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RESUMEN 

Durante los últimos 200 m.a., el cinturón orogénico ensiálico andino se ha caracterizado por su magmatismo 
calco-alcalino. La actividad inicial (Mesozoico) fue predominantemente basáltica con afinidades toleíticas, aso­
ciada con sedimentos submarinos. Por el contrario, el vulcanismo cenozoico poseía un carácter intermedio. calco­
alcalino. La restricción del volcanismo reciente a partes de Jos Andes que (1) están apoyadas ~bre gruc'ms 
cuñas de manto astenosférico. (2) zonas de c.'Spesamiento de la corteza en ausencia de un acortamiento signifi­
cativo. y (3) las relaciones isotópicas Sr y Nd. indican que los magmas calco-alcalinos derivaron directa o imlj­
rectamente de este manto astenosférico. No existe ninguna evidencia geoquímica o geofísica segura de que la 
corteza continental o el sedimento hayan sido sometido a subducción por debajo de los Andes, o que tales mate­
riales hayan contribuido, en alguna forma, como fuentes del manto para el magmatismo andino. Las composi­
ciones químicas de las rocas volcánicas calco-alcalinas, de las zonas volcánicas activas, reflejan una cristalización 
fraccionada, mientras que las relaciones isotópicas O-Sr muestran una interacción cortical del magma dcrivadu 
del manto con el del basamento siálico de los Andes. La extensión variable de la cristalización fraccionada y 
asimilación, fusión parcial y mezcla del contaminante cortical, aparentemente, están controlados por el va­
riable espesor y edad de la corteza en las diferentes provincias volcánicas. Sin embargo, debido a que el mag­
matismo calco-alcalino, como un proceso importante del crecimiento de la corteza en el post-Mesozoico de los 
Andes. requirió del aporte del manto infrayacente ésto, a su vez, necesitó de una citculación dentro de la 
cuña astenosférica del manto. Por otra parte, pese a que los Andes han experimentado un crecimiento cortical 
a largo plazo, el balance entre la adición por magmatismo y la degradación por erosión no puede ser definido. 
Por lo tanto, el hecho que la masa continental, como un todo, esté creciendo o haya alcanzado un estado es­
table, es algo incierto. 

ABSTRAeT 

Over che last 200 m.y. the ensialic Andean orogenic belt has been characterized by calc-alkaline magmatism. 
The early (Mcsozoic) activity was dominantly of basaltic volcanism, with tholeiitic affinities, associated with 
sub marine sediments. In contrast, the Cenozoic volcanism was of intermediate, calc-alkaline character. Thc 
restriction of Recent volcanism to mose parts of the Andes that are (1) underlain by thick wedges of asthe­
nospheric mantle, (2) zones of crustal thickening in the absence of significane shortening, and (3) the Sr and 
Nd isotopic relationships, indicate that the calc-alkaline magmas are derived direcdy or indirectly from lhe 
asthenospheric mande. There is no unequivocal geochemical and geophysical evidence that continental crust 
or sediment has been subducted heneath the Andes, or that such materials have, in any way. contributed lo 

the mantle source for Andean magmatism. The chemicaJ compositions of the calc-alkaline volcanic rocks of (he 
active volcanic zones reflect fractional crystallization, whereas O-Sr isotopic relationships reflect crustal intcr­
action of mamle-derived magma with the sialic basement of the Andes. The variable extent of fractional 
cryscallization and assimilation, partial melting, and mixing of crustal contaminant are seemingly controlled 
by the variable thickness and age of cruSt in the different volcanic provinces. However, because calc-alkaJine 
magmatism' as a major process of post-Mesozoic crustal growth in the Andes necessitated depletion of the 
underlyiog mande, this in turn rcquires circulation within the asthenospheric mande wedge. 00 the other 
hand, although the Andes have experienced long-term crustal growth, the balance between addition by mago 
matism aod degradation by erosion cannot be decided. So whether the continental mass, as a whole, is 
growing or has reached a steady-state. is uncertain. 
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INTRODUCTION 

The basis of chis contribution 15 rhar material 
addcd from rht, mantlc tú [he crusr abo\'c sub­
ducrion zones rt'pn.:scnts local continental growth. 
Subduction zone volcanic and intrusivc acrivity is 
[he dominant form of continental magmatism and 
rhe intermediare composirion uf [he charactcristic 
magmatic products -andesites and [onalices- resem­
bies [he bulk composition of (he Earth's crust 
(Taylor, 1977). Thcrcfore, crustal growth might 

be largcly dominatcd by addition of manrk-dcriv" 
ca magmas ahove subdu/"'cion zunes. Wirh (his 
model in mind, we examine rhe proccsses of forma­
rion of subducrion zone magmas, rhe role of pTe· 

cxisting ('ontincntal crusr, antl rhe processes of ac­
l'retion of such magmas ro form continental aust. 
Thc role of intrusive subduction-zone magmas is 
examined by Brown (1979) so here we emphasize 
(he role of andesites in crustal growth. 

GEOLOGICAL FRAMEWORK OF 50UTII AMERICA 

This section reviews the geological framcwork of 
South America and the basement of the Andean 0-

rog~nic b~lt. The Andcan orog~nic belt (Fig. la) is 
characteriz~d by magmatism of Mesozoic-Recent 
age. Active volcanism is restricted to three zones; 
a northern zone in south Colombia and Ecuador 
(SON-2°S), a central zone in south Peru and north 
Chile (16°S-28°S) and a southern zone in south 
Chile (33°5-52°5; Fig. lb). The major tectonic 
units are the early Precambrian Brazil-Guyana 
Shield, the late Precambrian-early Palaeozoic mas­
sifs (including the HPampean Ranges"), and rhe 
And~an Cordillera with its associated "Sub-Ande­
an Ranges" (Fig. la). The Brazil-Guyana 5hield is 
locally covcred by extensive undeformed Meso­
zoic-Cenoz,?ic sedimentary deposits, including the 
Amazon, Parnaiba and Parana Basins. 

The basement below the Andean Cordillera 
(within the active volcanic zones) has several com­
ponents and the infcrred areas of these are shown 
in Fig. 1. The western parts of Colombia and Ecua­
dor (the "Coastal Cordillera" or "Costa") are un­
dalain by mafic rocks (Gansser, 1973; Pichler et 
al., 1974). Gravity date indicate that these form a 
substantial fraction of rhe crust (Case et al., 1973; 
Meissnar et al., 1976). The environment of forma­
tion of these rocks is discussed in more detail 
below. The Reccnr and active volcanocs of Co­
lombia and Ecuador are in the "lnter-Andean 
Depression" which lies between the mafic rocks 
of the CoastaI Cordillera and metamorphic base­
ment of Mesozoic or older age forming the Cor­
dillera Oriental. Metamorphic rocks of late Pee­
cambrian age are know from south Ecuador (N.). 
Snclling, personal communication) and pre..()rdo­
vician metamorphic rocks are known in north Peru 

(Cobbing, 1978). In view of the evidence for a 
change in bascment character south of 2° 30'S 
(Henderson, 1979) the active volcanie bclt of 
Ecuador might ovcrlie Mesozoic metamorphic 
crust, while the Andean bascment of south Ecua­
dor and north Peru might be of late Precambrian 
or Lower Palaeozoic age (Fig. lb). 

