), BROaIE (1964). 

YODER (1969) suggested that  they must  
form at less than 7 kb. 

Early precipi tat ion of plagioclase in 
the basalt ic magma,  beginning before  
mixing, indicates that  the basalt ic 
m a g m a  reached shallow depth  before 
mixing with  rhyoli t ic magma.  Experi- 
menta l  work (GREEN and RINGWOOD, 1967; 
YODER and TILLnY, 1962) shows that  pla- 
gioclase is a late appearing phase at 10 

kb, and is an early phase at 1-2 kb. The 
pressure effect on the order  of crystal- 
lization is difficult  to quant ify however,  
because water  content  of magma  in 
addit ion to pressure  strongly influences 
stability of plagioclase. 

The involvement  of rhyolit ic magma 
places a fur ther  const ra int  on the depth 
of mixing. Clearly mixing must  occur at 
or  above the level where both magmas  
are  present.  Since the lower Lesser 
Antilles crust  seems the most  likely 
rhyolite source region, the plutons in 
which mixing occurs and f rom which 
the volcanoes tap their lavas mus t  lie 
within the Lesser AntiLles crust. In 
accordance with  the model outlined 
earlier, the relat ionship of these vol- 
cmloes to active subduction is a t t r ibuted 
to the rise of basal t ic  magma  from the 
Benioff  zone. This magma supplies both 
the heat  for crustal  melt ing and the 
mant le  component  of the andesite. 

OCCURRENCE OF EVIDENCE 
OF MIXING IN ANDESITES 

Examples of features in lavas of Japan,  
s imilar  to those jus t  described in the 
Lesser Antilles, are  shown in Fig. 3. 
KuNo (1950) es t imated that  about  half  
the rocks of his , hypersthenic series ~> 
and a quar te r  of the rocks of his 

pigeonitic series ,, contain resorbed 
sodic plagioclase. At least some features 
discussed here as indicative of mixing 
are  present in nearly all the andesites 
I have studied. Both cognate xenoliths 
and resorbed sodic plagioclase are 
present  in a large port ion of  andesites 
and dacites of the Cascade Range. 
Because evidence of mixing appears to 
be present  in the major i ty  of  andesites 
and because it can account for the bulk 
composi t ion of these rocks, I will 
proceed with the assumption that it is 
a ,dominant process by which these 
rocks form. 

EVOLUTION OF THE CRUST 

Continental  crust  differs f rom oceanic 
crust  in that  it is thicker and contains 
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FIG. 6 - Init ial  ~TSr/'°Sr versus crustal  
thickness for some of the volcanic arcs and  
fields shown in Fig. 7. Cross-ruled areas 
indicate region of overlap of isotopic compo- 
si t ions of basalt ic and more si!icic rocks. 
Stippled areas and cross-ruled areas indi- 
cate range of in termediate  and silicic vol- 
canic rocks. White a r ras  within boxes and 
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basal t  except where SiO: content  was not  
reported.  In the lat ter  case, the rock name 
employed in the data source was used. Mid- 
ocean ridge basalt  (MORB) is shown for 
comparison.  There is a genel-al increase in 
*TSr/~Sr of silicic rocks with increasing 
crustal  thickness.  References. in addit ion to 
those used in Fig. 5, are as follows: MORB: 
compiled by MWJER (1976); Mar iana :  Mv:tJ~ 
(1976); Tonga: GiLL and C0xn,s'ro,~ (1973); 
Lesser Antilles: HN~;E and L~wts (1971), DON- 
~ELLY el  al. (1971), PL'SIIKAR (I968) ; New 
Zealand: EWART and STtPP (1968); Cascade: 
PETERMA,X et  aL (1970), HEINE el  al. (1970), 
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el  al. (1978); Andes (cenlral) :  KLrI~KX el  al. 
(1977), JAMES e t  al. (1976), McNtpTr et  al. 
(1975). 

low dens i ty ,  s i l ica- r ich  igneous  rocks ,  
e spec ia l ly  in i t s  u p p e r  po r t i on .  B e c a u s e  
i s l and  a rcs  a p p e a r  to be  bu i l t  on  o c e a n i c  
c r u s t  a n d  r e p r e s e n t  t h i c k e n e d  c r u s t  
e n r i c h e d  in s i l ica- r ich  i gneous  rocks ,  they  
s eem to  r e p r e s e n t  a n  ea r ly  s t age  in 

