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Abstract. Fifteen andesite-dacite stratovolcanoes on the vol- 
canic front of a single segment of the Andean arc show 
along-arc changes in isotopic and elemental ratios that dem- 
onstrate large crustal contributions to magma genesis. All 
15 centers lie 90 km above the Benioff zone and 280 _+ 20 km 
from the trench axis. Rate and geometry of subduction 
and composition and age of subducted sediments and sea- 
floor are nearly constant along the segment. Nonetheless, 
from S to N along the volcanic front (at 57.5% SiO2) K20  
rises from 1.1 to 2.4 wt %, Ba from 300 to 600 ppm, and 
Ce from 25 to 50 ppm, whereas FeO*/MgO declines from 
>2.5 to 1.4. Ce/Yb and Hf/Lu triple northward, in part 
reflecting suppression of HREE enrichment by deep-crustal 
garnet. Rb, Cs, Th, and U contents all rise markedly from 
S to N, but Rb/Cs values double northward opposite 
to prediction were the regional alkali enrichment controlled 
by sediment subduction. K/Rb drops steeply and scatters 
greatly within many (biotite-free) andesitic suites. Wide di- 
versity in Zr/Hf, Zr/Rb, Ba/Ta, and Ba/La within and 
among neighboring suites (which lack zircon and alkali feld- 
spar) largely reflects local variability of intracrustal (not 
slab or mantle) contributions. Pb-isotope data define a lim- 
ited range that straddles the Stacey-Kramers line, is brack- 
eted by values of local basement rocks, in part plots above 
the field of Nazca plate sediment, and shows no indication 
of a steep (mantle+sedimentary) Pb mixing trend. STSr/ 
S6Sr values rise northward from 0.7036 to 0.7057, and 
143Nd/144Nd values drop from 0.5129 to 0.5125. A north- 
ward climb in basal elevation of volcanic-front edifices from 
1350 m to 4500m elevation coincides with a Bouguer- 
anomaly gradient from - 9 5  to - 2 9 5  regal, interpreted to 
indicate thickening of the crust from 30-35km to 
50-60 km. Complementary to the thickening crust, the 
mantle wedge beneath the front thins northward from 
about 60 km to 30-40 km (as slab depth is constant). The 
thick northern crust contains an abundance of Paleozoic 
and Triassic rocks, whereas the proportion of younger arc- 
intrusive basement increases southward. Primitive basalts 
are unknown anywhere along the arc. Base-level isotopic 
and chemical values for each volcano are established by 
blending of subcrustal and deep-crustal magmas in zones 
of melting, assimilation, storage and homogenization 
(MASH) at the mantle-crust transition. Scavenging of mid- 
to upper-crustal silicic-alkalic melts and intracrustal AFC 
(prominent at the largest center) can subsequently modify 
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ascending magmas, but the base-level geochemical signature 
at each center reflects the depth of its MASH zone and 
the age, composition, and proportional contribution of the 
lowermost crust. 

Introduction 

Despite growing acceptance that several mantle, crustal, 
and subducted reservoirs contribute to arc magmas along 
continental margins, there is still no real consensus concern- 
ing the proportions of the various contributions nor con- 
cerning the loci and mechanisms of mixing among source 
components or among variably evolved magma batches. 
The present study was designed, therefore, to introduce a 
new perspective - illuminated by a unique set of geological 
constraints - to what has been largely a geochemical debate 
cast in terms of chemical and isotopic models and their 
ambiguities. The experiment undertaken was a comparative 
geochemical analysis of  15 Quaternary volcanoes, equi- 
distant from the Chile Trench along the volcanic front of 
a single arc segment, beneath which the nature and age 
of the downgoing plate and the rate and geometry of sub- 
duction all appear to be nearly constant. In contrast, the 
thickness and average age of the continental crust markedly 
increase northward along the segment. Although the princi- 
pal magma source is presumed to lie within a mantle wedge 
fluxed by a slab-derived contribution, it is argued here that 
most of the extensive chemical and isotopic variability along 
the volcanic front developed as the magmas rose through 
the upper plate, largely while stalled at or near the base 
of the continental crust. 

Some of the ambiguity and uncertainty in identifying 
source components of arc magmas has resulted from com- 
paring apples and oranges, from expecting too much iden- 
tity of path and process in generating magmas along tecton- 
ically and geologically contrasting arcs and arc segments. 
The variety is great, as emphasized by Arculus and Johnson 
(1978) and by Gill (1981). Quaternary volcanic suites of 
northern Chile, for example, are readily distinguishable in 
trace-element concentrations, isotopic ratios, and pheno- 
cryst assemblages from most suites of central Chile (Thorpe 
et al. 1982; Harmon et al. 1984). As segmentation of the 
Andean arc and its Wadati-Benioff zone is well established 
(Stauder 1973; Swift and Carr 1974; Barazangi and Isacks 
1976), comparison of suites from different segments inevita- 



456 

J A- 

VALPARA(SO 

cm/yr / SAN M ~ ANTONIO 

R'-a ~-~ 
__ 34 ~ MATANZAS~~--- 

Mq~.~ ;-i 

CONSTITUClON 

- I . . . .  

0 50 I00 KM 

~ii i ~ rup~.0ot;toA.'~i=ii:-:_? i--:~_ SANTIAC( 
Ce,,o 

&.o,oo,e,o-(. 
-Son dosL } ---m -~:-: 

�9 Oi 

~ I Cosimiro A ~--~-~-:- 

�9 ~ Palomo ~-~- 

�9 
�9 ~ t ~ a n c  ~ n -  t ~ e t e r o a  - ~ ~ ~,~ Azufre 

Oescabezodo Gronde 

. r 
,n Pedro-Pellodo � 9 1 4 9  ~ 36~ - -  

! 

Nevodo de Longov[ 

0 r a: 

, ~Nevodos  do ChillOn , 

( SEGMENT BOUNDARY 
M I 

J I  I 
73 ~ 72 ~ 7t ~ 7o o 

Fig. 1. Major late Quaternary volcanic centers along the volcanic front of the Southern Volcanic Zone (SVZ) in the Andes of central 
Chile. Triangles indicate the main edifices but several peripheral cones (notably around Cerro Azul) are not shown separately; centers 
behind the front, numerous south of 34.5~ are omitted. Note that Maipo and its satellite Casimiro could be regarded as lying behind 
a gap in the volcanic front, rather than on it. JFR schematically indicates the zone of impingement of the Juan Fernandez Ridge 
on the Chile Trench adjacent to the northern termination of the Quaternary SVZ. A probable segment boundary is shown near 37~ 
Plate-motion vector and convergence rate are shown across the trench axis, which lies at a constant distance from the volcanic front. 
In order to highlight the Mesozoic (Mz) and Paleozoic (Pz) basement belts, Tertiary volcanic and sedimentary rocks, widespread just 
east of the Central Valley, are omitted, as are 1.0-to-2.5-m.y.-old lavas that are extensive south of 35~ Paleozoic plutonic, volcanic, 
and metamorphic basement rocks crop out widely in the Coastal Cordillera and in the Cordillera Frontal terranc on the eastern 
flank of the Andes. The international border (dashed) is the Pacific-Atlantic drainage divide. Sample locations for river-mouth sediments 
(Table 2) are indicated: Rio Aconcagua (A), Rio Maipo (Mp), Rio Rapel (R), Rio Mataquito (Mq), Rio Huenchullami (/4), and Rio 
Maule (M/) 

bly introduces many uncertainties raised by the contrasts 
in rate and angle of subduction, materials subducted, stress 
regimes within different arc segments, and depths of the 
downgoing plate beneath them. The volcanic front in cen- 
tral Chile (33~176 on the other hand, offers an unusual  
opportuni ty  to investigate the importance of along-strike 
variations in the upper (South American) plate along a sin- 
gle arc segment, in a setting where lower-plate (subduction- 
related) variables are essentially constant. 

The Central Chilean arc segment (33~176 

The Quaternary volcanic chain forming the Southern Volcanic 
Zone (SVZ) of the Andes is virtually continuous for 1400 km south 
of Cerro Tupungato (33.3~ only its northernmost 400-km-long 
segment, from Tupungato to the Nevados de Chillan (Fig. 1), is 
under direct discussion here. The northerly termination of the vol- 
canically active segment at Tupungato (north of which Quaternary 
volcanic centers are absent for 650 kin) coincides with abrupt shal- 
lowing of the inclined seismic zone (Barazangi and Isacks 1976; 
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Bevis and Isacks 1984), with the north end of the Chilean Central 
Valley, with impingement of the Juan Fernandez Ridge upon the 
Chile Trench (Fig. 1), and with the south end of the Sierras Pam- 
peanas structural province of compressive crystalline-basement up- 
lifts in the Argentine foreland (Jordan et al. 1983). 

A less-well-defined southerly segment boundary at 37~ was 
proposed by Swift and Carr (1974), but no unambiguous Benioff- 
zone discontinuity was identified there by Barazangi and Isacks 
(1976), owing in part to a scarcity of deep and intermediate earth- 
quakes. Herron (1981) suggested a boundary near 37~ above 
a subcontinental projection of the Mocha Fracture Zone on the 
downgoing Nazca plate, and Stauder (1973) pointed out a coast- 
ward jump in the distribution of shallow seismicity near that lati- 
tude. Moreover, the 600-kin-long north-south zone of aftershock 
epicenters that followed the Mw 9.5 Valdivia earthquake of 1960 
ended sharply at 37~ (Lomnitz 1962; PlaNer 1972). There is a 
marked decrease in seismicity deeper than 70 km near 37~ as 
well as a notable drop in average SiO2 content of magmas erupted. 
Quaternary centers on the volcanic front north of 37~ consist 
predominantly of andesite and dacite, whereas from Volcan An- 
tuco (37.4 ~ S) southward most volcanic-front centers contain a high 
proportion of mafic andesite and basalt (Lopez-Escobar et al. 
1981). The scarcity of silicic andesite south of 37~ has frequently 
been overstated, but mafic compositions (5~55% SiO2) are indeed 
more abundant between 37 ~ and 46~ than between 33 ~ and 37~ 
(Moreno 1974, 1975; Stern et al. 1976; Lopez-Escobar et al. 1977, 
1985; Lopez-Escobar 1984; Hickey et al. 1986). Finally, some kind 
of tectonic discontinuity is also suggested by the 20-kin eastward 
jump in the volcanic front between the Nevados de Chillan and 
Antuco, a jump that contrasts with the 400-kin-long southwest- 
stepping trend of the front within the segment under study (Fig. 1). 

The volcanic front (330-37 ~ S) 

The 15 volcanic-front edifices dealt with here (Fig. 1) are listed 
in Table 1, which gives some essential compositional and morpho- 
logical data for each. All are andesite-dacite stratovolcanoes, sim- 
ple or compound, except that Tupungato is dominated by a dacite 
dome cluster having an apron of derivative block-and-ash flows, 
and the Planehon and Antuco cones are basaltic components 
(51-53% SiOz) of eompositionally more variable compound edi- 
fices. Most centers are modest in volume (Table 1), by far the 
largest being the 95-kin 3 compound edifice that consists of Cerro 
Marmolejo and overlapping younger cones called Espiritu Santo 
and San Jos6. The most complex is probably the Descabezado 
Grande-Cerro Azul cluster, which includes a pair of adjacent stra- 
tocones, an older basaltic shield, and numerous peripheral cinder 
cones and silieic flank vents. Many of the late Quaternary centers 
overlie glaciated remnants of earlier Pleistocene volcanoes not dealt 
with here, as their ages and stratigraphy are virtually unknown. 
Twelve of the 15 have erupted in Holocene time, and only Tupun- 
gato, Cerro Alto, Cerro Sordo Lucas and (perhaps) Palomo are 
thought to be extinct. 

At the north end of the segment, the volcanoes form a narrow 
chain along the Andean crest, attaining summit elevations of 5 
to 6.5 kin. From 34.5~ southward, the Quaternary volcanic zone 
broadens to > 150 kin, and the stratovolcanoes defining the volca- 
nic front lie well west of the drainage divide. The oblique trend 
of the front away from the rangecrest reflects its southward trans- 
gression onto crust that is thinner and younger - as discussed 
below. The belt of contemporaneous magmatism behind the front 
south of 34.5~ includes calcalkaline and alkaline stratovolcanoes 
and shields (Llambias 1966; Llambias etal.  1982; Delpino and 
Bermudez 1985), widespread plateau basalts on the Argentine pam- 
pas (Fig. 1 of Stern et al. 1986), and several mafic-to-rhyolitic 
centers having large ash-flow calderas (I-Iildreth et al. 1984; Frey 
et al. 1984; Mufioz and Stern 1985; Llambias et al. 1978). None 
of these fall within the subject of the present discussion, which 
is restricted to the tectonically simpler array of volcanic-front 
centers that are equidistant from the Chile Trench and above the 
downgoing plate. 

Spacing among the Holocene centers along the front ranges 
from 73 km to 21 kin, or to 7 km if Cerro Azul and Descabezado 
Grande are considered as independent systems. Although 5 of the 
spacings are between 36 km and 46 km, the average is 58 km for 
centers having Holocene activity; this average drops to 38.5 km 
if we include the 3 extinct centers. The recurrent myth of uniform 
spacing between are volcanoes cannot be evoked in the southern 
Andes. 

A fiction that has propagated through the literature on the 
SVZ is that the arc segment 33~176 consists principally of horn- 
blende- and biotite-bearing andesites. Table 1 indicates that some 
of the centers lack such phases altogether, that along the volcanic 
front hornblende occurs only in rocks having >57% SiOz, and 
that biotite is quite uncommon. Overwhelmingly predominant are 
2-pyroxene and olivine-clinopyroxene andesites, though biotite- 
hornblende dacite is dominant at Tupungato and olivine basalt 
at Planchon. Quartz and sanidine are absent as phenocrysts on 
the volcanic front and occur only sparingly in rhyolitic lavas and 
tufts erupted behind the front. 

The downgoing plate 

Apparent constancy within the segnaent in both Benioff-zone con- 
figuration and material subducted makes it very unlikely that large 
geochemical differences among volcanic-front centers could reflect 
the depth, conditions, processes, or compositions of the downgoing 
plate. It will be shown below that many of the along-arc geochemi- 
cal trends are wholly inconsistent with regional patterns that would 
be predicted for lower-plate control. 