Evidence for mueh older basemenc oceurs in 
central Peru, south of the latitude of Lima (12°S). 
Between 14 and 17°S, seattcred inliers of "Pre· 
cambrian gneisses" are known from the Andcan 
Cordillera (e.g. northwest of Cuzco). An almost 
continuous strip of coastal gneisses between these 
latitudes, tcrmcd the Arequipa Massif, ¡neludes 
metamorphic rocks dated at ca. 2,000 m.y. (Shack­
leton et al., 1979). These metamorphic rocks are 
of similar character and age to rocks recorded 
from drilling below ,he Bolivian Altiplano (c.g. 
Lehmann, 1976) and to the meramorphic rocks of 
,he Brazilian 5hield (Cordani et al., 1973). lt is 
therefore considered that the Prccambrian roeks 
continue below the Andean Cordillera to connect 
with the Brazil 5hield (Cobbing and Pitcher, 1972, 
5hackleton et al., 1979). This being the case, the 
norrhern part ol' the central active volcanic zone 
(in south P~ru and norrh Chile) is built upon crust 
containing early Prccambrian rocks. The southern 
limit of this crust is unknown; it may undcrlie 
most of the central volcanic zone, and extcnd 
further south than shown in Fig. lb. 

To the south of the central Andes, there is no 
evidence for the presence of early Precambrian 
basement beJow the Andean orogenic balL lIere 
most of the basemenr appears to be late Prccam­
brian to early Palacozoic in age. To the cast of 

the Andean Cordillera sueh roeks form the "Pam-
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jl(.·an f{al1l!n' and rht., "Patagonian" antl "Oesea · 

du" Masslh ",llIl'h ..:unsist uf a varit.,ty oí' nieta· 

morphll' rot'k, (ur which late Prccambrian anó 

I.:arly p.t1al'o1.oic agcs haV(' hct..'n rcporrt.·d (Ilalpcrn 
and Latorrc. 1979). 
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FIG. l. a) Geological framcwork of South Amcrica (based on Harrington, 1978). b) Geological framcwork as in (a) 
showing the ¡nferred age of oldcst basemcnt below the Andean orogenic belt. Thc salid triangles are llctivc 
volcanocs and the dotted lines oudine areas of Cenozoic volcanic rocks «(rom a)). The areas bet.ween (he 
trcnc:h ant.! continental margín labdled 1, 2, and J correspond to the physiographic: provinc:es of Kulm el "l. 
(1977, Fig. ,}). SrructuraJ unirs are labdJerJ as follows: a, Amazon Ruin; b, Parnaiba Basin: e, Parana Ra. .. in: 
d. Pampean Rangcs Massif; e, Deseado Massjf; f. Patagonian Massif. See text for further discu5Sion. 
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MESOZOIC-CENOZOIC VOI.CANIC IIISTORV 

Alrhough active Andean volcanism is rc:strictcd 
to che [hree zones dcscribed aboye, mose pans of 
[he Andes have experienced sorne post-Mcsozoic 
volcanism. This $Cerion reviews che occurrcncc and 
characteristics of Mcsozoic-Recent vo Icanic rocks 
of the Andes. and emphasizes temporal changcs 
within individual areas. 

The western parts af Colombia ami Ecuador 
are charactcrizcd by volcanic rocks of Crctaceous­
Eocene age (Gansser, 1973; Pichler et al., 1974). 
The basic voleanic rocks of Colombia ¡"elude che: 
Dagua Group of lavas and pyroclastic rocks, and 
che intrusive "Diabase Group" (Irving, 1975; Pich­
ler et al., 1974). In Ecuador, Cretaceous to Eocene 
voleanic accivity has bu" describw by Henderson 
(1979). The coastal plain ("Costa") of Ecuador 
is underlain by mafic crust (Fig. lb), and the main 
volcanic rock unit is the Cretaceous Piñón Forma­
tion which eomprises a succession of at Jeast 2 
km of basaltie lavas, frequently pillowed, wich ba­
sic and ulcrabasic ¡ntrusioos. In the Wescern Cordi­
llera of Ecuador, the Cretaeeous to Eoeene Macu­
ehi Formacion eonsiscs dominantly of pyroclastíc 
rocks with lavas ranging from basalt co andesite 
in composition (Fig. 2a). The active Ecuacorian 
volcanoes oceur within both Eascern and Wescern 
Cordillera and consist largely of basaltíc andesites 
and andesites (Fig. 2a). 

There has been much discussion of the envi­
ronment of formation of the Oetaceous-Eoeene 
basie volcanie rocks of Colombia and Ecuador. 
The volcanic ouccrops are characcerized by posi­
cive Bouguer anomalies in both Colombia (Case et 
al., 1973) and Ecuador (Feininger, 1977). The 
volcanic rocks of che Dagua Group and the Piñón 
Formacion inelude pillow lavas incerbedded with 
pelagic sediments. Gorgona Island off the Pacifie 
coasc of Colombia has a range of mafie and ultra­
mafie roeks, ineluding peridocice, harzburgice and 
komataiite lavas overlain by lower Cenozoic pela­
gic sediments (Gansser, 1973; Gansser et al., 1979). 
These associations cJcarJy suggest an ophiolitic 
charaeter and an origin eíther as part of the Pacif­
ic ocean crust or the crust of a small marginal ba­
sin. However, the major element characteristics of 
rhe Piñón Formacion of Ecuador are eharacteristic 
of island are lavas, and trace element abundances 
(Ti, Zr, Cr) in samples from the Piñón Formation 
and Dagua Group (Colombia) reponed by Pichlcr 

el al. (1974),also ha ve island are affinities. lIender­
son (I979) has argued thar rhese basic volcanic 
rocks do not havc an occanic crusral origin, and 
chat the Piñón Formation represenrs the choleiitic 
pare of an ¡sland are more fuUy expressed by the 
tholeiitie and calc-alkalinc Macuchi Formation to 
the casto Thcsc intcrprctations can be reconcilcd 
by a model in which che Crctaceous-Eocenc vol­
canie rocks formed as pare of an island are systcm 
built upon oceanic crust. Pliocene-Recent voleanic 
rocks of Ecuador are domina ntly basaltic andesi­
tes which are dcher in SiOl and K10 and show 
Icss iron enriehment than rhe Crctaecous-Eocene 
volcanic rocks (Fig. 2a). 

Volcanic rocks, largely of Cretaceous to Eocenc: 
age, form the country rocks and cover rocks of che 
Peruvian Coastal Batholith (Atherton et al., 1979). 
The country rock voleanics range from Jurassic to 
Crctact'ous in age, the dominant group bcing che 
Upper Cretaceous Casma VoLeanic Group. In cen­
tral Peru these volcanic rocks can be eonsidered as 
a western group of submarine basalt-andesite lavas 
ol che isJand are thoJeiite associarion (buc erupted 
onro continental crust) and an cascern group (Che 
Churin Group) composed chiefly of sub marine and 
terrestrial dacites and rhyolites (Fig. 2b). These 
cwo groups are boch of Lower Creraceous age and 
are íntruded by the Coastal Batholith, large1y of 
Upper Cretaceous-Palaeocene age. The bacholich is 
overlain by the Eocene-Pliocene calipuy Voleanic 

FIG. 2. Chemical characteristics on AFM diagrams and 
plocs ol KlO against SiOl ol Mesowic, Cenor.o· 
ic and Recent Andean volcanic rocks lrom 
indicated areas. a) Ecuador CHenderson, 1979: 
Francas and Tborpe, unpublished); b) Peru (M. 
P. Acherton, personal comunicacioni Lélebre, 
1973): e) nortb Chile (Dostal et al., 1977: 
Vergara, 1972, based on data in Oyarzun and 
Villalobos, 1969). Thc solid line in the AFM 
diagrams separace the tboleiicic and calc-alka­
line fields as defined by-'Irvine and Bangar 
(971). The solid lines in che KlO-Si02 plot 
are lrom Peccerillo .nd Taylor (1976), with 
B = basalt. DA = basaltic andesite. A = 
andesice, D = dacicc, R = rhyolitc; HK, N 
and LK refer to high, normal - and low-potas' 
sium series, respectively. See tex! for lurther 
discussion. 
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Group. The Calipuy Group ü¡ a thick variahle suco 

ccssion wirh a lowcr group of hasic to intcrnwdiatc 
lavas and pywclastic rocks and an upper group (lf 
acid pyrodaslic rocks. In contras( lO (he wcstcrn 
('.asma Vokanic Group. both (he castcrn Churin 
and Cal¡puy Volcanic Groups consist dominantly 
of interm(.'diate to acid volcanic rocks of cale­
alkaline charal'ter (Fig. 2b; Alherto" et al., 1979) 
whkh rescmblc [he Pliocene-Recent calc-alkaline 
lavas of sourh Peru (Ldevre. 1973. cf. Fig. 2b; 
Thorpc and Franeis 1979b, Fig. lb). 