d e v e l o p m e n t  of  c o n t i n e n t a l  c r u s t .  There -  
fo re  a n y  m o d e l  of  a n d e s i t e  genes i s  w h i c h  
app l i e s  to  i s l a n d  a r c s  h a s  i m p l i c a t i o n s  
fo r  c r u s t a l  evo lu t ion .  Fo r  a m o d e l  to  
a p p l y  to  b o t h  i s l a n d  a r c  a n d  c o n t i n e n t a l  
m a r g i n  a n d e s i t e s ,  i t  m u s t  a c c o u n t  f o r  
t he  m o r e  s i l ic ic  a n d  r a d i o g e n i c  c h a r a c t e r  
of  a n d e s i t i c  v o l c a n i s m  in a c o n t i n e n t a l  
e n v i r o n m e n t  (Fig. 5 a n d  6). T h e  m o d e l  
d i s c u s s e d  h e r e  c an  a c c o u n t  f o r  t h e  
c r u s t a l  e v o l u t i o n  w h i c h  i s l a n d  a r c s  
r e p r e s e n t ,  b e c a u s e  it  i nvo lves  b o t h  
t h i c k e n i n g  of  t h e  c r u s t  a n d  f r a c t i o n a t i o n  
of  the  l o w e r  c r u s t  w i t h  u p w a r d  
m i g r a t i o n  a n d  c o n c e n t r a t i o n  of t h e  low 
m e l t i n g  c o m p o n e n t .  I t  a l so  a p p e a r s  to  
a c c o u n t  for  c h a n g e s  in v o l c a n i s m  
a c c o m p a n y i n g  c r u s t a l  e v o l u t i o n  (Fig. 7). 

The  m o s t  p r i m i t i v e  c r u s t ,  o c e a n i c  
c r u s t  d e r i v e d  f r o m  the  m a n t l e ,  is the  
s t a r t i n g  po in t .  W h e r e  th i s  c r u s t  is 
t r a p p e d  over" a m a n t l e  h e a t  s o u r c e  it is 
h e a t e d  a n d  t h i c k e n e d  by  e m p l a c e m e n t  o1! 
b a s a l t i c  sil ls .  E v e n t u a l l y  t h e  s o l i d u s  is 
exceeded  a t  i ts  base ,  a n d  t h e  low m e l t i n g  
s i l ic ic  c o m p o n e n t  m i g r a t e s  u p w a r d  a n d  
b e c o m e s  c o n c e n t r a t e d  a t  h igh  levels.  
I n t e r m e d i a t e  m a g m a s  a r e  g e n e r a t e d  by 
m i x i n g  o1: the  m a n t l e  a n d  c r u s t a l  m e l t s  
s i m p l y  as  a c o n s e q u e n c e  of  b a s a l t -  
i n d u c e d  c r u s t a l  me l t ing .  T h i c k e n i n g  of  
the  c r u s t a l  a n d  c o n c e n t r a t i o n  of  c r u s t a l  
m e l t  p r o d u c t s  at  h igh  Icve,ls r e s u l t s  in a 
c r u s t  m o r e  c o n t i n e n t a l  in c h a r a c t e r .  
S u b s e q u e n t  c r u s t a l  m e l t i n g  e v e n t s  m a y  
invo lve  b o t h  the  b a s a l t i c  sil ls  of  p r e v i o u s  
e v e n t s  a n d  a n y  p r e v i o u s  p r o d u c t s  of  
c r u s t a l  f r a c t i o n a t i o n  w h i c h  r e m a i n  a t  
d e p t h  su f f i c i en t  for  r e m e l t i n g .  T h u s  w i t h  
i n c r e a s i n g l y  c o n t i n e n t a l  c h a r a c t e r  of  the  
c r u s t ,  m o r e  f r a c t i o n a t e d  a n d  aged  
m a t e r i a l  b e c o m e s  a v a i l a b l e  for  m e l t i n g .  
Th i s  p r o v i d e s  a n  e x p l a n a t i o n  for  cor- 
t ' e la t ion  of  v o l u m e  a n d  i so top i c  com-  
pos i t i on  of  s i l icic  ]avas  w i t h  c r u s t a l  
s e t t i n g  (Fig. 5 a n d  6). T h e  i n c r e a s i n g  
v o l u m e  a n d  r a d i o g e n i c  c o m p o s i t i o n  of 
t h e s e  lavas  w i t h  i n c r e a s i n g  c r u s t a l  
t h i c k n e s s  re f lec t s  t h e  i n c r e a s i n g  v o l u m e  
a n d  r a d i o g e n i c  c o m p o s i t i o n  of  t i le rhyol-  
i t ic p a r e n t  m a g m a ,  w h i c h  in t u r n  
r e f l ec t s  a n  i n c r e a s i n g l y  aged ,  f l ' a c t i o n a t e d  
a n d  l a r g e r  source .  T h e  c r u s t a l  m e l t s  
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FIG. 7 - Model for crustal evolution based 
on evidence of mixing in andesite. (1) Young 
island arc: thickening and heating of oceanic 
crust with emplacement of basaltic sills. 
Melting of anaphibolite begins at base of crust 
and andesitic magma form by mixing of 
mantle and crustal melts. Surface lavas are 
basaltic to andesitic, e.g. Mariana. (2) Mature 
island arc: Zone of melting expands as crust 
approaches continental thickness. Material 
undergoing melting is still generally amphib- 
olite of basaltic composition. Surface lavas 
are basalt to rhyolite, andesitic on average. 
e.g.  Lesser Antilles. (3) Continental margin 
or old island arc: Large volume of lower 
crust undergoes partial melting, including 
earlier emplaced basaltic material and silicic 
material from earlier episodes of crustal 
melting. Some refractory, material may sink 
back into mantle. Surface lavas are basalt 
to rhyolite, dacitic on average. Granitic 
batholiths accumulate in upper crust and 
average more silicic than volcanic piles 
because mixing favors eruption, e.g. Andes. 