All the volcanic-front centers lie 270-285 km from the trench 
axis (Fig. 1) except for Nevado de Longavi (260 kin) and Volean 
Maipo (which at 296 km might alternatively be considered to lie 
behind a gap in the volcanic front). Within the resolution of the 
seismic data, all are also essentially equidistant (90-100 kin) above 
the top of the inclined seismic zone, which here dips only 18~ ~ 
eastward (Stauder 1973; Barazangi and Isacks 1976; Bevis and 
Isacks 1984), not 30 ~ as frequently stated. Hypocentral trend-sur- 
face analysis applied by Bevis and Isacks (1984) to intermediate- 
depth teleseismic data suggested a depth of about 115 + 15 km to 
the"  middle" of the Benioff zone (or ~ 100 km to its upper surface) 
along most of the volcanic front. Their analysis would permit Ben- 
ioff-zone depths to be 10-15 km shallower beneath Chillan, An- 
tuco, and other volcanic-front centers south of 37~ but the 
number of intermediate-depth hypocenters here is too small to 
provide adequate resolution. 

The plate convergence rate has been calculated to be in the 
range 9.3-10.8 cm/a along a 77o-80 ~ azimuth (Fig. 1) and is almost 
identical for the entire 33~176 segment (Minster and Jordan 
1978; Chase 1978). 

The oceanic crust now being subducted here formed in middle 
and late Eocene time, and adjacent to the segment its age increases 
northward only slightly (Herron 1981). Projection of the Nazca 
plate marine magnetic anomaly pattern beneath the continent sug- 
gests that oceanic crust as old as 48 Ma (chron #21) is now beneath 
the northernmost volcano (Tupungato) and that crust as young 
as 41 Ma (chron #17) is now beneath the southernmost (Chillan). 
Downdip transport time from trench to arc at the present conver- 
gence rate is only ~3  Ma. The slight age differences along the 
segment of the relatively young subducted lithosphere are unlikely 
to result in significant variations of thermal and mechanical proper- 
ties within the downgoing plate (Wortel and Vlaar 1978). Neither 
are any aseismic ridges, oceanic plateaus, fracture zones, or other 
anomalies recognized on the Nazca plate seafloor opposite the 
segment under study. 

Volume and provenance of sediments reaching the Chile 
Trench are also relatively constant within the 33~176 segment, 
in contrast with the sediment-starved and sediment-filled trench 
segments to the north and south, respectively (Scholl and Marlow 
1974; Schweller et al. 1981; Thornburg and Kulm 1987a). From 
33~ to 37~ the trench axis shallows only slightly from 5.5 km 
to 5 km depth, and the thickness of axial turbidites ranges between 
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1.5 and 2 km. Pelagic and hemipelagic sediment just seaward of 
the trench is only ~200 m thick (Schweller et al. 1981). The terri- 
genous sediments are derived predominantly by erosion of Meso- 
zoic and Cenozoic rocks in the Andes and are transported to the 
narrow continental shelf by a handful of major rivers. These rivers 
cut across the arid and subdued Coast Ranges, the Paleozoic crys- 
talline rocks of which contribute only a small fraction of the total 
yield of continent-derived sediment along this segment (Thornburg 
and Kulm 1987b). 

Absence of a major accretionary prism inboard of the trench, 
the apparent continuity of Paleozoic crystalline basement beneath 
the continental shelf and slope (Scholl et al. 1970; Mordojovich 
1974), and the progressive eastward migration of successive Jur- 
assic to Quaternary magmatic arcs (Drake et al. 1982) all indicate 
not only sediment subduction but tectonic erosion of the conti- 
nent's leading edge (PlaNer 1972; Hussong et al. 1976; Kulm et al. 
1977; Scholl et al. 1977). Whether sediment subduction and tec- 
tonic erosion influence Quaternary magma generation or not, there 
is no evidence to suggest any latitudinal variation in their impor- 
tance or effectiveness within the 33~176 segment. The rate and 
geometry of subduction, as well as the age and (as far as is known) 
composition of subducted lithosphere and sediment, appear to 
change little along strike. An enormous mass of Mesozoic and 
Cenozoic sediment is missing, presumably subducted, and this is 
true throughout the segment. 

The continental plate 

South of 33~ central Chile is divided into three physiographic 
provinces, the Coastal Cordillera, the Andean Cordillera, and the 
longitudinal Central Valley between them (Fig. 1). At these lati- 
tudes, the Coastal Cordillera consists of Paleozoic metamorphic 
and plutonic rocks (Gonzalez-Bonorino 1971; Caminos et al. 
1982), which are cut along their inboard margin by Mesozoic 
batholiths and overlapped by east-dipping homoclinal assemblages 
of marine sedimentary rocks, andesitic-dacitic arc rocks, and ignim- 
brite sheets, all of Mesozoic age (Coira et al. 1982). The Central 
Valley is a late Neogene and Quaternary structural downwarp, 
discontinuously faulted along its margins, that deepens and broad- 
ens southward (see Kausel and Lomnitz 1968; Marangunie et al. 
1979). Between 33 ~ and 37~ the Andean Cordillera widens south- 
ward from ~ 115 to 140 km, decreases in average elevation (Fig. 2), 
and is physiographically sharply limited against the Central Valley 
and the Argentine pampas. The structurally complex foreland zone 
(Precordillera and Sierras Pampeanas) prominent on the Argentine 
flank of the Andes north of 33~ (Jordan et al. 1983 ; Ramos et al. 
1986) apparently dies out where the Quaternary magmatic arc be- 
gins. 

The Andean Cordillera consists here of two major tectonic 
elements, which together comprise a single, physiographically dis- 
crete range: (1) the Cordillera Frontal (Caminos 1979), a complex 
Paleozoic-to-Triassic orogen that crops out only east of the range- 
crest, and (2) the Cordillera Principal (Yrigoyen 1979), consisting 
largely of the thick Jurassic-through-Cenozoic volcanic and sedi- 
mentary sequence that has accumulated during Andean plate con- 
vergence. These strata were deposited upon the Paleozoic base- 
ment, and their eastern margin has been thrust still farther eastward 
across that basement during late Cenozoic compression and uplift 
of the Andes. It needs to be emphasized that the Andean Cordillera 
is a tectonic range quite different from constructional volcanic arcs 
such as the Cascades and the Aleutians. Quaternary volcanic rocks 
make up no more than 5% of the outcrop area and < 3 %  of 
the volume of this segment of the Andes above the level of the 
Chilean Central Valley. 

All the Quaternary volcanic centers in central Chile (Fig. 1) 
lie on or west of the Andean crest (thus entirely within the Cordil- 
lera Principal), where the volumetrically dominant rocks exposed 
are strongly deformed clastic, carbonate, evaporitic, and subordi- 
nate volcanic strata of Jurassic and Cretaceous age, with or without 
a mantle of Neogene volcanic rocks. The northernmost volcanoes 
straddle the exposed contact (Fig. 1) between these Mesozoic strata 
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and the subjacent basement of Paleozoic (and Triassic) rhyolitic, 
granitoid, and marine clastic rocks. It is not proven that the Paleo- 
zoic basement rocks of the Cordillera Frontal are continuous be- 
neath the thick Mesozoic and Cenozoic cover with basement rocks 
of similar age in the Coastal Cordillera. The conventional interpre- 
tation postulates a broad synclinorium, but Drake et al. (1982) 
suggested extensive east-west necking or rifting of the basement 
beneath central Chile during the repeated post-Paleozoic episodes 
of emplacement of north-south linear batholiths, Levi and Aguirre 
(1981) and Coira et al. (1982) similarly proposed significant attenu- 
ation of the Chilean basement by ensialic back-arc extension east 
of the Jurassic to mid-Cretaceous magmatic belt, the plutonic ele- 
ments of which today crop out largely (at these latitudes) in the 
Coastal Cordillera. 

Although Mesozoic or younger rocks thus underlie the entire 
Quaternary volcanic front from 33 ~ to 37~ Paleozoic crystalline 
rocks are probably everywhere present at depth, dominantly so 
beneath the north end of the chain. No Precambrian crystalline 
basement, ultramafic or ophiolitic rocks, or thick flyschoid se- 
quences crop out along this segment of the Chilean Andes (i.e., 
within the Cordillera Principal), though such rocks are present 
in adjacent Argentina (Caminos 1982; Ramos et al. 1986). 

Elevation, gravity, and crustal thickness 

From north to south, the late Quaternary volcanic chain can be 
conveniently subdivided according to the ages of the subjacent 
rocks: (1) From Tupungato to Maipo the volcanoes rest directly 
on the strongly folded Mesozoic strata; (2) from Palomo to Plan- 
chon hundreds to a few thousands of meters of Miocene andesitic 
and silicic volcanic rocks overlie the Mesozoic rocks; and (3) from 
Descabezado Grande southward, the Miocene veneer is further 
mantled by a few hundred meters of undeformed Pliocene and 
lower Pleistocene volcanic rocks, largely andesites (Drake 1976; 
Vergara and Mufioz 1982). This southward progression principally 
reflects the north-to-south drop in average elevation of the Andean 
crest, from 5-7 km at 33~ to 2-3 km at 37~ (Fig. 2), and the 
attendant effects of terrain and climate on the depth of erosion. 
Beneath and just west of the northernmost Quaternary volcanoes, 
for example, porphyry stocks and andesitic dikes of Miocene age 
are abundant (Thiele 1980, shows some), but only a few scraps 
of the associated volcanic rocks have escaped erosion. 

The drastic southward decline in general elevation of the 
rangecrest is reflected in the basal and summit elevations of Quater- 
nary centers along the volcanic front (Fig. 2). The steady drop 
in basal elevations levels out between 36 ~ and 38~ but with less 
regularity the trend continues to 42~ where the volcanic front 
reaches sea level. This southward decline, notably the steep segment 
between 33 ~ and 36~ is likely to be principally an expression 
of diminishing thickness of the continental crust. There are three 
or four components to this thinning. First, the elevation of the 
rangecrest and the thickness of the crust beneath it decline 
smoothly southward without any obvious discontinuities in physi- 
ography or gravity profile (Fig. 2; Lomnitz 1962). Second, the S 
20~ trend of the volcanic front takes it from the rangecrest at 
33~176 to 20-40 km west of the crest at 36~176 Third, struc- 
tural trends in Paleozoic basement rocks at these latitudes in Ar- 
gentina are S to SSE, suggesting that the modern volcanic arc 
angles obliquely (Fig. 1) toward the pre-Andean continental mar- 
gin, presumably toward thinner crust. Fourth, if the crust beneath 
the axis of Chile indeed underwent back-arc or intra-arc attenua- 
tion during Mesozoic magmatism, then the S 20~ encroachment 
of the chain toward the Central Valley also takes it onto thinner 
(and younger) crust. 

No trans-Andean seismic experiments have been conducted 
at these latitudes, but where such work has been undertaken in 
northern Chile and Peru (Aldrich et al. 1958; James 1971) across 
segments of the Andes having elevations and Bouguer gravity 
anomalies comparable to those at 33~176 the crust is thought 
to be as thick as 60-70 km. 
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Several gravity profiles across the Andes between latitudes 32 ~ 
and 39~ have been published by Dragicevic et al. (1961), Lomnitz 
(1962), Dragicevic (1970), Introcaso and Huerta (1972), Introcaso 
(1976), and Diez Rodriguez and Introcaso (1985). A trans-Andean 
profile 70 km north of Cerro Tupungato gave a maximum negative 
Bouguer anomaly of --295 mgal on the rangecrest. Various models 
yield apparent crustal thicknesses there of 55-75 km. The gravity 
network is linked to that of northern Chile, where James (1971) 
reported generally good correspondence between the regional Bou- 
guer anomaly pattern and crustal thickness variations inferred from 
seismic studies. Anomalies in the range -250 to -300  mgal in 
northern Chile occur in areas where seismic data suggest that the 
crust is 55 + 5 km thick. 

The Bouguer anomaly diminishes southward along the range- 
crest to -220 mgal near Volcan Tinguiririca and -175 mgal at 
Planchon (Fig. 2). A trans-Andean profile at 36~ gave an anomaly 
of -170 mgal at Laguna del Maule on the crest and -9 5  regal 
on the volcanic front, values that yield model crustal thicknesses 
of 45-50 km and 35-40 km, respectively. Another trans-Andean 
profile at 38~ yielded - t l 0  regal on the crest and - 9 5  regal 
on the volcanic front 70 km farther west (Diez Rodriguez and 
Introcaso 1986). South of 36~ (Fig. 2), both elevation and Bou- 
guer anomalies decline more gradually than in the steep segment 

between 34 ~ and 36~ where geochemical gradients are also 
greatest. 

Although seismic refraction studies are needed to refine our 
knowledge of crustal structure and thickness in this part of the 
Andes, the gravity data, elevation gradient, and regional geology 
all indicate a marked southward thinning of the crust. Along the 
volcanic front, the gravity models suggest that the crust thins from 
55-65 km beneath Tupungato to 35-40 km at the south end of 
the segment studied and to 30-35 km south of 37~ Along the 
steepest part of this crustal gradient, the K20 content of Quaterna- 
ry magmas drops southward by a factor of two (Fig. 2) - even 
though the volcanoes maintain almost constant vertical and hori- 
zontal separations from the subducted plate. 

Geochemical variations along the volcanic front (33~176 

Many other geochemical concentrations and ratios display 
similarly impressive lati tudinal changes along the volcanic 
front. For  sample suites from each center, t4aNd/144Nd, 
Lu/Hf, and FeO*/MgO increase southward, whereas 87Sr/ 
86Sr, Ce/Yb, Rb/Cs and abundances of K, Rb, Cs, Ba, 
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Th, and LREE increase northward. Though not by any 
means amounting to a simple center-by-center gradient, the 
overall north-to-south compositional change is large and 
unequivocal. For simplicity of presentation, major-element, 
isotopic, and trace-element data will be dealt with sequen- 
tially. The isotopic data are given in Tables 2 and 3, and 
the chemical data will be available as a U.S. Geological 
Survey Open-File Report. Analytical methods are given in 
an appendix, below. 

Major elements 

As true basalts are scarce in this segment and even mafic 
andesites are absent at a few centers, comparison of relative- 
ly primitive members of the various suites is impossible. 
For systematic comparison of these variably fractionated 
suites, therefore, we employ several geochemical values 
taken at 57.5% SiO2, calculated by least-squares regression 
of data normalized anhydrous. Reasonably linear trends 
for each volcano on certain SiO2-variation diagrams 
(Fig. 3) and large differences in the slopes of such trends 
for different volcanoes (Fig. 4) make such comparisons 
especially informative. Most of the edifices sampled are rel- 
atively simple, and only at Marmolejo, a long-lived com- 
pound center having strong evidence for an upper-crustal 
contribution, do subordinate major-element trends plot sig- 
nificantly off the main regressions (Figs. 3, 4). 