The central Andes hctwccn abour 20°.30°5. 
in north Chile. sourhwcsr Bolivia and norrhwest 
Argentina has one of the most ('ompletc records 
of Mcsozoic and Tcrriary igneous activity avail­
able foc che western margin of South America. 
Yolcanic activity was initiated during the Triassic 
and has becn almost continuous between the )u­
rassic and the prcsent (James. 1911; Clark and 
Zcntilli, 1972). Do"al el al. (1977), have pre­
scnted chemieal data for voleanie roeks of juras· 
sic to Recent agc in a transeet aeross the Andes 
at 26-28°5. Here the jurassie volcanism was most 
intense in a belt loeated ncar to the present eoast 
and was oecasionally submarine in charaeter. ju­
rassic, late Cretaceous and Eoccne voleanie rocks 
within 100 km from rhe eoast are dominantly 
basalts, basaltic andesites and andesites of island 
are rholciite affinity (Fig. 2e; Do"al el al., 1977). 
During the Miocene, an abrupt extension of volean­
ie aetivity resulted in eruption of voleanic roeks 
at distances of up to 250 km to the east of the 
older voleanic roeks and, during Pliocene ro Re­
ecnt times, rapid westward regrcssion of voleanism 
lad ro the formation of the active voleanic belt 
(Fig. 1) . The Miocene-Recent voleanic roeks are 
calc-alkaline basa.lts andesites, da cites and rhyolites 
(Fig, 2e; Do"al el al., 1977; ef. Thorpe and 
Franeis, 1979b, Fig. le). Do"al el al. (1977), also 
distinguished a group of basic-acid shoshonites in 
northwest Argentina. MeNutt et al. (1975), have 
shown that the jurassic-Reeent voleanie rocks of 

the regio n have initial 87Sr/86Sr ratlons which 
¡n crease from 0.703-0.704 for the jurassíe ro 
0.706-0.708 for Pliocene-Recent lavas (cf. Francis 
el al., 1977). Furrher south, in central Chile, at 
30°-35°5, the eharaeter of jurassic-Recent volcan­
ism has been described by Vergara (1972) and 
Aguirre et al. (1974). Most volcanic roeks ha ve 
experienccd l)Urial metamorphism and thus chemi­
cal analyse~ must be interpreted with care (Levi 
and Corvalán , 1964). The thick )urassie suecession 
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(7.000 m) C00[31115 la\'as and pyroclasti,-= rocks of 
basic lO intcrnH:diarc: composition intc.:rcalatcd 
with scdirncntary rocks (Fig. 2d) and gcnerally 
interprctcd as having forrnoo in a volcanic island 
are (Yergara, 1972). Thc I.ower Crctacc.:ous sueees­
sion is similar. 

Although the scalter in che Si0 2 -K 2 0 diagram 
(Fig. 2d) may n.:t1ect mobility of K10 during 
burial mt.·tamorphism. ir is clear that analyzed sam­
ples range from basalcic andesite to rhyolice in 
c:ümposition, bUI <lrc rrcdominantly uasaltic an­
tlesites and antlcsitl'S which appcar to have tho' 
leíitic affinities in an AFM diagram (Fig. 2d). Al­
though thc I.ower Cretaccous rocks werc probably 
forrned in island ares, subaerial volcanism was 
more abundant than in the jurassic and eonti­
nental conditions appear to have been established 
by the Upper Cretaccous. Continental sedimenta­
ry and vokanie rocks wcrc formed to the east of 
th~ older volcanic belt, during the Uppcr Creta­
eeous (Abanico Formation) and the Lower Tertia­
ry (Farellones Formation). In contrast to the more 
basie Lowcr Cretaecous rocks, rhe Upper Creta ee­
ous-Lower Ccnozoic voleanic rocks are largely of 
intermediate to acid compasition (Fig. 2d). 

The southernmost part of the Andes is charac­
terized by a differt:nt volcanic history to that 
outlined above. South of 400 S, Middle-Upper Ju­
rassic andesite~acite and rhyolite volcar¡ism, as­
sociated with regional exrensional tectonics oceur­
red over the arca of south Chile and Argentina 
(Harrington, 1962; Bruhn and Dalziel, 1977), 
These volcanie rocks overlie pre-) urassie mctamor­
phic rocks and are known as rhe El Quemado 
Formarion in Chile and the Le Maire Formation 
in Argentina. 80th formations are partly subma­

rinc and partly subaerial in character. Bruhn el al. 
(1978) have adopted the rerm Tobifera Formarion 
for these groups of Jurassic volcanic rocks. Thc 
western part of the continent was separated dur­
ing the latest jurassic by the formation of a small 
back-arc basin (Dalzicl et al. , 1974; Bruhn et al., 
1979) and, during carly Crctaceous time, cale­
alkalinc volcanism hceame rcstricred to a sliver 
of rifred continental crust along the Pacifie margin 
of this baek-are basin (Dalziel el al., 1974). Clo· 
sure, deformarion, and uplift of the marginal 
basin oceurred during thc middle Cretaceous 
(Dalzicl el al., 1974; llruhn and Dalzicl, 1977), 
and there wcre no subsequcnt major episodes of 
volcanie activiry. 

This review of the Mesozoie-Recent voleanism 
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in the Andes leads [O some IInportant gencrali­
zations. 

a) In rnany parts of che Andes ealc-alkaline ande­
site voJcanism has ol'eurred frorn ca. 150-100 
rn.y. ro the prcsenr da)', 

b) There has been a general eastward rnigration 
of volcanisrn with )urassie and Cretaceous vol­
canie rocks are .frequently exposed near rhc 
coast, rhe younger rocks ¡nland, and the acti­
ve voJcanic belt located 200-300 km from the 
eoast. 

e) Within individual arcas, older (Jurassic and 
Cretaceous) voJcanie rocks have a grcater pro­
portion of more basic lavas (basalts and basal-
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tic andesites), may have Icss K20 for a givcn 
Si02 eontent, and show morc Fe-enriehmeJ1l 
in an AFM diagram, than younger Cenozoic­
Recent volcanic rocks. 

d) Older )urassic and Creraceous volcanie rocks 
more frcquemly show evidence of submarinl' 
eruption rhan the dominantly subaerial Ceno 
zoie and Recenr volcanic rocks. 

e) Mueh of the volcanism occurred upon oldcr 
sialic crust of Palaeozoie pr Precambrian age, 
and only in Colombia and norrhern Ecuador 
(nonh of 2° S) and sou[h Chile (sou[h of 500 S) 
are there occurrences of ophiolitic rocks. 