become less calcic as well, and this is 
reflected in the less calcic composi t ion 
of the resorbed plagioclase of continental  
andesites. 

In this view of andesite genesis and 
crustal  evolution, plate interact ions  at  
subduct ion zones merely provide a heat  
source, in the fo rm of loci  of basal t ic  
volcanism, for  the crustal  mel t ing which 
produces silicic magmas  and hence 
cont inental  crust.  Special  condit ions 
within the mant le  of subduct ion zones 
are not  requ i red  for development  of 
continental  crust.  Rather,  the cri t ical  
fac tor  in evolut ion of the crust  is that  
the solidus is exceeded within  the crust.  
This depends on the presence of water ,  
thickness of  the crust,  and heat  t r ans fe r  
ei ther by conduct ion or  movemen t  of 
magm.a. Early heat  flow may  have been 
sufficient to cause crustal  melt ing 
wi thout  the rise of basalt ic magma f rom 
the mantle. If  so, the process of genera- 
tion of cont inental  crust  would have 
been more  efficient  early in the ear th 's  
his tory than in modern  island arcs. 
Development  of granit ic crust  can there- 
fore be viewed as the next step in 
evolution of a planet  possessing basal t ic  
crust, and occurs by fract ionat ion of 
the basalt ic crust  itself. 

COMPARISON OF MODELS 

Some of the m a j o r  features and impli- 
cations for crustal  evolution of models  
of andesite genesis are summar ized  in 
Table 3. In general, models emphasizing 
mant le  derivat ion fail to account  for the 
more  silicic character  of cont inental  
magmat i sm,  while those emphasizing 
crustal  origin fail to account  for crustal  
thickening and encounter  difficulties 
with the high tempera tures  required.  In 
this paper  I have presented the view 
that petrologic  data support  a common  
origin of island arc and cont inenta l  
andesites, but  equally strongly indicate  
crustal  involvement.  The mixing model  
presented here  is really a middle  ap- 
proach between the extremes of mant le  
or  crustal  derivation.  I t  is of course 
possible that some or all of the possible 
processes apply to different  andesites, or  
in different degrees to the same andesite.  
Yet andesites f rom widely dispersed 
volcanic fields contain dist inctive and 
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remarkably  similar  features suggestive 
of a common and perhaps simple origin. 
Most of the models can be tested, par- 
t icularly with isotopic data. Although 
many workers have used the gross 
isotopic similari ty of magmas in the 
andesitic association to support  frac- 
t ionat ion models involving mantle-derived 
magmas,  many  well sampled suites 
show significant correlat ion between 
elemental  and  isotopic composition. 
What appears to be needed is data on 
volcanic uni ts  more closely related in 
t ime and space, so that the variables 
induced by dealing with different magma  
batches are minimized. A good focus 
for more detailed work are the volumin- 
ous, composit ionally zoned ash flow 
sheets f rom andesit ic centers such as the 
Aso Caldera of Japan and Crater Lake 
of the United States. If andesites are 
related to other magmas by fractionation, 
then these are plutons quenched in the 
process of fract ionat ion (HEDGE and 
NOBLE, 1976). If  andesites are mixtures 
of basaltic and silicic magmas,  then these 
are plutons quenched in the process of 
mixing (EICHELBERCER and CROWE, 1978). 

NOTE ADDED IN PROOF: Fur ther  work on 
basalt ic xenoliths indicates that mixing 
is driven by vapor exsolution in wet 
basalt ic magma as it enters  the cooler 
silicic magma chamber.  This process 
operates at pressures no greater than a 
few kilobars. 
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