K20 concentration is highlighted here because of its 
widely asserted relationship to the depth of the inclined 
seismic zone beneath arc volcanoes. The increases in KzO 
contents across many magmatic arcs, although apparently 
related to distance from a trench, need have no genetic 
linkage whatsoever either with the downgoing plate or with 
the asthenospheric mantle. Irrespective of the depths to 
which partial melting might extend in the mantle, increasing 
KzO values across and along arcs may in large part be 
caused by progressively greater contributions from the crust 
and subcrustal lithosphere. Such a hypothesis is strongly 

sustained by the data displayed in Fig. 2, wherein K20 
values are shown to increase more than twofold along a 
volcanic front that strikes onto thicker and more mature 
continental crust (above a complementarily thinning mantle 
wedge) while remaining parallel to the trench and to a Ben- 
ioff zone of essentially constant depth. Circumstantial evi- 
dence that the regional K20 trends across and along certain 
arcs principally reflect upper-plate processes and composi- 
tions has been noted widely (Hamilton 1979; Gill 1981; 
Coulon and Thorpe 1981), but the present tightly con- 
strained data set is virtually unequivocal. 

Figure 4 shows KzO-- SiO2 regression lines for the vol- 
canic-front centers of Figures I and 2, as well as for several 
in the next arc segment south. Not only does K20 content 
generally increase northward, but its rate of increase with 
SiO2 also steepens northward. This is in spite of the more 
widespread and earlier crystallization of hornblende (and 
biotite) in northerly suites (Table 1) and the correspond- 
ingly greater role of pyroxenes and olivines in southerly 
suites. The progression is far from latitudinally systematic, 
as Volcan Tinguiririca at 34.8~ has the most potassic suite 
of all, yet the general correspondence with the gravity and 
elevation profiles is excellent; no volcanic-front center 
north of 36~ has a ( K 2 0 ) 5 7 .  5 value lower than 1.6, whereas 
for the next several hundred km south of 36~ almost all 
have values < 1.3 and several have values < 1.0 (Fig. 2). 

A marked latitudinal shift, again irregular but impres- 
sive overall, also characterizes the Fe/Mg values of the 
centers along the volcanic front (Fig. 4). By Miyashiro's 
(1974) criterion, the volcanoes become generally more calc- 
alkaline, less tholeiitic, northward; at the south end of this 
segment and especially in the next segment south, many 
suites plot as tholeiitic on such diagrams (Lopez-Escobar 
1984). The northerly centers not only have lower Fe/Mg 
ratios overall but have smaller rates of relative Fe-enrich- 
ment with progressive differentiation; each of the most 
strongly calcalkaline suites also extends into the high-K 
field of Fig. 4. 
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All suites considered here are "calc-alkalic" in the origi- 
nal sense of Peacock (1931), having alkali-lime indices be- 
tween 57 and 60.5 (Table 1), the values tending irregularly 
to decrease northward. By a more restrictive definition of 
"tholeiitic" based on the (AFM) criterion of Irvine and 
Baragar (1971), suites from most centers south of 37~ re- 
main tholeiitic, but all of those in the segment under study 
are calcalkaline. No volcano in central Chile, on or behind 
the front, on thick crust or on crust as thin as 30 km, is 
known to have erupted a low-K (island-arc) tholeiitic suite. 

Because between-suite differences are much less pro- 
nounced for other major-element trends, it is doubtful 
whether additional along-arc comparisons can be mean- 
ingfully extracted from the overlapping sets of major-ele- 
ment data. The northernmost centers tend to show slightly 
lower TiO2 and higher MgO contents than southerly ones, 
in keeping with the regional Fe/Mg trend (Fig. 4), but 
values of CaO, A1203, Na20, and P2Os overlap extensively 
along the entire segment. At 57.5% SiO2, the Tupungato 
and Tupungatito suites have --~ 0.93% TiO2 and ~ 4.1% 
MgO, whereas the corresponding values for southerly 
centers are mostly near 1.1% and 3.5-3.8%, respectively. 

TiO2 contents are even greater and MgO values still lower 
in suites from tholeiitic centers in the segment south of 
37~ 

Alumina values are characteristically high, 16.5 to 19 
wt% throughout the basalt-andesite compositional spec- 
trum at all volcanic-front centers, and (CAO)57.5 is con- 
sistently between 6.3 and 7.1%, showing no latitudinal pat- 
tern. For nine volcanoes between 34 ~ and 41~ Hickey 
et al. (1986) noted that A12Oa/CaO ratios of mafic lavas 
are generally higher north of 38 ~ S, and they suggested that 
this might reflect larger amounts of crustal assimilation 
and/or clinopyroxene fractionation beneath northerly 
centers. Mafic members of suites studied here are similar 
to their high-A1203/CaO group, and the ratio rises steeply 
with fractionation in all suites, but no along-arc trend has 
been discerned within the 33-37~ segment. 

In a general way, average SiO2 contents of volcanic- 
front centers appear to increase northward along the seg- 
ment (Table 1), although this is a difficult point to quantify 
volumetrically and is not without exceptions. The general 
trend partly reflects the absence of basalt north of Plan- 
chon, the northernmost Quaternary center known to have 
products with <53% SiO2. Lavas and ejecta having as 
little as 51% SiO 2 are present at Planchon, Azul, San Pedro, 
and Antuco, and they are abundant at many centers be- 
tween 37 ~ and 41~ (Lopez-Escobar et al. 1977; Hickey 
et al. 1986). Primitive basalts (e.g., Nye and Reid 1986) 
are essentially absent from the segment under study and 
from the segment southward as well. A few satellites of 
Volcan Osorno, 850 km south of Tupungato, have the only 
noncumulate basalts on or near the volcanic front of central 
Chile that are known to contain more than 7% MgO or 
less than 50% SiO2 (Moreno et al. 1979); almost none have 
Ni > 75 ppm nor Cr > 200 ppm. 

Sr and Nd Isotopes 

Sr and Nd isotopic results for volcanic-front centers as far 
south as 38.5~ are displayed in Figure 5; most of the data 
from 33~176 are new (Tables 2 and 3). Along the segment 
south of 37~ Dbruelle et al. (1983) identified a modest 
northward decline in SVSr/S6Sr, the values dropping gradu- 
ally from near 0.7043 at Catbuco (41.3~ to as low as 
0.7037 at Antuco (37.4~ Our data indicate a marked re- 
versal of that trend north of Antuco, as ratios in the seg- 
ment under study increase northward to values as high as 
0.7057 at Cerro Marmolejo (33.7~ The progressive climb 
in STSr/86Sr ratios of Quaternary volcanic rocks coincides 
closely with the regional gradients in KzO, gravity, and 
elevation shown in Fig. 2. Moreover, the pronounced in- 
crease in St-isotopic ratios near 34.5~ (Fig. 5) takes place 
precisely where the gravity-anomaly profile flattens out on 
approaching its most negative values. It also coincides with 
a physiographic singularity, as all centers from Volcan 
Maipo northward lie on the rangecrest and all centers far- 
ther south (except Planchon) lie west of it. Fundamentally, 
all of these relations are thought to reflect the oblique SSW 
trend of the volcanic chain across the concealed transition 
from tectonically thickened to normal or attenuated Paleo- 
zoic basement. 

Figure 5 additionally illustrates that S7Sr/86Sr ratios for 
the large compound Marmolejo edifice extend to values 
considerably more radiogenic than those of other northerly 
centers. The good inverse correlation between Sr concentra- 
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Fig. 5. Sr and Nd isotopic ratios vs. latitude for central Chilean volcanic-front centers. Inset shows distribution of these data relative 
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for Volcan Villarrica (VR), Volcan Choshuenco (CH), and Volcan Casimiro (VC), a small satellite of Volcan Maipo 

tions and 87Sr/S6Sr values of  the Marmolejo suite contrasts 
clearly with other suites plotted in Fig. 6 and is readily 
interpretable in terms of  concurrent assimilation and frac- 
tional crystallization (AFC;  De Paolo 1981). The array of  
Marmolejo data in Fig. 6 suggests heterogeneous assimila- 
tion of  relatively radiogenic crustal components having an 
integrated Sr content lower than ~ 300 ppm, probably par- 
tial melts of  various mid-to-upper-crustal crystalline rocks. 
Selected A F C  and simple-mixing models illustrate how dif- 
ferent modes of  assimilation and J0-40% of various assimi- 
lants could yield the array. By far the most  voluminous 
center in the segment and certainly one of  the longest lived, 
Marmolejo may well have evolved a larger and/or more 
complex mid- and upper-crustal magma reservoir than any 

other volcano under discussion. The Marmolejo magmas 
arriving from the deep crust and initiating A F C  processes 
in shallower reservoirs apparently contained < 55% SiO2, 
had >650 ppm Sr, and had 87Sr/86Sr <0.7048. 

Such "base-level" magma, as will be elaborated below, 
is thought  to ascend from zones of  profound melting, mix- 
ing, and homogenization near the mantle-crust transition 
beneath each center. Because of  contrasts in depth, mineral- 
ogy, average age, and (possibly) bulk composition of  the 
deep crust north and south along the segment, lower-crustal 
contributions are more easily recognizable (and probably 
greater) where the crust is thicker. Accordingly, base-level 
Sr-isotopic values, from which subsequent mid- to upper- 
crustal fractionation or A F C  sequences evolve, are charac- 
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Fig. 6. Sr content (ppm) vs 87Sr/86Sr for volcanic-front centers 
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abbreviations as in Table 1. Only the Marmolejo suite (CM) shows 
an extended correlation, interpreted as a result of mid- to upper- 
crustal AFC and illustrated by Curves A-E, all of which employ 
700 ppm Sr and 0.7046 as deep-crustally established base-level 
values of ascending magma. Curve A represents simple mixing with 
a contaminant that averages 100 ppm Sr at 0.710. AFC Curves 
B-E (De Paolo 1981) reflect the following parameters: Sr content 
and SVSr/S6Sr of average contaminant, bulk Ds, and r=mass as- 
similation rate/crystallization rate. Curve B (100, 0.750, 2.0, 0.2) 
models assimilation of an upper-crustal Permian granite. Curve 
C (200, 0.712, 1.5, 0.5), Curve D (200, 0.720, 1.5, 0.2), and Curve 
E (200, 0.710, t.0, 0.5) model assimilation of Paleozoic mid-crustal 
intermediate rocks, illustrating effects of various values of D and 
r. Ticks on curves are in 10% increments of wt% contaminant 
for A, and of fraction of the initial magma remaining for B-E. 
Tupungato (CT), Alto (CA), Planchon (PPA), and the high-Sr 
part of the Azul (AZ) suite may also reflect Jess pronounced AFC 
arrays 

teristically 0.7045-0.7048 at northerly centers (33~176 
but as low as 0.7037 at 36~176 where the crust is thinner 
and less mature. 

Although the Marmolejo suite alone exhibits a range 
of 8VSr/86Sr values sufficient to demonstrate mid- or upper- 
crustal AFC, similar behavior is suggested by the Tupun- 
gato, Cerro Alto, and Planchon suites and the Sr-rich part 
of the Cerro Azul array in Fig. 6. Far  from ruling out crus- 
tal assimilation, intrasuite scatter on such a plot can merely 
reflect a variety of  assimilants and/or signify a multicom- 
partmental reservoir in which batches of  magma evolve in- 
dependently in time and depth. Moreover, even a sub-hori- 
zontal trend like the Sr-poorer part of  the Cerro Azul array 
in Fig. 6 could simply mean that young gabbroic to tonalitic 
crust provided partial melts that lacked much isotopic con- 
trast with the Quaternary magma. 

Nd-isotopic ratios exhibit a regional trend complemen- 
tary to that of  87Sr/S6Sr (Fig. 5), end values decreasing 
northward from + 5 to about - 1 .  The patterns with lati- 
tude are notably similar in showing marked gradients north 
of 36~ and lower Nd-isotopic values for Cerro Marmolejo 
than for the 3 centers north of it. 

Sr in sediments 

Figure 5 also shows Sr-isotopic ratios for samples of pres- 
ent-day sediment (fine to medium sand) collected at the 
mouths of the 5 major river systems (Table 2; Fig. 1 ; Rios 
Aconcagua, Maipo, Rapel, Mataquito, and Maule) that to- 
gether drain ~ 90% of this segment of Chile and probably 
supply (as turbidites) >95% of the detritus entering this 
part of the Chile Trench. The isotopic data clearly reflect 
the Andean provenance of the sediments, which are derived 
predominantly from Cenozoic volcanogenic and plutonic 
rocks, except in the Rio Maipo system where Mesozoic 
sedimentary and volcanic strata having SVSr/S6Sr values of  
0.7045-0.7086 (Table 2) also make a major contribution. 
Paleozoic rocks exposed in the Andes (Fig. 1) are drained 
exclusively to the Atlantic, and those in the Coastal Cordil- 
lera are drained by very few streams (mostly ephemeral) 
other than tributaries to the 5 rivers sampled. 

Sediment reaching the trench from sources other than 
these 5 fiver systems probably amounts to no more than 
ten percent of the total subducted sediment budget. The 
thin seafloor accumulation of post-middle Eocene pelagic 
clays, chalks, and cherts (Schweller et al. 1981), consider- 
ably diluted by fine continent-derived detritus, apparently 
contributes < 5%. Sediment contributed directly to the sea 
by small streams heading in the Coastal Cordillera probably 
amounts to much less than 1%. The tiny Rio Huenchullami 
(35.2~ Fig. 1), for example, which drains only the Coastal 
Cordillera, transports detritus having relatively radiogenic 
Sr (0.7113; Table 2), but such contributions are not quanti- 
tatively important nor likely to vary much along the seg- 
ment. Finally, an unknown fraction of the sediment is chan- 
neled northward along the trench axis from sources in the 
next segment south (Thornburg and Kulm 1987a). Compo- 
sitional studies show that those sediments are derived pre- 
dominantly from arc volcanic rocks (Thornburg and Kulm 
1987b), which in the 37~176 segment contain Sr even 
less radiogenic (0.7037-0.7041) than in our river-mouth 
samples (D~ruelle et al. 1983). The 0.7041-0.7049 ratios of 
the river sediments (Fig. 5) are therefore thought to provide 
a reasonable indication of the 87Sr/S6Sr values of sediment 
subducted beneath this part  of Chile, although the range 
observed is likely to be reduced by mixing during northward 
sediment transport along the trench floor. Such low values 
provide insufficient isotopic leverage to account for the 
northward increase in STSr/S6Sr along the Quaternary vol- 
canic front by subductive recycling of sedimentary St. Dia- 
genetic or connate seawater Sr (0.709) would be insufficient 
to change the isotopic budget significantly and would not 
in any case affect the along-arc isotopic gradient. Preferen- 
tial subduction of pelagic sediment, sometimes postulated 
as a mechanism to enrich sources of arc magmas in radio- 
genic Pb and Sr, is not a defensible hypothesis in central 
Chile; the absence of an accretionary prism against the 
Paleozoic continental margin demonstrates that both pe- 
lagic sediment and the much greater mass of  the trench- 
filling terrigenous sediment shed during 200 m.y. of Andean 
convergence have been subducted. 