SUBDUCTION OF CONTINENTAL CRUST BEWW THE ANDES 

The Andes have been the sire of more-or-Iess eon­
tinuous subduetion-relared voJcanic activity since 
the Jurassic or Cretaceous. During this period the 
continental margin might have undergone net 
westwards extension by accretion of oceanic and 
continental sediment; remained substantiaUy unaf­
fected; or experienced a net eastwards migrarion 
by erosion and subduction of the continental 
leading edge. Research by [he DSDP has yielded 
evidence of accretion at severaI continental ares 
(e.g. Moore et al., 1979). l:Iowcver several authors 
(Atherton and Tarney, 1979) propose that conti­
nental sediments or even pieces of continental 
crust may be locally subducted. 

The scale of sueh a process is fundamental to 

modern crustal growth. We therefore examine, in 
sorne detail, geological evidence related to subduc­
tion of continental material along the Andean 
plate margin and in a later section consider iso 
topic evidenee relevant to this problem. 

The geological characteristics of subduction 
rones characterized by accrerion and consumprion 
(and a possible transitional state) have recenrly 
been reviewed by Kulm el al. (1977). These au­
thors examined the morphological ang geological 
characteristics of the Andean continental margins 
and divided ir into three physiographic provinces 
(Fig. lb, 1, 2, and 3). Province 1 and Provinee 3 
are characterized by: long prominent benches on 
the lower continental slope, sedimentary basins on 
the shelf and uppcr slope, and thiek trench depos­
¡ts; fcatures are all considered to be characteristic 
of continental accretion. Noting that depositional 

centre~ .... in sorne of the upper continental slope 
basins in Province 1 have formed and expericnced 
uplif[ [hroughout [he Cenozoic, Kulm el al. (1977) 

propose that "Provinces 1 and 3 are those regions 
where accretion has occurred along the outer con­
tinental margin over the long term (j.e. the past 10 

m.y.)" (Kulm et al., 1977, p. 296). There isthcrc­
fore no geological evidence tha~ continental ma­
terial has been reeently subducted along muse of 
the Andean margin (Provinces 1 and 3). 

In contrast, Kulm et al. (1977) argued [ha[ 
Provinces 2 (19,5°-27°S) is characterized by sev­
eral features that are best explained by a model 
oí continental consumption. These inelude the 
absence or weak development oí ben ches on the 
continental slope and the absence or small sizc 
of sedimentary basins on the continental shclf. 
In addition, Palaeozoic and Mesozoic igneous rol'ks 
crop out on the coast and crystalline rocks l1light 
extend beneath the upper slope, possibly almost 
as far as the trench axis (Ocola and Meyer, 1973). 
James (1978) has further argued [ha[ [he abscnce 
of detritus from the Andean orogen to the west 
of the cenrral Andes indicates that c'contincntally 
derived sediments are being continuosly subduct­
ed" (James, 1978, p. 566). I[ has also been pro­
posed that westerly derivarion of scdimems in 
the Upper Palaeozoic and possibly the Mesúzoie 
suggest that older crust once extended furthcr 
wcst from the present outcrop in south Peru and 
may have been "tectonically eroded and draggcd 
beneath [he Andes" (Pi[cher, 1979, p. 161). These 
characteristics of the central Andes, around Pro v-
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ince 2 uf Kulm ,'( n/. (1977) constitutt: a pJausiblt: 
case fOf suhductltJn of continental trUst Of s("cJi· 

ment in chis arca. 
lIowt'\'cr. can'ful cxamination of [he gcologil.:al 

characlcrisric of rhe central Andes placcs conside­
rable doubt upon any modcl involving cccronic 
crosion and subduction of (.·ontincntal material. 
Firstly. ir is clcar thar much of [he detritus erodcd 
from [he Andes as a whole has becn transported 
[O [he eastern part of South America and is depo' 
sitcd wirhin "pericrawnic" a"d "intracraronic" 
basins [o (he casr of (he Andes (Fig. la). So any 
sediment within che [rcneh must be dcrivcd from 
[he 100-200 km widc arca bctwecn rhe wl:Stcrn 
coast and (he Andea" cordillera. Ir has also beco 
shown thar rhe amollot of seúimentar)' material in 
{he trench is a direcr funcrion of annual rainfall in 
coasr31 regions (Fisher and Rain, 1962; Scholl 
et al., 1970). Since Province 2 in Fig. 1 b lies 
opposire rhe Ar3cama desert (characrerized by less 
rhan 2.5 mm rainfall per monrh for at leaS[ 10 
months per year), we considerer thar the disrinc­
rive fearures of the province, as recorded by Kulm 
et al. (1977), are much more likcly to reflecr the 
climatic characreristics of the adjaeent sccrion of 
the Andes, [han subduction of continenral sedi­
ments. Furthermore, geomorphological and geo­
chronological studies (Mortimer, 1973. Baker, 
1977) show that the climau of this region has 
remaíned substantially unchanged for at least 
20 m.y. 

The sccond problem that must be considcred 
concerns the possible subduetion of lragments of 
continental crust. The Andean volcanic history 
of the area adjacent to Provinee 2 is dominated 
by }urassie igneous rocks and associated Palaeo­
zoie basement on the coast, with progressively 
younger intrusive and extrusive volcanic rocks oc­
cucring inland towards the active volcanic zone (cf. 
Sectíon 3). The }urassic igneous racks now expos­
ed on the eoast are in places less than 100 km from 
[he active trench. Noting that the charactcristics 
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of these rUl.:ks suggc~;r formation in 3n island an: 
(Dostal et al .• 1976) anJ rha( the intrusivc axes of 

such arcs are abour SO km in width, thcll the 
"arc-trcnch" gap corresponding to rhnc volcanics 
would be in the range lOO-ISO km, correspond­
ing to values for activc oceanic ares (Dickinson, 
1973). Dickinson (J 97 3) has funhcr shown ,ha' 
the widths of mouern arc-trench gaps are propor­
tional to the duration of past magmatic activity 
in rhe ares, this reflecting a combination of pro­
grade trcnch migratíon and retrograde volcanic 
arc migration. In this case, thl' mcasurcu arc-trcnch 
gaps of 300-400 km in Province 2 are fully con­
sistent with the J urassic age of inccprion of vol­
canism in the area rl'lated to a trcnch near (he 
position of the active trench. 

A final point to no(c is that (he regional geo­
logical parterns establishcd from the Andes in 
Province 2 of Kulm el al. show no signilicant 
diffcrence (such as the sys(ematic absence of 
older voJcanic racks) to thar ol the adjacent Prov­
inces 1 and 3 whcrc no geological characteristics 
of consumption are apparent. 

We conclude from the discussion above thar 
[here is no firm geological evidence that signifi­
cant subduction of continental crust or crustally 
derived sedimenrs below the Andcan orogenic bcJt 
is taking place, or has taken place since the Me­
sozoic. However, we emphasize thar we do consid­
er that crustal material may be returned to the 
mantle via crustaJ-derived elements fixed in altcred 
oceanic crust,or in pdagic sediments trapped with­
in subducted oceanic crust (Fyfe, 1978; Maga­
ritz et al., 1977). There is a growing tendency to 
consider the possibility that mancle isotopic hete­
rogeneities might be attributed to sueh recycling 
(De Paolo and Wasserburg, 1979; Cohen et al., 
1980). ln view of the inhc:rent plausibility of such 
a proeess, in comparison with that of subduction 
of continental crust or sediment, we considerer 
that the laner process is not a significant factor 
in crustal recycling or grawth, 

PETROGENESIS OF ANDEAN VOLCANIC ROCKS 

Several lincs of evidence indicate that Andean 
magmas originate within the mande. Thesc are: 
(i) the restriction of the three 7.ones ol active 
volcanism to parts of the Andes underlain by 
relatively [hick wedges ol asthenospheric material 

(Barazangi and lsacks, 1976, 1978), ,he Sr and 
Nd ¡sotope charactcristics of volcanic rocks of the 
northern and southern zoncs (Francis et al., 1977; 
lJawkesworth et al.; 1979, Klerkx et al., 1978) 
and (iii) the evidence of recent crustal growth in 
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arcas rhat han' nor cxpericnccd significant short­
cning (james, 1971; Brown, 1977), Acccpting that 
Andean volcanic rocks do not contain a substantial 
componcnt of subducted continental material and 
hence consist of mantle-derivcd material, this sec­
tion explores their petrogenesis. 

The petrological and chemical charactcristics 
of Andean volcanic rocks from the active zones 
have been reviewed In Thorpe and Francis (I979a, 
1979b) and are briefly summarized here. The vol­
canic rocks of the northern zone are basaltic 
andcsite with 53-61 per cent SiOl (Pichler et al., 
1977) and with 87Sr/8.Sr - 0.7044, 14 'Nd/ 
I44Nd - 0.5130 and 6 180 6.5-7.70/00' By con­
trast, the volcanic rocks of the central zonc, in 
south Peru and norrh Chile are predominanrly and­
esites and dacites with 56-66 per cent SiOl , Thesc 
have higher and more variable 87Sr/86Sr rarios, 
generally betw«n 0.706-0.708, 14 'Nd/I44 Nd _ 
0.5125 and 6 180 7.0-10.80/00 (Magaritz et al., 
1978). Sorne volcanic arcas of rhe central zone are 
characterized by wider ranges of Sr and O isotopic 
composirion. These inelude the Sierra de Lipez 
area of southwesrern Bolivia. and the Cerro Galán 
area of northwestern Argentina where the basalt­
basaltic andesite-andesite-dacite association oí Ce­

rro Galán is characterized by ¡nitia) 87Sr/86Sr ra­
fios between 0.7054-0.7113 which correlate with 
618 0 values between 8.2-10.6%0 (Deruelle and 
Moorbath, personal communication, Francis et al., 
1980). This central province has a prominent com­
ponent of dacite-rhyolite ignimbrite sheets which 
have relatively high and variable initial 87Sr/76 Sr 
ratios and 6 180 values (Klerkx etal., 1978; Thorpe 
et al., 1979). In contrast to the northern and 
central province, the southern zone is dominated 
by high-alumina basalt, basal tic andesites and an­
desites (with less frequent da cites and rhyolite) 
which are characterized by uniformly low initial 
87Sr/8.Sr ratios of 0.7035-0.7040 independent 
of rock composition (Klerkx et al., 1978; Deruelle 
and Moorbath, personal communication). 

The asthenospheric mande wedge below the 
Andes overlies the subductcd oceanic lithosphere 
of the Nazca plate. Although it is uncertain wheth­
er such oceanic lithosphere would melt ro con­
tribute to magmatism, it is clear that dehydration 
would occur (Anderson et al., 1978). This could 
in itself initiare mande partial melting and con­
tribute large ion lithophile (LlL) elements to the 
mantle wedge (Thorpe et al., 1976; Anderson et 
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al., 1978; Ilawkeswonh et al., 1979), Dehydrarion 
would also be expected ro cause enrichment uf 
the mande wcdge in 180/160. This isotopic char~ 
acter of the more primitive northern and southcrn 
ronc lavas are compatible with derivarion from 
such an "enriched" mande source which we thus 
consider as the source of orogenic magmatism in 
the Andes. 

We considcr thar the parent magmas are ucrivcd 
by partial melting and asrhernospheric mantle. 
Evidence for fractional crystallization of such par­
cnt magmas ¡neludes the ubiquitous low Ni ami Cr 
concentrations in high-a.lumina basalts, basaltic an­
desites and andesites in comparison with concen­
trations expected in mantlc-derived primar)' mag­
mas. Such depletion is generally thought to be 
produced by crystal fractionation of olivinc and 
pyroxene (e.g. Lopez-Escobar et al., 1976, 1977). 
In north Chile, andesitic volcanic rocks havc Rb, 
Sr, and REE variations indicative of fractional 
crystallization of plagioclase and pyroxene, whcrc­
as variation among dacite and rhyolitic rocks is 
dominated by fractional crystallization of plagio­
clase (Thorpe et al., 1979). The data reviewed 
aboye strongly suggest that the volcanic associa­
tions might have evolved by fractional f...Tystalli­
zation from more basic parent magmas. 

Although data reviewed aboye indicate that 
fractional crystallization has had an important role 
in the post-partial melting evolution of the Andean 
magmas, the varied isotopic data indicate that 
the volcanic rocks of the central zone also contain 
a substantial component of crustal material. Before 
cornmenting on rhe nature of this component we 
note that the regional variation in initial Sr-isorope 
ratio s precludes significant involvement of sub­
ductcd continental crust in the petrogenesis of 
Andean volcanic rocks. The initial Sr-isotopc ra­
tios of volcanic rocks from Ecuador (Francis et al., 
1977), the northern part of the Peruvian batho­
lith (the Lima "segment"; Atherton et al., 1979), 
and central Peru (Noble et al., 1975), and the 
volcanic rocks of south Chile (Klerkx et al., 1978; 
Deruelle and Moorbath, personal comunication) 
all lie within the rango 0.7035-0.7045. Thcse 
areas encompass most oí Province 1 and 3 of 
Kulm et al. (1977). This is within the rango of 
Sr-iso tope ratios characteristic of island arcs d is­
tant from sources of continental detritus and 
clearly indicate that significant amounts of su eh 
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material are nnt lIl\'ol\lt:d In rhl' pl'trogenes L'i uf 

volcanic ro4.:ks in rhcsc pro"inccs (d. Fig. 10). 
This is consistcnt wirh che concJusion from gl'olw 
gical evidcncc. 

Magaritz et al. (1978) and Jaml's (1979) recog­
nized chal (he high 6 180 valucs of rhe and.,.'siric 

lavas of sourh Peru (7.0-8.6%0> required a sialic 
component, out argucd char (he bese candidatc for 
such a conraminant was gcosynclinal scdimcnt~ 
thal had becn subducred and beco me ¡nvolved in 
(he melting process al depth. This vicw was baSl'd 
on analogy with che situaríon in (he Banda Are 
and che absence of an O- Sr correJarion within in­
dividual \lolcanic areas that exists on a regtonal 

scale across rhe Andes. As wc have argued earlier 

subduction of continental scdimcnts below the 
Andes is unJikely and therefore a sialic component 

13 
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in Amkan In\'~s is must likcly to be dCTI\'l'd 

from lht.· cr)'Srallint.· ba sclllclH rhrough which rht· 

magmas passc:d on rheir way ro rhe surfaec . This 
largdy Prel.:ambrian granitic ano gncissic rerrain 
has rhe rcqu ircd isotopic charactcrictics lo cx­
plain the 0- , Sr- , and Nd- isotopic variariollS ob­
scrvcd in the Andean lavas. The primitive nature 
of the Ecuadorian lavas , and {he more evolvcd 

and isotopically more variable charat.:ter of I he 
north Chilean and south Pcruvian lavas , are all 
co nsisten with a mantle origin ror the volcanic 
rocks throughout rhe Andes, but with the lavas 
o f the central :l.one subsequently modified by 
crustal contamination and crystal Craccionation 

prior ro erupciono It can be simply shown thar 

the heat required for bulk assimilarion of conti­
nental crust by an uprising magma must bC" de-

basaltlc basalt andesite andesite dacite 
Ecuador 'Il 

12 Peru 11 • 80 
Chile A 

11 
Argentina O 0 () • 

" 
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FIG.3. Plot of 6 180 (Oú SMOW) against ¡nitiaI 87Sr/86Sr for Andean volcanic 
rocks. The solid Iines show effeets of mixing bctw«n a mantle component 
with 6 180 = 6.5 and 87Sr/86Sr = 0.704 {ef. Ecuadorian andcsitcs} and 
crustal components with 6 180 = 13 and 87Sr/86Sr = 0.75 (linc 1), 