Though Chilean sediments are clearly subducted, their 
limited along-trench variability, modest Sr contents 
(127-432 ppm; Table 2), and low isotopic contrast with 
the magmas make it quite unlikely that they control the 
along-arc isotopic gradients illustrated in Fig. 5. Advocates 
of subducted-plate control would have to appeal to a N-S 
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gradient in the amount of hydrothermally altered seafloor 
basalt; but there is no evidence for this, and, in any event, 
it could not explain the along-arc Nd-isotopic gradient. As 
with the major-element trends along the volcanic front, the 
isotopic differences have to reflect processes and composi- 
tional variations within the upper plate. 

Table 2 additionally gives 87Sr/86Sr values for partially 
molten granitoid xenoliths ejected in recent eruptions of 
Tupungatito and Cerro Azul and for late Paleozoic base- 
ment rocks from the Cordillera Frontal terrane that strikes 
beneath the northerly volcanoes. Several of the basement 
rocks and Tupungatito xenoliths have high 878r/86Sr values 
(0.75-0.77), whereas xenoliths from Cerro Azul 
(0.7039-0.7046) have far less Sr-isotopic contrast with the 
host magmas. Although we do not suggest that such upper- 
crustal rocks provide the principal crustal contribution, 
these north-south relations nonetheless underscore the con- 
trasting assimilation potential of the Paleozoic vis-a-vis the 
younger basement rocks. In the case of Marmolejo, 2-10 
wt% assimilation of the radiogenic Cordillera Frontal rocks 
could yield the Sr array of Fig. 6 by AFC in an upper- 
crustal reservoir (e.g., Curve B; F =  0.95-0.60). 

Figure 5 (inset) also shows the Nd-Sr data plotted on 
an isotope correlation diagram. All data plot close to the 
conventional "mantle array." The dominance of post-Car- 
boniferous basement and the apparent absence of Precam- 
brian crust (or lithosphere) beneath this part of the Andes 
make it far more reasonable, however, that evolved geo- 
chemical reservoirs capable of providing differential 
isotopic leverage sufficient to promote the along-arc 87Sr/ 
86Sr gradient and the remarkable, latitudinally systematic, 
143Nd/144Nd gradient (six e-units) reside not in the mantle 
but in the continental crust. Furthermore, because the sub- 
Andean mantle must have been extensively modified during 
voluminous Permo-Triassic magmatism and because it has 
been subjected to sporadic arc magmatism throughout post- 
Triassic time, it appears quite unlikely that subcrustal litho- 
spheric reservoirs of Phanerozoic age could have differen- 
tially evolved in sufficient isolation to provide partial melts 
or assimilants now capable of imparting such a wide range 
of end values to Quaternary magmas. Since there are no 
such leverage problems with typical crustal reservoirs 
(richer in LREE, lower and more variable Sm/Nd), the 
regional evidence therefore strongly favors intracrustal con- 
trol of the isotopic variability. 

Pb isotopes 

Pb-isotopic data are given in Table 2 and are plotted in 
Figs. 7 and 8. Within the segment, values of 2~176 
show limited variation, from 18.49 to 18.69, a range of 
about one percent (where typical analytical error is _+ 0.1%). 
This range is nonetheless considerably greater than that 
of all the volcanic-front centers taken together in the next 
arc segment south (37~ ~ S; Fig. 7). There is no simple 
trend with latitude, as the least radiogenic Pb occurs in 
products of the northernmost volcanoes and the most ra- 
diogenic Pb tends to occur at centers in the middle of the 
segment (VT, VP; Fig. 7). Samples from a single center, 
the Marmolejo complex (CM), span most of the 2~ 
2~ range established. As Marmolejo is the one center 
where mid- or upper-crustal AFC processes have been posi- 
tively established on the basis of St-isotope data (Fig. 6), 
the atypical spread in 2~176 values (and in 2~ 

2~ values; Table 2) may also have resulted from variable 
amounts of assimilation (and/or a range of assimilants) in 
complex magma reservoirs. 

Several noteworthy relationships are illustrated in 
Figs. 7 and 8. 
(1) Relative to the limited Pb-isotopic range of the 37~ ~ 
centers, those in the segment under study exhibit shifts to 
both higher and lower values of 2~176 but only to 
higher values of 2~176 and 2~176 This can 
be explained most simply by intracrustal Pb contributions. 
(2) The volcanic Pb data plot in the upper part of the field 
of Nazca plate sedimentary Pb or, in the case of the north- 
erly centers, mostly above it (Fig. 7). In other words, the 
northernmost centers are more enriched in 2~176 
than are pelagic sediments on the downgoing plate. It is 
therefore unlikely that the arc Pb is dominated by a contri- 
bution from a subducted sedimentary reservoir. There is 
no evidence (or reason to expect) that Nazca plate sedi- 
ments adjacent to the 37~176 and 33~176 arc segments, 
respectively, differ significantly in their Pb-isotope ratios, 
casting further doubt on the proposition that the along-arc 
differences in Pb-isotope signature are controlled by input 
of pelagic sedimentary Pb. Because of the youth of the 
Eocene seafloor being subducted here, any isotopic shift 
due to aging of subducted Pb would be too small to modify 
this line of reasoning. In any event, the downgoing sedi- 
ments here are strongly dominated by trench-filling terri- 
genous turbidites largely of Andean provenance. The river- 
mouth sediments that supply such turbidites have Pb- 
isotope ratios (Table 2) that would plot well inside the fields 
of arc data in Figures 7 and 8, showing that such material 
provides no Pb-isotopic leverage. 
(3) All of the volcanic Pb data plot far above the main 
trend of Pb-isotope values for oceanic basalts (ORL; Fig. 7) 
and well above the field of analyzed Nazca plate seafloor 
basalts. In contrast with sets of Pb-isotope data published 
for the Aleutian, Cascades, and Mariana arcs, there is no 
evidence here for a steep mixing trend between MORB-type 
Pb and that of a 2~ reservoir. If Pb derived from 
the subducted oceanic lithosphere makes any contribution 
at all to the arc Pb here, it can only be a small one relative 
to contributions from reservoirs having elevated values of 
2~176 and 2~176 
(4) The volcanic Pb data, especially for those centers lying 
along the northern half of the segment under consideration 
(Fig. 7; CA, CM, CT, TT, SL, VT, VP), plot close to the 
Stacey-Kramers (1975) average crustal Pb-evolution curve 
and between the upper-crust and orogene fields of Zartman 
and Doe (1981). In light of the strong case against lower- 
plate control of many other along-arc geochemical varia- 
tions, it therefore appears that the reservoir dominating 
the Pb-isotope variability here is likely to be the continental 
crust - which is older and thicker beneath the 33~176 
volcanoes having the relatively elevated 2~176 and 
Z~176 values. The main Pb-isotopic control may sim- 
ply be the swamping of subcrustally derived Pb by mag- 
matic assimilation of crustal fluids and leucomelts, which 
could contain 10-50 times the concentration of Pb held 
by a truly primitive basalt. 
(5) The volcanic Pb data are nearly bracketed (Fig. 7) by 
the isotopic values (Table 2) of a Permian granite north 
of Tupungato and partially molten granitic xenoliths (hav- 
ing Paleozoic Rb-Sr model ages) ejected by Tupungatito. 
These basement samples represent the extremes of the pres- 



Table 2. Sr and Pb isotope data 

Center Si02 Rb Sr Rb/Sr 87Rb/86Nr 87Sr/86Sr z~176 2~176 z~176 

Tupungato 

T5 64.3 57 733 0.078 0,226 0.70466 • 3 
T12 60.5 54 872 0.062 0.179 0,70458 • 4 18.518 15.614 38.471 
T15 58.0 40 719 0,056 0.162 0.70480 • 3 
T17 62.3 59 788 0.075 0.217 0.70461 + 4  
T20 63.3 60 793 0.076 0.220 0.70468 • 3 
T41 61.8 67 723 0.093 0.269 0.70487 • 3 
T49 62.2 61 692 0,088 0.255 0.70483 • 4 
T53 63.3 72 702 0.103 0.298 0.70475• 18,502 15.600 38.429 
T55 62.8 72 673 0.107 0.310 0.70474• 3 
T57 61.5 63 732 0,086 0.249 0.70470 • 3 
T65 63.0 64 741 0.086 0.249 0.70476 • 3 18.496 15.581 38.391 

Tupungatito 

T6 62.3 122 549 0.222 0.642 0.70481 • 3 18.571 15.609 38.514 
T29 58.3 86 589 0.146 0.422 0.70489 • 3 
T32 56.0 62 634 0.098 0.284 0.70488 • 3 
T33 57.3 62 630 0.098 0.284 0.70499• 18.602 15.595 38.508 
T48 64.7 163 457 0.357 1.033 0.70484_+3 18.559 15.612 38.499 
T27" 76.3 ~- 119 37 3.22 9.35 0.75556• 18.497 15.561 38.380 
T31" 78.0 247 40 6.18 17.97 0 .76353•  ~8.518 15,579 38.354 
T38" 75.9 134 194 0.691 2.00 0.72501 + 6  

Cerro Alto 
T84 58.6 50 739 0.068 0.197 0.70487 • 5 
T85 56.9 42 747 0.056 0.162 0.70488• 5 18.529 15.618 38,494 
T88 61.6 61 712 0.086 0.249 0.70508• 18.496 15.595 38.430 
T95 61.5 68 771 0.088 0.255 0.70463 • 4 
T99 58.4 46 727 0,063 0.182 0.70484 • 3 
T100 58.3 46 856 0,054 0.161 0.70468_+3 18,552 15.618 38,490 
T109 56,6 50 705 0,071 0.205 0,70492 • 3 
T110 62.8 95 554 0.171 0.495 0.70481 • 3 18,561 15.617 38,531 

Marmolejo 
CM1 60.2 55 647 0.085 0.246 0.70476_+5 18.547 15,603 38.467 
CM2 62.6 166 425 0.391 1.13 0.70488• 18.547 15.624 38,532 
CM3 58.4 51 596 0.086 0.249 0.70494 • 5 
CM5 66.3 109 469 0,232 0.671 0.70533 • 5 
CM7 64.7 94 460 0.204 0.590 0.70520 • 5 18,569 15.588 38.473 
CM7A 57.3 12 627 0,019 0.055 0.70494• 3 t8,575 15.597 38.499 
CMI1 65.3 102 368 0.277 0.802 0.70560• 18,695 15.613 38,618 
C M l l A  59.7 67 488 0,137 0.396 0.70502• 18,693 15.624 38,663 
CM12 61.6 82 413 0.199 0.576 0.70541 • 5 
CM16 65.6 106 383 0.277 0.802 0 .70556•  18.689 15.604 38.589 
CM16A 56.5 57 516 0.110 0.318 0.70520• 18.709 15.624 38.657 
CM18 66.8 109 339 0.322 0.932 0.70566+7 18,577 15,610 38.543 
CM19 60.5 82 426 0.192 0.556 0.70536• 18,524 15.588 38.431 
CM19A 55.2 61 473 0,129 0.373 0.70508• 18,511 15.578 38,401 
CM22 58.2 65 528 0,123 0.356 0.70489• 18.573 15,624 38.570 
CM27 59,6 66 481 0.137 0.396 0.70540_+4 

Palomo 
VP1 56.2 37 614 0.060 0.174 0.70423 •  18.660 15,632 38.634 
VP2 60.0 68 575 0.118 0.341 0.70424• 5 18.663 15,635 38.621 
VP4 66.1 71 484 0.147 0.425 0.70426• 
VP5 66.2 70 491 0.143 0.414 0.70430• 18.663 15.630 38,619 
VP8 63.1 89 508 0,175 0.506 0.70429 • 4 

older units 
VP10 52.9 34 512 0.066 0.191 0.70514 • 5 
V P l l  75.7 122 156 0.782 2.26 0.70534• 18.697 15.613 38.594 

Tinguiririca 
VT9 59.9 127 443 0.287 0.830 0.70415 __+ 3 
VT10 60.2 132 453 0,291 0.842 0.70408 • 3 
VTI1 56.5 87 553 0.157 0.454 0.70414• 18,649 15.641 38,631 
VTI2  68.1 161 343 0,469 1.36 0.70404• 3 
VT13 60.8 122 452 0,270 0.781 0.70406• 18,627 15.617 38.552 
VT15 57.8 99 505 0,196 0.567 0.70397• 6 
VT20 62.5 168 385 0,436 1.26 0.70410• 18.643 15.644 38,622 



Table 2 (continued) 

Center SiOz Rb Sr Rb/Sr 87Rb/86Sr 87Sr/a6Sr 2~176 2~176 Z~176 

467 

Fray Carlos 
VT1 58.2 115 509 0.225 0.651 0.70392__+ 5 
VT2 57.5 93 487 0.191 0.553 0.70402+_4 
VT3 58.2 100 474 0.211 0.610 0.70418 • 5 
VT6 59.5 I 11 459 0.242 0.700 0.70406 +- 5 
VT7 60.8 125 451 0,277 0,801 0.70407___4 18,641 15.636 38.549 

Sordo Lucas 

AP3 60.2 61 429 0,142 0.411 0.70419 + 5 
AP4 62.6 98 313 0,313 0.906 0.704354-5 18,619 15.640 38,561 
AP5 59.3 57 429 0,133 0.385 0.70417+_4 18.575 15.629 38,468 

Planehon-Peteroa 

PP1 51.6 17 556 0.031 0.090 0.70400_+4 18,594 15.622 38.532 
PP2 52.6 26 545 0.048 0.139 0,70407 + 3 
PP6 57.3 67 456 0.147 0.425 0.70411 +_4 
PP7 59.7 85 402 0.211 0.610 0,70416_+4 18.603 15.594 38.485 
PP8 69.2 167 202 0,827 2.39 0.70424___4 18.626 15.603 38.538 
PP10 52.3 19 500 0,038 0.110 0.70399+_4 
PP13 52.1 22 478 0,046 0,113 0.70399+_4 18,616 15.607 38.609 

Descabezado Grande 

D2-1-24F 56.1 34 811 0.042 0.122 0.70380+_5 
D2-1-25A 71.1 138 103 1.34 3.88 0.70393+_6 18,580 15.598 38.475 
Q60 55.4 33 525 0.063 0,182 0.70403+_4 18,590 15.611 38.505 
Q62 57.9 49 474 0.103 0.298 0.70396+_4 
Q63 64.8 81 320 0,253 0.732 0.70399+_4 
Q64 61.9 61 383 0,159 0.460 0.70393+__4 18,588 15.608 38.481 

Cerro Azul 

main cone 

Q45 53.5 27 602 0.045 0.130 0.70401+_3 18.604 15.604 38.494 
Q47 64.2 87 326 0.267 0.773 0.70396+4 18.598 15.623 38.541 
Q47A 52.6 28 673 0.042 0.122 0.70393 __ 4 
Q53 61.5 70 377 0.186 0.538 0.70396_+5 
Q55 69.2 115 155 0.742 2.15 0.70393+-5 18.587 15,603 38,482 
Q58 57.0 38 513 0.074 0.214 0.70393+__5 18,586 15.607 38.491 
Q66 61.1 45 457 0.098 0.284 0.70394_+4 18,593 15,609 38,492 

old shield 

Q32 51.1 15 622 0,024 0.069 0.70388+-4 18.626 15.613 38.532 
Q42 52.2 21 642 0.033 0.095 0.70408 +_ 7 18.601 15.606 38.493 
Q44 53.4 23 766 0.030 0.087 0.70367___4 18.567 15.606 38.466 
C85-2 53.2 28 849 0,033 0.095 0.70357 +4  18.604 15.615 38.497 

peripheral cones 

Q27 53.5 26 653 0.040 0.166 0.70385_+4 
Q28 54.1 33 680 0,049 0.142 0.70368 -+ 5 
Q29 54.1 24 639 0.038 0.110 0.70372+3 18.596 15.595 38.430 
Q29A* 70.5 135 261 0.517 1.50 0.70394+_4 18.569 15.595 38,462 
Q30 53.8 31 683 0,045 0,130 0.70382_+7 18.589 15.590 38.493 

Quizapu vent 

Q2 69.8 128 190 0.674 1.95 0.70389_+4 18.568 15,584 38,431 
Q5 67.9 108 262 0.412 1.19 0.70387+-4 
Q9 59.7 62 434 0,143 0.414 0.70398+-3 18.579 15,593 38,458 
Q17 52.6 24 599 0.040 0,116 0.70404 +_ 5 
Q19" 75,5 221 85 2.60 7.52 0.70460-+ 4 
Q22 68,0 103 285 0.361 1.04 0.70393+4 18.580 15.597 38.461 
Q36 69,0 116 165 0.703 2.03 0.70399 + 4 

Nevado de Longavi 

MG9 56,9 28 584 0.048 0.139 0.70391 + 4  18,590 15.617 38.516 
MG181 57.1 28 565 0,050 0.145 0.70396_+3 18.584 15.619 38.512 

* Asterisks identify partially melted granitoid xenoliths included in juvenile ejecta of Tupungatito and Cerro Azul. Rb and Sr values 
are given in ppm; SiO2 in wt%, normalized H20-free. Marmolejo suite includes San Jos6 and Espiritu Santo cones of  a compound 
edifice. Undated older units 8 10 km NE of Palomo are apparently unrelated, Fray Carlos is a discrete cone directly adjacent to 
Tinguiririca. First 5 samples from Quizapu were all erupted in 1932; Q-22 in 1846; Q-36 is prehistoric 
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TabLe 2 (continued) 

Rb Sr Rb/Sr 87Rb/86Sr 87Sr/86Sr 2~176 2~176 2~176 

Paleozoic-Triassic basement 

AB-1 greywacke, Villavicenzio 59 65 0.908 2.64 0.73746 _+ 7 
AB-2 phyllitic shale, Villavicenzio t 55 65 2.38 6.93 0.76647_+ 6 
AB-4 granite, Polvaredas 174 38 4.58 13.34 ~0.7695 18.978 15.628 39.063 
AB-5 rhyolite ignimbrite, Polvaredas 190 47 4.04 11.76 ~0.7617 
AB-6 rhyolite lava, Polvaredas 211 44 4.80 13.97 ~ 0.7608 
AB-7 greywacke, Rio Mendoza 96 61 1.57 4.56 0.73609 _+ 6 
AB-8 phyllitic shale, Rio Mendoza 68 96 0.708 2.05 0.72747_+ 7 

Mesozoic basement rocks 

MB-1 J black shale 70 203 0.345 0.999 0.70860_+ 5 
MB-2 K limestone 40 328 0.122 0.353 0.70766-+6 
MB-3 J gypsum 13 1342 0.010 0.029 0.70686-+ 5 
MB-4 J andesite 11 515 0 .021  0 . 0 6 1  0.70453-+4 
MB-5 K volcanic sandstone 43 445 0.097 0 . 2 8 1  0.70452+6 
MB-6 K red shale 59 343 0.172 0.498 0.70644• 

River-mouth sediments 

SED-1 Rio Aconcagua 57 396 0.144 0.417 0.70410-+5 18.535 15.594 38.404 
SED-3 Rio Maipo 54 432 0.125 0.362 0.70494-+5 18.587 15.609 38.478 
SED-5 Rio Rapel 59 432 0.137 0.396 0.70436• 18.567 15s 38.421 
SED-7 Rio Mataquito 61 390 0.156 0.451 0.70433-t-7 18.564 15.599 38.459 
SED-9 Rio Huenchullami 78 127 0.614 1 . 7 8  0.71128_+4 18.678 15.620 38.588 
SED-10 Rio Maule 46 363 0.127 0.367 0.70430-+5 18.561 15.606 38.462 

Paleozoic-Triassic terrane strikes from Rio Mendoza area southward under Tupungato and other northerly volcanoes. Jurassic and 
Cretaceous rocks were collected from deformed belt under and adjacent to Marmolejo in Estero del Plomo and Rio Yeso. For locations 
of river mouths, see Fig. 1. 

See Appendix for analytical methods 

Table 3. Nd isotope data 

Center # Si02 143Nd/l*4Nd eNd 

Tupungatito T48 64.7 0.512589_+20 -0.96+0.39 
Cerro Alto Tl l0  62.8 0.512587_+27 -0.99+0.52 
Marmolejo CM1 60.2 0.512622-+20 -0.31-+0.39 

CM3 58.4 0.512591 • --0.92-t-0.37 
CM7 64.7 0.512552+__25 -1.68-+0.50 
CM16 65.6 0.512534-+18 -2.03• 
CM19 60 .5  0.512553_+20 -1.66-+0.39 
CM18 66.8 0.512510• -2.50• 

Palomo VP4 66.1 0.512691 • +1.03-+0.50 
Tinguiririca VT1 58.2 0.512735-+28 +1.89• 
Planch6n PP1 51.6 0.512787-+20 +2.91-+0.39 

PP8 69.2 0.512733-+25 +1.85-+0.48 
Cerro Azul Q44 53.4 0.512816• +3.47-+0.39 
Nevado de Longavl MG~81 57.1 0.512789+_23 +2.95_+0.43 

See Appendix for analytical methods 

ently known range of  Pb-isotope values along the segment. 
Values for Tertiary quartz diorite and ore Pb from a mine 
northwest of  Tupungato  (Tilton 1979) would plot right in 
the middle o f  the main data clusters in Figures 7 and 8. 
A partially melted xenolith o f  Tertiary granodiorite ejected 
by a Holocene scoria cone adjacent to Cerro Azul is isotopi- 
cally similar in both Pb and Sr to the Azul suite itself (Ta- 
ble 2; Fig. 7), illustrating the low level of  isotopic contrast 
where the basement is younger than Paleozoic. All available 
Pb-isotope data for rhyolites in this part  of  Chile (Table 2; 
Barreiro et al. 1982; Frey et al. 1984; authors '  unpubl, data) 

also fall within the range defined by the less silicic volcanic 
rocks (Fig. 7), in spite o f  the general tendency for many 
rhyolites to exhibit more "crus ta l"  Nd-  and Sr-isotope ra- 
tios (Fig. 5). Hence, the lack of  a latitudinally systematic 
pattern in 2~176 comparable to those o f  Nd-  and 
Sr-isotope ratios (Fig. 5) probably reflects in general the 
limited Pb-isotopic variability o f  crustal rocks in this prov- 
ince and in detail the dependence o f  crustal Pb contamina- 
tion on a magma 's  ascent path. The contrasting Pb-isotope 
ranges of  the adjacent arc segments, much more restricted 
at 37~176 than at 33~176 may reflect the dominance 
of  Mesozoic and Cenozoic crust south of  the 35th parallel 
and of  slightly more evolved, isotopically more heteroge- 
neous, Paleozoic crust north of  there. 
(6) The 2~176 vs 2~176 relationships plotted 
in Figure 8 illustrate the characteristic deviation of  arc 
suites from the fields of  M O R B  and OIB toward Pb- 
isotopic values typical o f  upper continental crust. In this 
instance, the diagram illustrates further that Pb-isotope 
compositions of  the Chilean arc suites are not  dominated 
by contributions from MORB-  or OIB-type sources. Com- 
pared to the restricted field for centers at 37~176 data 
for the centers under study extend to considerably more 
radiogenic values, apparently along a variety of  trends. As 
emphasized by Hickey et al. (1986), the divergence o f  many 
(but not all) arc suites from the oceanic Pb fields on such 
a diagram requires a continentally derived component.  
Since the relationship shown in the previous diagram 
(Fig. 7) and our Pb-isotopic data for river-mouth sediments 
(Table 2) both suggest that  Nazca plate sedimentary Pb 
fails to provide adequate isotopic leverage, and because sub- 
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and Osorno, volcanic-front centers in the next segment south (Hickey et al. 1986). Also shown are data for a Permian granite (Pro 
Gr) north of Tupungato, for Paleozoic (Pz) granitoid xenoliths in Tupungatito ejecta, and for a Tertiary granitoid xenolith in Azul 
(Az) ejecta. Field for Rhyolites 35.5~176 encloses 8 data for Laguna del Maule, Rio Puelche, and Loma Seca Tuff rhyolites, all 
behind the front (authors' unpubl, data; Barreiro et al. 1982). For comparison, oceanic regression line (ORL) is that of Tilton (1983); 
northern hemisphere Pb reference line (NHRL) is that of Hart (1984); S - K  is the average crustal Pb-evolution curve of Stacey and 
Kramers (1975); field of Nazca plate basalts is from Unruh and Tatsumoto (1976); and field of Nazca plate sediments is constructed 
from Unruh and Tatsumoto (1976), Dasch (1981), and Tilton (1983) 
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duct ion of  neither terrigenous nor  pelagic sedimentary Pb 
explains the differences between the adjacent  arc segments, 
der ivat ion of  the cont inental  component  must  be predomi-  
nant ly  intracrustal .  

The restricted Pb- isotope variabi l i ty  of  volcanic rocks 
within the thin-crust  segment at 37~176 S (Figs. 7 and 8) 
is thought  by some investigators to reflect the subcrustal  
mixture of  slab- and mant le-der ived Pb brought  up by pr im- 
itive basal ts ;  more  likely it reflects an overprint  by Pb as- 
similated from the Mesozoic and Cenozoic crust of  that  
segment. The late Paleozoic crustal rocks beneath the 
33~176 S volcanoes,  on the other  hand,  are both  old en- 
ough and l i thologically variable enough (including a major  
upper-crustal  fraction of  granite and rhyolite) to provide 
a range of  potent ia l  assimilants having isotopic leverage 
sufficient to p romote  modes t  elevation of  2~176 and 
2~176 and either increases or decreases (both modest)  
in 2~176 relative to baseline values of  subcrustal  ba-  
salt. The granite and xenoliths effectively bracket ing most  
of  the da ta  of  Figs. 7 and 8 provide convenient  and appro-  
priate  i l lustrations o f  these possibilities. The tendency ap- 
parent  in Fig. 8 toward  2~176 values a bit  higher 
than those of  the granite and upper-crustal  average suggests 
Pb contr ibut ions from Pre-Mesozoic  deep-crustal  rocks 
having slightly lower Th/Pb ratios.  
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These interpretations should not be construed as a rejec- 53~ 
tion of the hypothesis that subducted Pb can find its way [ 
into arc magmas. For some arcs on immature crust, a small 
sedimentary contribution may well dominate the arc Pb 
budget (Meijer 1976; Kay et al. 1978; Barreiro 1983; White 
and Dupr6 1986); but the along-arc geologic and geochemi- 
cal context in Chile indicates a predominantly upper-plate 50] 
control. 40 

Similarly, we do not wish to dismiss entirely a potential 3o[ 
Pb contribution from the subcrustal lithosphere, however I 
elusive a concept such lithosphere may be for a dynamic 
sub-arc mantle that has experienced magmatism quasi-con- I 
tinuously since Permian time. Pb-poor basalt that rises from 
asthenospheric depths is less likely, however, to undergo 
recognizable Pb contamination in the mantle lithosphere 
than within the continental crust which is far richer in both 
Pb and fluids and includes feldspar-rich rocks having gener- 
ally lower solidi. In parallel with the Nd-isotopic variability 
discussed earlier, the Pb-isotopic leverage of potential as- 
similants is likely to be much greater in Paleozoic crust, 
on grounds of both Pb concentration and a wider probable 
range of U/Pb values, than in lithospheric mantle of pre- 
sumably equivalent (or, owing to secular additions, 
younger) average age. Moreover, as the top of the Benioff 
zone is only 90-100 km deep here, mantle lithosphere (if 

2O 
it exists at all) must be much thinner than the 60-km-thick 
Paleozoic crust beneath the northerly volcanoes. We con- 

IO 
clude that the arc Pb is largely controlled by intracrustal 
contributions. 

Ba enrichment 

The characteristically great enrichments of arc basalts (rela- 
tive to MORB) in Ba, St, Pb, and alkalies have been widely 
attributed, following Kay (1977, 1980), to an easily mobi- 
lized, subducted sedimentary component. A dominantly 
lower-plate source of these enrichments is unlikely, how- 
ever, for the continental-arc suites under consideration here 
for several reasons. We have already discussed the along-arc 
Sr- and Pb-isotopic variations and will turn to Rb/Cs rela- 
tions below; here we emphasize the regional variations in 
Ba contents, which are much less subject than Sr contents 
to the vagaries of plagioclase fractionation. Like K 2 0  , Ba 
rises markedly along the volcanic front, from characteristic 
values at 57.5% SiO2 of about 300 ppm at Antuco to 
500-600 ppm at the northernmost centers (Fig. 9). 