87Sr/86Sr = 0.73 (line 2) and 87Sr/86Sr = 0.72 (Iinc 3). For each casc 
che ratio of Sr concentration in the mande cnd-membcr to that in the 
crust is 4: 1, and {he numbers on the lines indicate {he proportion of 
erust ¡nvolved. The data for Peru are from Magaritz el al., (1978) . 
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ri\'cJ almost t.:ntircly from the laec.:nt heat of 
cry!i>lalliz3lion (Pushkar el al., 197 3~ Taylor ('1 al., 
1919) . llence, the systcmatic 0- and Sr- isotopic 
variarions obscrvcd within [he Cerro Galán vokan~ 
ic arca I..'uincidcnt with progrcssivc chcmicaJ and 
compositional change in this basalr-dacitc associa­
tion indicate thar crystaJ fractionarion and con­
taminarion within the crust must be concurrcnt 
and thar the ovcrail compositional anu isowpic 
charaeteristics are a result of rhis complcx intcrac­
rion. 

Oxygcn and strontium-isotopc data for [he 
voleanie rocks of the Andes (Magarit'l ct al., 
1918) are shown in Fig. 3. The firsr poin tO notc 
from' chis figurc is that the lavas of the central 
~onc are charactcrized by highcr and mure varia­
ble 180/160 and 87Sr /86Sr ratius than those of 
the nonhern zone; lhe sccond is rhat there is 
rhe progrcssive inerease in borh ó 180 valu(.'S and 
81Sr/86 Sr ¡oitial ratios accompanying the basalt­
dacite associarion within the Cerro Galán volean­
ic arca in norrhwest Argentina. On the basis 
of the f> 180 values, the basaltic andesites of the 
northern zone fall into the "L" and "'" Groups 
(5.5-7.7%.) of Taylor (1968), being typieal of 
igneous rocks rhought to have been mantJe deriv­
ed. By contrast, alJ of the rocks of the central 
zone faU into rhe "HI" and "H2" and "HH" 
Groups (7.8- > 10.2%.), whieh is suggestive of a 
high - 180 componenr in these samplcs. In fact, ir 
is difficulc to explain rhe five andcsire and dacire 
samples with /j180 values in excess of 9.50/ oo orher 
than by melting or assimilation of continental 
crust. 

We have previously noted thar there is much 
evidence to indicate thac the compositional va­
riations observed within the different voleanic 
provinccs are produced by crystal fractionation 
of eirher olivine, pyroxene and plagioclase in 
the case of the northern zone or pyroxene and 
plagioclase in rhe case of the central zonc (Thor­
pe and Franeis, 1979a, 1979b). 5ueh a proeess 
cannot cxplain rhe high 180/16 0 ratios of thc 
central zone andesitcs and dacites. Garlick (1966) 
noced rhar mineral fractionation facrors werc small 
at magmatic temperarures, Taylor (1968) obscrvcd 
chat rhe average /jI 80 valucs for basales, andesites, 
trachytes and sycnircs are within rhe range 5.9-
6.30.,., and Matsuhisa el al. (1973), documcntcd 
thar Icss rhan 1°/00 changc in 180/160 ratio occur­
red in a composirional sequence of andesitic lavas 
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rclated by cryscal fractiunation. Thus, :II\(1chn 
m('chanism is rcquircd to cxplain the di((cTt:ncl' 
in 1 80/ 1 60 rarios hctween che northern and (en­
tral zoncs and the variation within the Cerro C;alán 
volcanic arca of northwesr Argentina. 

Evidcnce for erustal involvement in th,' prodllc­
tion of lhe central zune lavas also comes from the 
strong positivc in[crregional correlation observcd 
bcrwcen b l8 0 and 875r/86Sr initial rarios (Fig. 
3). Similar O-Sr correlations have becn document­
ed for other calc-alkalinc provinccsi thc Pcninsul:u 
Ranges balholith of 50uthcrn California ami Baja 
(TayJor and Silver, 1918), the Recenr andcsitic 
volcanics of the Banda lsland Are (Magaritz el al., 
1918), and che Early Palaeozoic "Newer" graniles 
of rhe Sritish Calcdonides (Harmon and Halliday, 
1980). Such O-Sr correlarions in volcanic: or plu­
conic cnvironmenr require che involvemcnt of ma­
[crials uf crustal origin in the magmati<.· prol..'C..'ss 
bceause lhe enriehmcnt of 180 and 87 Sr in rh~ 

continental erust occurs via twO geochemically 
independent mcchanisms (Taylor et al., 1979). 

The continental crust is rieh in 180 as a rcsult 
of near surfaec, low temperature procC'!ises which 
produce high - 180 sedimentary minerals (Savin 
and Epstein, 1910) and igneous and mela mor­
phic processes which act to recycle such malc­
rials within the crust. In contrast, old crystallinc 
rocks and sediments derived from them havc ac­
cumulated 87Sr through the decay of 87Rb. Ir 
is however, important to note thar although the 
O-Sr correlation in each of these cale-alkalinc arcas 
extrapolaces donward, to mande compositions. the 
slopes of [he general trends are different, chus 
suggesting the participation of different crustal O 
and Sr reservoir in che contaminarion process (Fig. 
3). It has becn suggcsted rhat subducted scdirnents 
have been involved in the production uf rhe 
Banda Arc magmas (Magaritz et al., 1918) and 
the British caledonidc granire O-Sr ¡solope O Sr 

relarionship has becn inrerprcted in tcrms of as­
similarion, parrial melting, and mixing of 1 HO and 
87Sr enriched upper crustal mccamorphic rocks 
of immarure lower erust, and/or upper crusral 
geosynclinal sedimenrs with primirivc mancll.:'¿c­
rived magmas (Harmon and Halliday, 1980). By 

contrast, exrrapolarion of che Andean rrend to 
higher 180/160 and 87Sr /86Sr rarios indil..'atcs 
contaminar ion by a different source, namdy an­
cit:nt, highly evolved and more radiogl'nic I..·onri­
nental erust (Fig. 3). 
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Thc environment of fracrional crystalhzation 
and crustal ¡nreraerion can be ¡nfcrred from the 
geological characteristics of [he Andean orogcnic 
belt (Fig. 1 b). Parental magmas forrned within 
[he mantle wcdgc will Cractionare as rhey rise 
to rhe base of [he crust where their ascent may 
be slowed when rhey rise into lower dcnsity crust. 
Since such magmas will be unlikely to ¡nterseet 
rhe solid us exacrly at the base of a crust rhrough· 
out rhe Andes beca use of ¡ts variarion in depth 
<30-70 km), [he magmas prohably experience sig· 
nificant fracrional crystallization within rhe lower 
crust. This ¡so as we demostrare Jater, of particular 
significan ce for crustal growth. Where more acid 
compositions have developed, andesitic magmas 
rise, fracrionate, and interact with the crust¡ the 
extent of these processes depends respectively 
upon the time of aseent and rhe degree of local 
chemical equilibrium. The final stage of magma 
evolution will occur prior to eruption during 
storage in upper crustal reservoirs (Thorpe and 
Fr.neis, 1979b). 