The ratio Ba/La is commonly taken as a measure of  
the excess of  LIL to LRE elements in arc rocks, relative 
to MORB or chondritic values (Fig. 10). Ba/La ranges 
greatly among arc suites, tending to be greatest in LREE- 
poor low-K island-arc tholeiites and highly variable in me- 
dium- and high-K arc suites like those in Chile (Gill 1981 ; 
Arculus and Johnson 1981). At the centers studied here, 
there is little intra-suite change in Ba/La with progressive 
fractionation, as both elements are strongly excluded from 
the fractionating phenocryst phases. Excluding the high Ba/ 
La values of  Tupungato and Cerro Alto, there is a fairly 
consistent, modest decline in (Ba/La)57.s northward along 
the arc (Fig. 9), a trend that would conventionally be inter- 
preted to signify a relatively smaller contribution from the 
subducted plate toward the north end of the segment. This 
interpretation, however, would conflict with the northward 
alkali enrichment (Figs. 2, 9) and with the regional Sr- 
isotopic gradient (Fig. 5), all of which would conventionally 
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Fig. 9. Latitudinal variations of selected concentrations and ratios 
of elements taken at 57.5% SiO2 in volcanic-front suites. Vertical 
bars represent approximations or extrapolations of sparse data or 
ranges of data not coherent enough to fix a 57.5 value. Rb/Cs 
does not change systematically with SIO2; bars show complete 
ranges of ratios, for glassy samples only. Shaded boxes at right 
indicate ranges of available values for basalts and andesites of 
volcanic-front centers at 38~176 Sources of data other than our 
own: Lopez-Escobar et al. (1981), Charrier (1981), Harmon et al. 
(1984), D6ruelle (1979, 1982), Stern et al. (1984), Hickey et al. 
(1986) 

suggest a greater lower-plate contribution to the northerly 
centers were subducted components indeed dominant. Fig- 
ures 9 and 10 indicate that they are not. 

Figure 9 shows that, at equivalent SiO2 contents, both 
Ba and LREE concentrations increase strongly from south 
to north along the front, the LREE at a slightly greater 
rate than Ba. The general northward decline in Ba/La there- 
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fore principally reflects greater northerly LREE enrich- 
ment, relative contributions that few would attribute to the 
subducted plate. 

Figure 10 further illustrates that the marked enrichment 
of Ba (and by implication Sr and Pb) compared to oceanic 
basalts is not caused by subduction alone but is in large 
part a result of upper-plate processes. Of the four northern- 
most suites, all of which are relatively (and similarly) en- 
riched in LREE (La/Sm), two have high ratios of Ba/La and 
two have low ratios. Because phenocryst assemblages of 
the two pairs are equivalent (plag + oxides +_ hb_+ px +_ bi), 
this strong divergence is unlikely to reflect high-level crystal 
fractionation; in any event, although La/Sm increases with 
progressive fractionation within the suites, Ba/La scatters. 
The Ba contents and Ba/La ratios of the four suites thus 
exhibit rather unexpected contrasts for centers so closely 
and similarly situated. The four centers are equidistant from 
the trench and the Benioff zone, and taken together they 
span less than 50 km of arc length; accordingly, they are 
hardly likely to have received drastically different slab-de- 
rived contributions. Moreover, the apparent along-trench 
uniformity of the downgoing sediments gives no indication 
that variability in such a contribution should exist, let alone 
be capable of controlling the large along-arc differences 
displayed in Figs. 5, 9, and 10. 

Figure 10 additionally shows that the south-to-north di- 
vergence in Ba/La values persists when plotted against s 7 Sr/ 
86Sr ratios. This signifies that no correlation exists between 
enrichment in radiogenic Sr and the magnitude of the excess 
relative enrichment of  alkaline-earth elements over LREE; 
if the slab-derived contribution were dominant, there 
should be such a correlation (Arculus and Johnson 1981). 

The south-to-north compositional variation patterns 
summarized in Figs. 5, 9, and 10 are more readily explained 
by upper-plate, largely intracrustal, processes. The diver- 

gence of Ba/La ratios toward both higher and lower values 
(Fig. 10) involves only those centers north of 35.5~ where 
the crust starts to thicken appreciably (Fig. 2), and it devel- 
ops just where these continental-arc data start to trend out 
of the island-arc field (Fig. 10); the greatest spread is among 
the four neighboring centers where the crust is thickest and 
the mantle wedge thinnest. The variable Ba/La patterns 
probably result from contrasting interactions with the thick 
heterogeneous crust beneath the different centers. Available 
data for various high-silica rhyolites and partially melted 
granitic xenoliths from this part of the Andes, plotted in 
Fig. 10, attest that different assimilants, depths, and styles 
of crustal contamination could result in drastically different 
degrees of enrichment or depletion in Ba and LREE in 
arc magmas. Just as crustal assimilation can shift the 2~ 
2~ ratios of arc magmas to values either higher or lower 
than those of their mantle-derived parents, so can Ba and 
Sr concentrations be levered in either direction - owing 
to the extremely wide compositional ranges (10-1000 ppm) 
of the potential crustal assimilants. 

In summary, scavenging by arc basalts of melts and 
fluids relatively rich in Ba, Sr, Pb, alkalies, and LREE from 
various rocks at various depths along a 60-kin crustal col- 
umn is a much more likely cause of the local variability 
of these elements and their isotopic ratios than is hetero- 
geneity of mantle or slab contributions on so local a scale. 
The southward decrease in variability within and among 
volcanic-front centers implies either less effective or less 
recognizable crustal assimilation where the crust is thinner. 
This along-arc difference in variability could simply reflect 
less crustal assimilation in the south, where crustal ascent 
paths and average residence times would be shorter, or it 
may largely reflect the smaller compositional contrast of 
younger, less differentiated, more mafic crust assimilated 
in the south. We will return below to discussion of antici- 
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pated differences between deep- and upper-crustal assimila- 
tion. 

Alkali  enrichment 

Rb variation parallels that of K rather closely, both ele- 
ments being much more enriched in suites north of  36~ 
than farther south - though in detail the along-arc trend 
is not very systematic (Figs. 2, 9, 11, 13). Cs concentrations 
increase northward to a smaller extent and more erratically 
than those of Rb. No regional trend in Na has been dis- 
cerned. K, Rb, and Cs are most abundant at Tupungatito, 
Planchon, and especially at Tinguiririca. Across the crustal 
transition zone near 36~ SiO/-normalized concentrations 
of K, Rb, and Cs double or triple relative to volcanic-front 
centers at 37~176 Moreover, alkali concentrations are 
not simply greater but are much more variable at volcanoes 
built on the thicker crust north of 36 ~ S - both within centers 
and in comparing neighboring ones (Figs. 2, 9, 11). 

The alkali ratios K/Rb and Rb/Cs also exhibit consider- 
ably wider ranges in northerly centers than farther south 
(Figs. 9, 11). Although K/Rb values decline with progres- 
sive Rb enrichment in all suites, the northern suites at Tu- 
pungato, Alto, and Marmolejo show very extensive K/Rb 
variations over rather limited ranges of fractionation 
(Fig. 11): 345-295, 395-305, and 310-250, respectively, 
over Rb ranges of < 10 ppm. Suites tend to have steeply 
coherent K/Rb trajectories up to about 20 ppm Rb 
(Fig. 11), but these broaden into wide fields in crossing 
the intermediate part  of the compositional spectrum (20-80 
ppm Rb, 55-63% SiO2); the fractionation trajectories then 
narrow again in the dacite-rhyolite part of the range. Both 
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Fig. 11. Variation of K/Rb vs Rb for 
volcanic-front centers 33~176 
Abbreviations of volcano names as in 
Figs. 2 and 4. Line marked 37~176 
indicates trend of data for basalts and 
andesites of Antuco, Llaima and 
Villarrica volcanoes (Hickey et al. 1986); 
Puyehue (PUY; 40.5~ field is from 
Gerlach et al. (1987). Fields for Puyehue 
and Descabezado Grande + Cerro Azul 
DG + AZ) represent data extending to 
71% SiOz, Planchon (PPA) to 69% 
SiO2, but no others to > 68% SiO2. 
Relative to southerly suites, more 
northerly suites exhibit much wider 
ranges of K/Rb at intermediate 
compositions and/or extend to much 
lower K/Rb at silicic ends of spectra 

the early steep drops and the broad intermediate patterns 
are likely to reflect the wide variety of crustal interactions 
(addition of various crustal partial melts, contrasting AFC 
paths, blending of variably evolved batches) that affect 
mafic magmas stalled in the lower crust or percolating up- 
ward through heterogeneous crust prior to aggregation in 
magma chambers. The more coherent dacite-rhyolite trends 
probably result from subsequent fractionation of plagio- 
clase and hornblende within such chambers. 

In accord with such a model, the northerly suites extend 
to much lower K/Rb values than do suites farther south 
(Fig. 11). For example, K/Rb values at Volcan Puyehue 
(Gerlach et al. 1987) in the thinner-crust segment to the 
south descend only to ~ 320 at 71% SiO2 whereas (at iden- 
tical maximum SiO/ content) K/Rb at Descabezado 
Grande and Cerro Azul (35.5~ drops to 250. Still farther 
north, K/Rb reaches 215 at 69% SiO2 at Peteroa (35.2~ 
180 at 68% SiO2 at Tinguiririca (34.8~ and 175 at 66% 
SiO2 at Marmolejo (33.7~ In view of the apparent con- 
stancy of the subduction regime along the arc, the gradient 
in crustal thickness, and the northward trends in Nd and 
Sr isotopic signatures (Fig. 5), it is hard to escape the con- 
clusion that the regional K/Rb pattern results from intra- 
crustal additions to subcrustally derived magmas. 

The along-arc change in average Rb/Cs ratios (Fig. 9) 
further supports the view that the northward alkali enrich- 
ment is controlled by intracrustal rather than slab-derived 
contributions. Overabundance of Cs relative to K and Rb 
in island-arc suites (compared to MORB and OIB suites) 
is a widespread attribute, commonly credited to involve- 
ment of  Cs-enriched pelagic sediments in arc-magma gene- 
sis (Morris and Hart  1983; White and Patchett 1984). White 
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and Dupr~ (1986) give a Rb/Cs range of 11-20 for marine 
sediments, compared to a main range of 20-33 for island-arc 
volcanic rocks and a main range of 50-100 for MORB 
and OIB. As both elements are highly incompatible in rea- 
sonable phenocryst assemblages, Rb/Cs should not be sig- 
nificantly modified by crystal fractionation across the ba- 
salt-andesite spectrum of arc suites. Biotite fractionation 
might provide exceptions, but here biotite occurs at only 
two centers, only in rocks having >60% SiO2, and does 
not bear upon the Rb/Cs relationships shown in Figure 9. 
Because Cs is readily lost during post-eruptive devitrifica- 
tion, only fresh glassy samples have been considered. 

Figure 9 shows that Rb/Cs effectively doubles along the 
segment from south to north, opposite what would be pre- 
dicted were a Cs-enriched sedimentary component responsi- 
ble for the general northward alkali enrichment. It is actual- 
ly several of the tholeiitic suites, having lower alkali con- 
tents, at several centers south of 37~ that have the low 
ranges of Rb/Cs similar to those of marine sediments 
(Hickey et al. 1986). 

The higher and more variable abundances and ratios 
of K, Rb, and Cs at northerly centers (Figs. 2, 9, 11, 13) 
are thus much more likely to result from deep-crustal melt- 
ing and from subsequent scavenging of crustal melts and 
fluids along the percolation columns beneath long-lived 
centers (Hildreth 1981) than to reflect the slab-derived com- 
ponent. Indeed, the experimental data of Watson (1982) 
lead one to expect selective contamination in K (and pre- 
sumably Rb and Cs) of  virtually any mafic magmas that 
penetrate silicic-alkalic crustal rocks. Crustal scavenging 
should, in principle, be more important in the thicker, older, 
more differentiated crust north of 36 ~ S. In addition to lon- 
ger transit paths and interaction times in thicker crust, the 
northerly increase in alkali contents of  Quaternary magmas 
may reflect in part the greater fraction of true granites in 
the Paleozoic-Triassic basement as compared to the 
younger basement farther south, where diorite to granodio- 
rite dominate exposed plutonic suites. The northerly in- 
crease in Rb/Cs and K/Cs could result from the relatively 
greater mobility of Cs, its preferential extraction and up- 
ward transport in fluids and leucomelts, and a consequent 
depletion of Cs from the Paleozoic lower and middle crust 
during the repeated episodes of  post-Paleozoic Andean 
magmatism. The compilation of Taylor and McLennan 
(1985) indeed yields a lower-crustal average Rb/Cs value 
of ~ 53 and an upper-crustal average of ~ 30, demonstrat- 
ing exactly such a fractionation. The relative underabun- 
dance of Cs at northerly volcanoes, therefore, probably re- 
flects a major deep-crustal contribution from the thick, sec- 
ularly differentiated, continental basement. Where the crust 
is younger and thinner south of 36~ however, the low 
Rb/Cs and K/Cs values of Quaternary magmas may indeed 
ultimately reflect the slab-derived flux of alkali-enriched 
fluids, both the Quaternary flux itself and a remobilized 
Cs-rich component scavenged from Andean arc-plutonic 
rocks of Mesozoic and Tertiary age. 

Rare earth elements (REE) 

LREE contents and slopes of REE patterns increase with 
SiO2 in all suites studied. Farther south, however, the in- 
creases in slope with differentiation are less pronounced 
and even equivocal at some centers (Fig. 12). Within the 
segment investigated, above and beyond intrasuite REE 

fractionation, there is also a regional tendency for SiO2- 
normalized values of LREE, La/Sm, and Ce/Yb all to in- 
crease northward; taken at 57.5% SiO2, the characteristic 
value of each roughly doubles from south to north (Figs. 9, 
10). For all seven centers north of 35~ the most mafic 
rocks sampled (53-57% SiO2) have Ce abundances in the 
range 36-50 ppm, approximately 3 to 10 times the Ce con- 
tents of intraoceanic-arc lavas with equivalent SiO2 or 
MgO, suggesting a major LREE contribution from the con- 
tinental crust. 

Negative Eu anomalies are nearly ubiquitous in evolved 
rocks, but in the most mafic members of each suite they 
are either absent or too small to resolve by INAA. Positive 
Eu anomalies have not been discerned in any of the > 140 
rocks analyzed. Negative Ce anomalies, common features 
of island-arc volcanic rocks (White and Patchett 1984), have 
not been recognized here (but small ones might not be re- 
solvable by INAA). The apparent absence of Eu- and Ce- 
anomalous mafic rocks here is thus thought to limit the 
contribution of pelagic sediment to the magma source re- 
gion to no more than a few percent (McLennan and Taylor 
1981; White and Dupr6 1986), consistent with the general 
lack of evidence here for a major lower-plate contribution. 

Although SiO2-normalized LREE concentrations 
(CesT.5 in Fig. 9) double northward along the segment, Fig- 
ure 12 illustrates that the northward rise in (Ce/Yb)sT.s also 
reflects the relative constancy of HREE contents within 
and among the northerly suites. South of 36 ~ Ce/Yb ra- 
tios are 10 to 15 and change little with progressive differen- 
tiation. Suites from the crustal transition zone at 35~176 
(Cerro Azul, Descabezado Grande, and Planchon-Peteroa- 
Azufre) have Ce/Yb ratios in the range 14-23 and some- 
what greater LREE/HREE relative enrichment with differ- 
entiation. From Tinguiririca (34.8 ~ S) northward, on thicker 
older crust, all suites have restricted ranges and low con- 
tents of HREE (4-8 times chondrites), and the steeper 
slopes of their REE patterns owe as much to nonenrichment 
of HREE as to the progressive increases of LREE with 
SiO2 and latitude (Figs. 9, 12). 

Such nonenrichment of HREE (and Y) is relatively un- 
common among arc volcanoes and is largely restricted to 
calcalkaline continental-margin suites, as pointed out by 
Gill (1981). In the SVZ, however, such HREE behavior 
characterizes all the centers north of 35~ (Fig. 12) but none 
yet studied on the thinner crust extending hundreds of kilo- 
meters southward along the volcanic front (Lopez-Escobar 
1984). Because of the northward-thinning mantle wedge 
and the apparent constancy in the subduction regime, the 
north-south contrast in REE behavior must also be attrib- 
utable to intracrustal processes. 

Figure 12 shows that the most mafic members of all 
suites, north to south, have similar HREE contents (4-8 x 
chondrites). The relative constancy of HREE during LREE 
enrichment in the northerly suites can in principle be ex- 
plained by fractionation of a phenocryst assemblage in 
which garnet (or conceivably amphibole) plays an impor- 
tant role or by interaction with wall-rocks containing these 
minerals. Fractionation of the low-pressure plagioclase + 
olivine + pyroxenes • titanomagnetite assemblage dominant 
at the southerly centers clearly fails to suppress HREE en- 
richment (Fig. 12). 

As amphibole-melt partition coefficients for HREE in 
most andesites fall between 0.5 and 2 (Gill 1981), horn- 
blende fractionation is seemingly a feasible HREE suppres- 
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sant; but, were this the dominant process, the still larger 
preference of amphibole for MREE (Gd to Er) would yield 
dish-shaped REE patterns that are not observed. Moreover, 
amphibole phenocrysts are not present here in rocks having 
less than 57% SiO2, and at many centers (both north and 
south) the absence of amphibole extends to silicic andesltes 
and even some dacites (Table 1). To be an effective influ- 
ence on REE behavior, therefore, hornblende fractionanon 
would have to be a deep-crustal process for which petro- 
graphic evience is lost during magma ascent. InteracUon 
of primitive basalts with hornblende-rich lower-crustal 
rocks, either by assimilation and reaction with the enclosing 
watt rocks or by mixing with silicic partial melts thereof, 
could provide an alternative means of HREE suppresaon. 
The deep crust beneath the Andean arc is likely to be rich 
in gabbroic-to-tonalitic intrusions, their cumulates and frac- 
tionates, and their metamorphosed equivalents. Owing to 
persistent slab dehydration, mantle-generated basaltic 
magma may transfer sufficient water to the lower crust to 
offset upward losses and to stabilize plutonic and metamor- 
phic amphibole (cf. Takahashi 1986). Interaction of rising 
batches of basalt with earlier-formed hornblende-rich 
mafic-to-intermediate plutons and amphibolite could con- 
ceivably provide a HREE-poor  contribution. Because there 
is no ready basis for postulating a north-south difference 
in the effectiveness of such a process, however, amphibole 
control is not our favored hypothesis for the high-Ce/Yb 
northerly suites. 

Deep-crustal garnet is more likely to play the key 
HREE-retaining role. In fact, Ce/Yb ratios as great as 52 
(Fig. 12), HREE contents as low as 3.7 times chondritic, 
and the general absence of concave-up REE patterns in 
mafic samples are all  features more likely to reflect the 
influence of garnet than of hornblende (Nicholls and Harris 
1980). The steep REE pattern of a Tupungato silicic andes- 
ite has in fact been modeled as a product of 3 % melting 

of garnet peridotite (Lopez-Escobar et al. 1977). There is 
no apparent reason, however, that garnet peridotite (or 
eclogite), if present at all, should be a more effective HREE 
sink in the mantle wedge (or slab) beneath thick crust than 
beneath thin crust. The sink is more likely to lie within 
the thick crust itself. Lopez-Escobar (1984) attributed the 
gentler REE slopes (Ce/Yb=9-20;  Fig. 12) of  the mafic 
members of suites south of 35~ to olivine + pyroxene frac- 
tionation of parental basalts derived from garnet-free peri- 
dotite in the mantle wedge - a reasonable hypothesis for 
primitive basalts along the whole volcanic front. The HREE 
contents of  the most mafic members in each suite are every- 
where similar, but the HREE suppression in andesites and 
dacites occurs uniquely where the crust is 45-60 km thick. 

Garnet-bearing granulites, gabbros, and eclogites are 
expected to be stable in the lower crust here, and garnet 
could even be a phenocryst in basaltic and andesitic mag- 
mas (Wyllie 1977; Huang and Wyllie 1986) under the 
12-17 kb pressures of the deep crust beneath the northerly 
volcanoes. The main role of garnet may lie in the environ- 
ment of  lower-crustal mixing and homogenization, where 
LREE-rich crustal partial melts strongly depleted in HREE 
are mixed with basaltic magmas evolving toward andesite. 
The arguments of Gill (1981, p. 284) against a role for 
garnet are less compelling if the garnet occurs in tonalites, 
gabbros, and granulites (rather than in eclogite or perido- 
tite) or if it precipitates from mafic magma over a restricted 
ascent interval in the deep crust. For feldspar-rich garnet- 
bearing crustal rocks, bulk D for Y, Sc, and HREE should 
generaliy be lower than in garnet-peridotitic or ectogitic 
assemblages, mitigating Gill's prediction that melts in equi- 
librium with garnetiferous assemblages should be extremely 
depleted in all 3 elements. In particular, if garnet is viewed 
as promoting modifications of evolving magmas instead of 
being an essential phase in magma genesis, the much larger 
value of D-~b than of Dg~ and Dsgt~ would permit coevolution 
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of very low Yb contents (1-2 ppm) along with the moderate 
contents of Y (15-25 ppm) and Sc (14-29 ppm) observed 
among the basalts and mafic andesites here. 

In summary, then, partial melts of most crustal rocks 
would be rhyolitic to dacitic in composition (Wyllie et al. 
1976; Wyllie 1977) and would normally raise LREE con- 
tents and Ce/Yb ratios of basaltic magmas assimilating 
them. Other factors being equal, thicker crust (presumably 
hotter at its base) should promote greater LREE enrich- 
ment of fractionating magmas, by means of diverse interac- 
tions with heterogeneous crustal rocks. On the other hand, 
the twofold northward enrichment in LREE (CesT.5 in 
Fig. 9) hardly seems likely to reflect a systematically chang- 
ing contribution from the peridotitic mantle wedge, which 
itself thins northward. The extent to which high-pressure 
fractionation of hornblende or garnet phenocrysts might 
influence the low HREE contents of the northerly suites 
is uncertain, but low-pressure hornblende phenocrysts are 
present in silicic andesites at only a few centers (Table 1) 
and in mafic andesites at none; phenocrystic garnet is every- 
where absent. If  either is a fractionating phase in the deep 
crust, petrographic evidence is always lost by resorption, 
reaction, or physical separation prior to eruption; such loss 
is not unexpected if the 50-kin crustal ascent is fitful, takes 
place by means of fracture propagation (Shaw 1980; Hil- 
dreth 1981), and in some cases involves mid-to-upper-crus- 
tal magma reservoirs (where additional crustal assimilation 
can also occur). Our favored interpretation is that the low 
HREE contents are attributable to lower-crustal contribu- 
tions extracted from garnet-bearing residues. The regional 
contrast in REE patterns is consistent with large-scale mix- 
ing and homogenization of subcrustal and crustal contribu- 
tions, and the trace-element and isotopic data suggest that 
this largely takes place within the lower crust, which extends 
beneath northern centers to depths where crustal garnet 
is stable. Near the base of a 60-kin-thick crust, Andean 
basaltic-to-intermediate intrusions might crystallize garnet 
and during later episodes of partial re-melting yield HREE- 
poor melt contributions. It is also likely that the Permo- 
Triassic silicic magmatic belt beneath the northerly centers 
grades downward into a pre-Andean granulitic lower crust 
that has been partially rehydrated by intrusion of H20- 
bearing gabbros during 200 m.y. of Andean arc magmat- 
ism, producing a complex mixture of hornblende- and gar- 
net-bearing lithologies, the spatial variations in which might 
account for some of the compositional heterogeneity among 
the northerly volcanoes today. 

High-field-strength elements ( HFSE) 

As in most convergent-margin suites, TiO2 concentrations 
are low throughout the segment. Values decline slightly but 
steadily in all suites, starting from maximum observed 
values of 0.9-1.2 wt% in the most mafic members (basalts 
or basaltic andesites). In contrast, many of the tholeiitic 
centers in the thin-crust segment south of 37 ~ S have suites 
that fractionate to peak TiO2 values of 1.3-1.6 wt% at 
55-57% SiOz before assuming a negative trend with further 
S i O  2 enrichment (e.g., Lopez-Escobar et al. 1981 ; D6ruelle 
1979, 1982; Gerlach et al. 1987). Because ilmenite does not 
crystallize until 58-60% SiO2, nor amphibole until 57-60% 
SiOz, the progressive TiO2 decline at northerly centers is 
probably caused by greater assimilation of Ti-poor crustal 
melts and/or earlier onset of titanomagnetite fractionation. 

The low TiO2 (and Nb and Ta) contents of arc basalts, 
relative to alkalic basalts and most intraplate tholeiitic ba- 
salts, have been widely attributed to buffering by a hypo- 
thetical Ti-rich residual phase uniquely stabilized in the hy- 
drous environment of the slab or mantle wedge (Saunders 
et al. 1980). However, Arculus and Powell (1986) pointed 
out several chemical and petrologic problems with such a 
model, and Green and Pearson (1986) have demonstrated 
experimentally that the high solubility of Ti in basaltic 
magma essentially precludes saturation in a Ti-rich phase 
or survival of such a phase in its mantle residuum. Accord- 
ing to their data, at P and T values characteristic of the 
mantle wedge, arc-basaltic liquids, hydrous or not, would 
require more than 5 times the observed TiO2 contents in 
order to attain saturation with a Ti-rich phase; and basaltic 
andesite having 1.0-1.3% TiOz would not saturate until 
it had cooled to 900~176 an unreasonably low tempera- 
ture for such magma in the mantle. Green and Pearson 
(1986) therefore ruled out models that postulate a Ti-rich 
mantle phase residual to generation of arc basalts and called 
instead upon prior Ti-depletion of (unspecified) source re- 
gions to account for the characteristically low TiO2 contents 
of arc suites. 

A refractory Ti-rich accessory phase has also been wide- 
ly postulated as a sink for Nb and Ta, and even for Zr 
and Hf  by some investigators, as each of these HFS ele- 
ments is depleted in arc basalts relative to most ocean-island 
and intracontinental basalts. If a residual Ti-rich phase can 
survive generation of basaltic magma in neither slab nor 
mantle wedge, however, then either (1) the HFSE are re- 
tained in arc-magma sources by phases not particularly rich 
in TiO2; or (2) the slab contribution is large, HFSE-poor, 
and nonbasaltic; or (3) the mantle-wedge source is intrinsi- 
cally HFSE-depleted; and/or (4) the HFSE-poor compo- 
nent is in part crustal. 
(1) In the first case, titaniferous amphibole, phlogopite, or 
garnet might retain HFSE in wedge peridotite that need 
not actually be deficient in these elements relative to other 
mantle reservoirs. Several authors, following Morris and 
Hart (1983), have proposed a major role in arc-magma gen- 
esis for mantle sources similar to those of ocean-island ba- 
salt (OIB) - although the proposition has hardly gone un- 
challenged (Perfit and Kay 1986). OIB-like volcanic rocks 
are fairly scarce in unrifted arcs, however, especially so on 
volcanic fronts. Where xenolithic mantle fragments contain- 
ing titaniferous amphibole, mica, and/or garnet are brought 
to the surface in near-arc rifts or in other tectonic settings 
(e.g., Stern et al. 1986; Menzies and Hawkesworth 1987), 
the host magmas are generally far richer in HFSE than 
are those characteristic of convergent margins; i.e., such 
minerals are not so much associated with T i - N b - T a  de- 
pletion as with their enrichment. Indeed, if Ti-rich accessory 
phases (ilmenite, futile, crichtonite, sphene) cannot survive 
basaltic magma generation in the sub-arc mantle, then the 
low HFSE content of most arc basalt is itself an important 
piece of evidence against major contributions from OIB- 
source peridotite during the main episodes of magma gener- 
ation beneath volcanic fronts. 
(2) Gill (1981) summarized compelling evidence against di- 
rect derivation of arc magmas by slab melting, but slab 
derived HFSE-poor fluids or silicic-alkalic melts could 
nonetheless contribute significantly toward depletion of 
wedge-derived magmas in HFSE, either indirectly by wedge 
metasomatism (Wyllie 1982) oi" directly by fluid-melt mix- 
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ing in the wedge. Basaltic melts arc not expected to leave 
behind a HFSE-rich residual phase, but rhyodacitic melts 
or solute-rich fluids derived from the slab probably would. 
Even though such source mixing may contribute to HFSE 
underabundance in arcs, the mass requirements of whole- 
sale dilution of OIB-like wedge melts by HFSE-poor slab 
contributions seem too great for such mixing to be the main 
HFSE-depleting process. If  a large mass proportion (tens 
of percent) were truly derived from subducted sources 
(which are expected to be rich in sediments, seawater Sr, 
and quartz eclogite), control of REE patterns and Sr-, Pb-, 
and O-isotopic signatures of arc magmas by such sources 
should be unequivocal. It certainly isn't. 

If, on the other hand, wedge peridotite were intrinsically 
depleted (MORB-source or MORB-residue), this could ac- 
count for much of the apparent HFSE-underabundance of 
arc basalts, both oceanic and continental. Although arc 
basalts are clearly impoverished in HFSE relative to intra- 
plate basalts, it is a commonly repeated misconception that 
they are also generally HFSE-deficient relative to MORB. 
Abundant published data actually indicate extensive over- 
lap of Ti, Zr, Hf, Nb, and Ta concentrations for N-MORB 
and arc basalts worldwide; it is the superimposed enrich- 
ment of the arc basalts in LILE and LREE from slab and 
crustal sources that creates the strikingly negative HFSE 
anomalies on normalized abundance diagrams. Low-K in- 
traoceanic-arc basalts, however, characteristically overlap 
only the more depleted halves of the HFSE arrays exhibited 
by N-MORB data. This relationship can be accounted for 
by (a) the slight dilution caused by persistent flux of low- 
HFSE slab-derived contributions; (b) extensive wedge melt- 
ing sustained by this flux; (c) smaller intracrustal HFSE 
contributions compared to crustally more mature arcs (as 
is Chile where the HFSE overlap between arc basalts and 
N-MORB is complete); and (d) in special cases, by extreme 
wedge depletion resulting from recent prior magma extrac- 
tion - as in northern Tonga (Ewart and Hawkesworth 
1987). 