Before considering the implications of this mod~ 
el of Andean magmatism for crustal growth we 
make two general points. Firstly, one of the 
distinctive features of the composition of andesites 
is the depletion of high fi<ld strength (HFS) ele­
ments relative to large ion lithophile (LIL) ele~ 

ments (Tarney and Saunders, 1979; Saunders et 
al., 1980). This may reflect either retention of 

such elements in the source or fracrional crystal~ 
lization o~ HFS minerals within the lower crust. 
Secondly, for parental magmas rising from similar 
mande depths, an ascent through thin crust (Le. 
thick mande) will result in more basic magmas 
with tholeiitic affinities such as Fe~enrichment 

(due to mande fractionation of olivine), than will 
a rise through thick continental erust. The more 
tholeiitic eharacter of Jurassic and Cretaceous 
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volcanics as compared ro thar of the volcanic rocks 
of the activc zones, particularly the central zonc 
thus suggests that erusral thickening has taken 
placc over this time scale. 

The data summarized above have an implica~ 
tion for the process of erustal growth by orogenic 
volcanism. It is generally agreed that the continen· 
tal crust is of overall intermediate chemical com· 
position and has been characterized by such a com· 
position throughout much of gcological time (Tay· 
lor, 1977). Thercfore, either (a) the composition 
of magma added ro the crust must be an interme~ 
diate magma formed within the mantle, or (b) 
the intermediate magma is not formed within the 
mantle, but is formed from more basic magma by 
fractional crystallization and contaminaríon in the 
erust. There has been much d iscussion of the pos· 
sibiliry of deriving intermediate magmas by direct 
melting of mande peridotite (Mysen and Boet· 
tcher, 1975). However, noting sorne of the dif· 
ficutties involved (Mysen et al., 1974) and ac~ 

cepting that fractional crystallization is required, 
we regard intermediate orogenic magmas as hav· 
ing formcd by fractional crystallization of more 
basic parent magmas at lower crustal depths (cf. 
earlier). In this case, to conserve the intermediate 
composition of the crust, removal of ultrabasic 
and basic cumulates from this fracrional crystal· 
lization is essential to ensure active crustal growth. 
Removal of such cumulates requires circulation 
within the mande wedge, and we propose that 
this is one of the basic reasons that active andesite 
volcanism is restricted to areas underIain by a 
wedge of asthenospheric mande in which remo val 
of such cumulates is possible (Barazangi and 
Isacks, 1976,1978). Circulation within such astbe· 
nospheric material is also required from considera· 
tioos of the rate of growtb of Andean crust (see 

below). 

VOLUMETRIC CONSIDERATIONS 

fhe geochemical arguments revicwed above indi· 
cate tbat a large proportion of the andesitic mag· 
·nas involved in igneous processes at the Andean 
plate margin are of mande origino This direcdy 
implies that there has be en a steady transfer of 
material from mantle to crust since jurassic time. 
ft is therefore appropriate to enquire into the 
ratc at which this process has been taking place 

and to assess the exrent of the addition of "new" 
crust that has occurred. Two indenpendant meth· 
ods are available: either direct estimation from 
geopbysical consideration of the volume of erust 
that has been added since the onset of magma· 
tism in the Jurassic or by determination of the 
rate at which observable volcanie and plutonic 
processes have occurred, and estimation of their 
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vulumetflc contribution ((l the erust 1Oth\.· ¡X'flOO 

under conslderation. 
The firsr merhau is hased upon the suggcstlon 

lJy James (197) [hat the Ol.'f.:urfl'nn' of maranc 
Jurassic rocks un the Wl'stern slopcs uf rhl' prl'scnt 
l.'urdillera (14·22°S) indicates thar the region was 
formcrly undcrlain by much rhinner crust than 
a[ present, and rhar in spite of [he absl'ncc of 
evidence for crustal shortening, ir has almost 
ouuhlco in thickncss since then. Fig, 4 iIlusrratc.:s 
this hyputhcsis. If the J urassie crust were uniformo 
Iy 30 km thick (i.c. similar to modern sub marine 
continental erust) an additional 40 km rhickness 
uf erust musr have been addcd beneath the crustal 
kcd of the Central Andes. The voluml' of "ncw" 
crust in a 1 km widc sectiun across rhe Andes is 
thus - 4,600 km). lkeausc the marine Jurassie 
rocks are nor found in the highesr pares of rhe 
cordillera, nor on its easrcrn flanks, it sccms clear 
rhat part of this rt.-gion may have been e1evated 
during Jurassic times, and thu rhe erustal rhick· 
ness therefore may have been grearer, perhaps 
as much as 40 km. On this basis, rhe volume of 
u new " erust would be ca. 3,550 km 3 . 

Ir is insrrucrive ro compare rhe volumes cal· 
eulatcd aboye with the volume of the mande 
wedgc bcneath the cordillera. Considcring the 
whole of the wedge from rhe trench ro the ex' 
treme eastern zone of cainozoic magmatíc acrivity, 
rhe rotal volumc is ca 25,000 km 3

, The volumc of 
u new " erust is therefore ca. 14% of the mantle 

volume. James (1971) estimated thar the in crease 
in volumc between Cretaeeous rime and rhe pre· 
$Cnt implied that the mande above the undcr' 
rhrusr plate had undcrgone 18- 36 per cent partial 
melting, Sinee production of the range of mag· 
mas under consideration would involvt' panial 
fusion of the mantlc of much less than any of 
these estimates (all of which would result in basic 
and oltrabasic magmas!) ir is clear that, on this 
basis alone, replenishment of the depleted mande 
must havc taken place, presumably by circularion 
of asthcnorspherie mantle. 

Su eh circulatíon processcs have becll propuscd 
for rhe mantle wcdge bchind subduction 7.ones by 
McKenzie (969) and su eh eonvection has been 
proposed as the cause of back are spreading by 
several authors (sce Tok.soz and Hsui. 1978). 5uch 
back are hasins charaetcri7.c the wcstern Pacific 
whcre (he subducred oecanic lithospherc is rela· 
tivcly old and dense, thus favouring srrcp subduc· 
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tlon and seaward migratitlll of trt:nchl's \\,lth 1.:011' 

sl..'quent uevclopmcnt of hack Jrc oosins (Molnar 
and Atwarer, 1978). In eontrast, the eastern "4\\.'11'14.: 

art''', including [he Andean Cordillera , IS char<Le­
terizl-d hy shallow angle subducrion t\r )'oung 
buoyant oeeanic lirhosphnc bclow cuntinental 
lithosphere of Proterozoi" and Palacozok agl' (Sl'l' 

earlier). In this setting, back are basins fvrmed in 
lhe Norrhern Andes (Colombia and El'u<Lt.!or) and 
in south Chile during the Mesozoic whcn, presu· 
mably oldcr oceanic lilhosphcre was suoduc((,'d. 
!lur Wt' spcculare rhat rl'gardless of {he l.tg(,· of 
subducred lithosphere, rhe occurrcncc of rclarive· • 
Iy strong Proterozoic lithosphere in rhe Central 
Andes has inhibired rhe formarion of su eh hasíns 
in rhis part of the Andcan Cordillera, Wc furthcr 
speculate that the mantle: material mc!rt'd ro form 
baek are basins (and resorbed ¡nto the mantle 
upon c1osure) has hccome accreced to the base 
of rhe crust bclow the Central Andes tlH.:fl·hy 
eausing the magmatism and erustal thickening 
which is characteristie of the erusral growth in [he 
Central Andes. 

We now consider estimares of rhe r<Ltcs of 
magmatic processes themselves, Francis and Rundle 
(1976) and Baker and Franeis (1978) have shown 
that the rate of voleanie activity in the Central 
Andes is about 1.6 km 3 per km ¡cngth per mili ion 
years. The rate of plutonic activiry is probably 
much greater, but more difficulr ro estimate. The 
chid problem is a geometric one, ¡.e. rhe shapcs 
of batholiths at depth. Assuming rhe modcl which 
predicts rhe largest volume, namdy rhar rhey are 
carror shaped, and exrend ro a depth of SO km 
(approximately the level of the bottom of rhe 
erusr benearh rhe Peru batholirh) ir is possible ro 
make an estimare of the rate of formation of rhe 
Peru batholirh, the outerop and geochronology of 
whieh are well known (Piteher, 1978). This figure 
is ...... 18 km 3 per km per million years, roughly (en 
times greater than the rate of voJcanic eruption, 

If the estimates for che Peru batholith are th"n 
added to those measured for Cenoloic vokanic 
aetiviey, the figure for magmatie addition to rhe 
erust is therefore '" 20 km 3 per km per million 
ycars, At this rate, the volume of "new" crust 
required to create rhe prcscnt crustal kecl (- 3.550 
km 3 ) could have becn produced in - 180 mili ion 
ycars, a figure which eorresponds c10sely with the 
length of time since (he nnsct of magmatisllI .Iur· 
ing rhe J urassic. 
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Ir IS clcar no\\' also chat magmatism bcncarh 
(he Andes has heen episodic nuher than comin­
uous (Haker and Francis, 1978) and that lhe rate 
of magmatism ohtained is highly depcndant on 
modcls used fOf batholith shape. Nonc the Icss. it 
St'cms certain thar: 
a. most of the volumc of "ncw" crust must hayc 

bcen ¡ntrudetl in rhe form of large plutons, and 
h. rhat formation ·of rhis ncw erustal material 

must haye been accompanicd by rcplaccmcnt 
uf depletcd mantle source material. 

The need ca rcplace depletc:d mantle material 
for magmatism tO continue may explain the ob­
scrvation that magmatism is extinct bcncath the 
"cruvian and norrh-central Chilcan sectors of the 
Andean cordillera, where the Benioff zonc is so 
gcntly inclincd that it is much doser to the crusral 
kccl (eL Barazangi and lsaeks, 1976). 

We have demonstratcd that the Andean c.:rust 
is presently growing by addirion of mantle-derived 
material. Currently, continents whieh lack such 
magmatic activity and arc expcricncing eros ion 
must be diminishing in volume . Much of the pre­
sent crust has grown during geological time, and 
most crustal growth models indicate an exponen­
tia!ly decreasing rate of active growth, or even a 
decrease in continental volume (ef. Fyfe, 1978; 
Brown , 1979). Aecepting the proposition argued 
aboye, that ealc-alkaline material added to the 
erust above subductioo zones represents local con­
tinental growth, a simplistic approaeh can be made 
as follows. There are -- 1.48 x 10' km2 of conti­
nental eruS( in the world. Assuming ao average 
thickness of 30 km, this yields a volume of '"'- 4.4 
x 109 km). At a continental accretion rate of 
0.5 - 1 km' (Franeis and Rundle, 1976) ehis 
continental crust could be formed in 4000 - 9.000 
m.y. (ef. Brown, 1979). Many models of erust.1 
growth in which growth rateS are linked with 
global heat production infer a maximum in crus­
tal growrh at ca. 3000 m.y. with a dccreasing rate 
tO ehe presene (c.g. O'Nions et al., 1979). The 
faet thar the accrerion times calculated aboye are 
similar to and exceed the age of rhc Earth mighr 
rhercfore reflect this facr. 
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Ilowc\'cr, we noted earlicr that continent-dcri\'­
cd (.'Icme..'nrs must be prcscnt within thc oCl'anie 
LTust, as trappt.-d pdagie sediments Of fixnl in 
altt:rcd basalt. The raet that such continenlal 
eomponcnts must be subductcd back ;nlo rhe 
mantle suggests that the simplistic approach 10 

net cruscal growth (aboye) is not fully valid. This 
is true, of eourse, regardlcss of wherher such 
subduetcd continental material eonrribures tu 
mantlc-derived eale-alkaline magmatism. A (.'onsid­
eration uf piare tceconic mass-balance indic:ncs 
rhe difficulty of asscssing net crustal gruwth duro 
ing the recent geoJogical pasto The mass uf basallil· 

oeean crust is -- 7 X 1024g. If wC assumc that 
this formed during the lasr 200 m.y., this is 
equivalcnt to an accretion rate of - 3.5 x 106g 
a -, , or about 10 km' per ye.r (d. Fyfc, 1978). 

If (his material contains sorne continental com­
ponents and is quantitativdy subducted thcn the 
rate of net crustal growrh wilJ dcpend un rhe 
proponion of crustal components. If betwcen 
0.5 -1.0 km) or 5 -10 per cent of thesubducted 
10 km) is contint:ntal in derivaríon rhen the t:onti­
nental mass will be in a steady-srate. As noted by 
Fyfe (1978, p. 97) ehe mass balance bctwcl'n 
subduccion and continental accrecion is critical to 
consideration of net crustal growrh ratcs. Clearly 
net continental growth rates cannor be ealculatcd 
from crustal aceretíon rates while ignoring the 
return of continental material ro the mantle! 
Howcver ~ che situation is complex beca use of [he 
large uncerrainties in the proponíon of alteration 
and crapped pelagic sedimcnt in the subducted 
oceanic crust, the balance of elements in the 
oceans derived from the mande, young and an­
cient crustal sources, and the approach of rhe 
oeean mass to a steady 5tate. ín addition the 
balance of these factors will vary berwecn differ­
enr e1ements. In view of che uneertai nries noted 
aboye, and noting that most thermally-bascd con­
tinental growch models predice a steadily dccreas­
ing race of growth towards the present (d. Fyfe, 
1978) ir is difficult to evaluate whether the cUllti­
nental mass is presently growing or has reachcd a 
steady state. 

CONCLUSIONS 

l . The Andcan orogenic bclt has bccn charactl'f­
ized by calc-alkaline magmarism between the 
Mesozoic and the prcsenr. Thc produces intrude 

and ovcrlic sialic bascrnent of age varylng he­
twecn middle Prccambrian (ca. 2000 m.y.) and 
Palaeozoic Of Mcsozoic. 
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2. Andea" vokanism is charactcriu'd hy a tran­
sition from more hasic associations wirh rholcii­
tic affiniries, associatc:d with submarine sedi­
ments, in rhe Mesozoic. to more calc-alkalinc 
associations of che active volcanic Iones. 

3. Parent magmas of calc--alkaline lavas are largely 
derived from rhe wedge of asthenosphcric man­
tic underlying rhe Andea" belt, but experience 
fracrional crystaJljz3rjon and contaminarion by 
assimilation, partial melring, and mixing during 
rise through (he continental crust. There is no 
evidence to suggest chat significant subduerion 
of continental crust or sialic sedimcnts has ta­
ke" place during che history ol che Andean 
orogenic belt. Hence, rhe compositional charae· 
ter of erupted calc-alkaline rocks partly rcflects 
thc duration of crustal asccnt aOO thc agc and 
composítion of the underlying sialic crust. 

ANDEAN ANDESITES AND CRUSTALCROWTH 

4. In view of 1 - 3 ah ove the Andes are: a !.one..' 
of active crustal growth by inrrusion and <:rup­
rion of calc-alkaline magmas. To conserve (he 

intermediate composition of the continental 
crust, and to ensure continued growth, the 
growth must have hecn accompan ied by cir­
culation within the asthcnospheric source. 

S. Although we have established rhat local crustal 
growth must occur ar the..' Andean subduction 
zone, it is difficult ro assess whethcr such con­
tributions cause l1Ct crustal growth. Howcver, 
we note rhat many modeJs of crustal growrh 
rates predict dccreasing rates from the early 
Precambrian to the presento If rhe continental 
crust is not presently in a steady sra te, this 
might well characrerize the next phase oí conti­
nental evolution in the geoJogically ncar (uturc. 
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