The observation that HFSE-richer OIB-type basalts 
sometimes do erupt in extensional zones within or behind 
active arcs, or along segment boundaries, or soon after ces- 
sation of subduction (Gill 1981, 1984; Luhr and Carmichael 
1981) signifies that OIB-source peridotite can be locally 
available beneath arcs, whether as asthenospheric streaks 
and blobs or as veins and pods in subcrustal lithosphere. 
Because such material seldom contributes recognizable 
HFSE enhancement of volcanic-front magmas but may do 
so for certain arc magmas that erupt behind the front 
(Hickey et al. 1986; Kay and Rapela 1986), the causes of 
HFSE suppression are evidently most effective beneath the 
front itself. This spatial and tectonic restriction points not 
to wedge-wide HFSE depletion but to more localized phe- 
nomena involving the fluid flux from the slab, the higher 
degree of wedge melting locally induced thereby, and/or 
the concentrated basaltic flux focussed upon a narrow strip 
of the lower crust. 
(4) The deep arc crust is another potential source reservoir 
capable of yielding T i - N b - T a - d e p l e t e d  partial-melt con- 
tributions. Indeed, the results of Green and Pearson (1986) 
confirm the expectation that most crustal melting would 
be buffered at low TiO2 contents by refractory Ti-rich 
phases, producing partial melts having ~ 1% TiO2 at 60% 
SiOz, or perhaps more important, < 0.5% TiO2 in rhyolitic 
extracts. Ruffle, ilmenite, sphene, titanomagnetite, and Ti- 

bearing amphibole and garnet could all provide T i - N b -  
Ta sinks during partial melting of heterogeneous lower- 
crustal rocks. 

General resolution of the low T i - N b - T a  abundances 
in arc magmas thus requires consideration of the degree 
of prior depletion of wedge peridotite and of at least three 
superimposed processes, all fundamentally focussed by slab 
dehydration: (1) the flux of HFSE-poor slab fluid or silicic- 
alkalic melt; (2) extensive sub-arc melting of wedge perido- 
tite persistently fluxed; and (3) mixing of wedge-derived 
basalt with low-HFSE partial melts of the lowermost crust. 

HFSE in the SVZ. Because the Chilean SVZ has virtually 
no primitive basalts, the contributions of various source 
reservoirs to the HFSE contents and ratios observed here 
are difficult to distinguish from superimposed effects of 
fractionation and assimilation. Nonetheless, Figs. 13-16 
highlight some large differences in Ta, Nb, I-If, and Zr pat- 
terns among the suites studied and illustrate several points 
suggestive of major crustal influence. These four HFSE, 
as well as Th and U, are enriched with increasing SiO2 
in all suites, Nb concentration consistently being 15-19 
times that of Ta and Zr 35-55 times that of Hf. Modest 
regional differences in the low TiO2 contents of these suites 
were mentioned earlier. 

An important generalization, that Zr, Hf, Ta, Nb, U, 
and Th contents are much greater in these continental-mar- 
gin arc suites than in intraoceanic island arcs (Gill 1981), 
suggests that there are large crustal HFSE contributions 
and that their source is dominantly intracrustal rather than 
subduction-derived. For mafic andesites (53-57% SiOa) at 
centers under study, the abundances (in ppm) of Zr 
(125-240), Hf  (3-5), Ta (0.3-0.6), Yh (3-12), and U 
(0.7-3.3) are generally 3 to 10 times as great as those of 
comparable rocks (at equivalent SiO2) in the Tonga-Ker- 
madec, Mariana, or South Sandwich arcs. 

On the other hand, compared to ocean-island and intra- 
continental basalts, the SiO2-variation trends for HFSE on 
the SVZ volcanic front project back toward low concentra- 
tions of Ta (<0.2 ppm), Hf  (<3  ppm), and Zr (<125 
ppm) for the basaltic (50-53% SiOz) ranges of all suites 
(Fig. 13). There is therefore no compelling basis for calling 
upon a major contribution from relatively HFSE-enriched 
(OIB-type) mantle sources at any of the volcanic-front 
centers. 

Ba/Ta values. Such OIB-like contributions are significant, 
even dominant, however, at centers well behind the front 
in Argentina (Llambias 1966; Skewes and Stern 1979; 
Llambias et al. 1982; Stern et al. 1986) and are evidently 
important in establishing across-arc trends toward more 
alkaline magmatism (Saunders et al. 1980; Kay and Rapela 
1986). Addition of an OIB-like component was invoked 
by Hickey et al. (1986) to explain some of the variability 
among arc basalts in the SVZ itself; they pointed out that 
mafic lavas with higher overall abundances of incompatible 
elements (LREE, HFSE, Th, K, Rb, Ba, P) tend to have 
lower ratios of Ba/Nb (and of La/Nb, Zr/Nb, Ba/La, and 
Ba/Th) and vice versa. Greater relative abundances of 
LREE and HFSE were attributed to (1) larger contributions 
from enriched lithosphere or, alternatively, (2) lower de- 
grees of melting of enriched wedge asthenosphere - both 
models involving an enriched OIB-type source. Because Ba/ 
Nb (and Ba/Ta) values are exceptionally high in ordinary 
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arc magmas but are much lower in OIB, these ratios were 
used by Hickey et al. (1986) as key indicators of relative 
contributions from the slab vis-fi-vis the OIB-source mantle 
domains. All of their high-Ba/Nb magmas erupted on the 
volcanic front, whereas the low-Ba/Nb magmas were sam- 
pled at only three centers, two of which are clearly behind 
the front (Quetrupillan and Laguna del Maule); the third 
(Casimiro), a satellite of Volcan Maipo, is at least arguably 
behind the front (Fig. ]). 

Fields for the "high- and low-abundance magmas"  of 
Hickey et al. (1986), along with our data for the 33~176 
centers on the volcanic front, are shown in Figure 14, 
wherein Ba/Ta is set equal to 15 (Ba/Nb). The diagram 
shows that several centers, both north and south along the 
front, have wide Ba/Ta (and thus Ba/Nb) ranges that over- 
lap both fields of Hickey et al. (1986). Only the Marmolejo 
(CM) and Planchon (PPA) suites exhibit significant correla- 
tions among fractionation indices and Ba/Ta and 87Sr/86Sr 

ratios. Because the Sr-isotopic trends of both suites are 
readily interpretable in terms of mid-to-upper-crustal AFC 
(Fig. 6), the correlations between Ba/Ta and 87Sr/86Sr evi- 
dent in Figure 14 are also likely to reflect crustal assimila- 
tion. Moreover, the likelihood that crustal contributions 
more widely influence Ba/Ta (and Ba/Nb) values is sup- 
ported by the low ratios of the Tupungatito suite (TT), 
which contains an abundance of partially melted, relatively 
Ta-rich granitoid xenoliths and exhibits Ba/Ta values simi- 
lar to those of the few nearby rhyolites (Fig. 14). The very 
extensive Ba/Ta ranges of Cerro Alto (CA), Marmolejo 
(CM), and Cerro Azul (AZ) in Figure 14 probably reflect 
complex crustal reservoirs beneath each of these long-lived 
multi-vent centers. 

That the wide ranges in Ba/Ta are not simply products 
of crystal fractionation in evolved suites is illustrated by 
relations among the four northernmost suites (CT, TT, CA, 
and CM in Figs. 10 and 14), which have similar andesite- 
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dacite compositional ranges and plagioclase-pyroxene-mag- 
netite phenocryst assemblages; three of  the suites addition- 
ally crystallized hornblende at 57% SiO2, and one high-Ba/ 
Ta suite (Tupungato) and one low-Ba/Ta suite (Marmolejo) 
also crystallized biotite at 60-61% SiO2 (Table 1). That 
the fractionation of hornblende and/or biotite is unlikely 
to be the main cause of low Ba/Ta values, however, is illus- 
trated by the low-Ba/Ta Tupungatito and Tinguiririca 
suites, which lack such phases. Although crystal fractiona- 
tion and differences arising from mantle sources may each 
contribute some of  the variability, the wide ranges and 
marked local variability displayed in Figures 10 and 14 
point to a major role for crustal assimilants representing 
broad spectra of  Ba, HFSE, and LREE concentrations and 
mutual ratios - as expected for a variety of rhyolitic and 
dacitic partial melts generated at various levels of the crust. 

It  is sometimes assumed that crustal assimilation can 
only raise the Ba/Nb (and Ba/Ta) ratios of  basalts, because 
most crustal rocks have Ba/Nb values 2 to 10 times those 
of N-MORB (,--4) and OIB (6-15). The assumption is in- 
valid, however, in an arc setting, where Ba/Nb values of 
wedge-derived basalts little modified by intracrustal addi- 
tions (intraoceanic-arc tholeiites) are characteristically in 
the range 5 0 - >  200, owing to the slab-derived Ba contribu- 
tion. By comparison, the Ba/Nb ratio of the bulk continen- 
tal crust is ~ 23 and of the average shale ~ 34 (Taylor 
and McLennan 1985); ratios for continental rhyolites range 
down to < I, and our (unpublished) Ba/Ta data (95-725) 
for 20 SVZ rhyolites suggest a Ba/Nb range of ~ 6 to ~ 48. 
As is implicit in Fig. 14, intracrustal contributions can 
clearly lower the Ba/Nb and Ba/Ta values of  most arc ba- 
salts. 

Zr  and Hf.  Although Zr and H f  abundances increase with 
SiOz in all suites (Fig. 13), their enrichment is relatively 
retarded at four of the northernmost centers (CT, CA, CM, 
VP), despite the absence of zircon in eruptive products other 
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than rhyolite. Most suites appear to originate at roughly 
similar values of  Zr/Rb and Hf/Ta in their mafic members 
(Figs. 15, 16), but with further differentiation the northerly 
suites trend toward much lower values of both ratios than 
do southerly ones. In marked contrast, volcanic-front 
centers in the thin-crust segment south of 37~ maintain 
nearly constant ratios throughout their evolution (e.g., 
PUY, VA in Figs. 15, 16). The large shifts in Zr/Rb and 
Hf/Ta in part reflect greater crustal contributions of  alkalies 
and Ta to magmas that evolved in the thick crust beneath 
the northerly volcanoes, but most of these volcanoes also 
display real retardation of Zr and Hf  enrichment (Fig. 13). 
Because all suites (north and south) are zircon-free, this 
retardation ahnost surely results from crustal addition of 
Zr-Hf-poor silicic-alkalic partial melts extracted from resi- 
dues in which zircon remained stable. 

The H f - Z r  retardation exhibited by most of the north- 
erly centers (Figs. 13, 15, 16) shows, moreover, that the 
northward regional increase in Hf/Lu (Fig. 9) does not re- 
sult from relative Hf  enrichment but from the northward 
suppression of HREE enrichment (Fig. 12), attributed 
above to deep-crustal garnet stability. Because of the re- 
gional systematics, it seems clear that crustal zircon and 
garnet are the main influences on Hf  and HREE behavior 
during differentiation. Thus, there is no need to appeal to 
a northward-increasing role for subducted zirconiferous ter- 
rigenous sediments as a control on the regional Hf/Lu 
trend; in any event, within this segment there is no evidence 
for nor reason to expect a significant along-trench change 
in the nature of the predominantly terrigenous sediment 
being subducted. 
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The double trends in HFSE shown by the Cerro Alto 
(CA) suite and the lesser retardation of Zr and Hf  in the 
very northerly Tupungatito (TT) suite (Figs. 13-16) further 
illustrate the surprisingly wide geochemical variability 
among neighboring andesite-dacite volcanoes; such con- 
trasts are more likely to reflect variable contributions from 
thick heterogeneous crust (variably rich in accessory miner- 
als) than drastic variations in mantle or slab contributions 
on so local a scale. Marmolejo (CM) and nearby Tupunga- 
tito (TT) are both relatively enriched in Ta, but in Zr and 
Hf  Marmolejo is retarded and Tupungatito is not (Figs. 13, 
16). Relative to the southerly Puyehue suite (Fig. 13), nearly 
all centers on thick northern crust are Ta-enriched, but 
in Hf  and Zr only Tinguiririca and Tupungatito are un- 
equivocally so. Absence of any clear linkage between Z r -  
Hf  and N b -  Ta behavior weighs heavily in favor of crustal 
processes rather than HFSE control by OIB-style mantle 
enrichments. 

Additional geochemical evidence favoring major crustal 
influence is given by the array of Zr /Hf  values, which along 
the SVZ volcanic front range from 35 to 55, exhibiting 
no latitudinal systematics. Some centers individually show 
wide ranges, 35-46 at both Marmolejo and Puyehue, 38-55 
at Cerro Azul, and 35-43 at Tinguiririca, compared to 
39+5 for both MORB and OIB (Gill 1981). Since zircon 
has higher Zr /Hf  than coexisting liquid, its fractionation 
or its survival in crustal residues would lower magmatic 
Zr /Hf  values (e.g., commonly 25-35 in rhyolites), whereas 
its dissolution or entrainment from a crustal assimilant 
would normally raise the ratio of the assimilating magma. 
Therefore, mixing with low-Zr rhyolitic melts extracted 
from zircon-retaining crustal material and, alternatively, 
bulk assimilation of zircon-rich plutonic rocks together 
bracket a spectrum of crustal interactions that could either 
reduce or elevate the Zr /Hf  ratio (and Zr and Hf  contents) 
of a basalt or andesite that had never itself crystallized 
zircon. The wide ranges in Zr /Hf  within and among volca- 
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noes in the SVZ apparently require such zircon controls 
and, because zircon is very unlikely to be present in wedge 
peridotite or in basaltic magma (Watson and Harrison 
1983), those controls must be dominantly intracrustal. 

K/Hfand Rb/Zr. Both of these ratios are larger at northern 
centers than in the south (Fig. 15), reflecting the lower rates 
of H f  and Zr enrichment in the north as well as the greater 
rates of alkali enrichment. K / H f  is generally 2500-3500 at 
Llaima (38.7~ and Puyehue (40.5~ (Hickey et al. 1986; 
Gerlach et al. 1987), 3000-4500 at Cerro Azul (35.5 ~ S) and 
Tinguiririca (34.8 ~ S), and 4000-5500 at the four northern- 
most centers. Comparable latitudinal shifts in Rb/Zr are 
shown in Figure 15. In most suites north of 36~ both 
ratios increase with differentiation, but the general along- 
arc shift in trends is unequivocal (Fig. 15). Tatsumi and 
Nakano (1984) explained an across-arc increase of K /Hf  
in northeastern Japan in terms of lesser degrees of wedge 
melting behind the front, release of a K-richer fluid from 
deeper parts of the slab, and to Hf  buffering by zircon 
or Ti-rich accessory minerals residual to wedge melting. 
In central Chile, however, we see even larger variations 
in K/Hf, K/Zr, and Rb/Zr  along the volcanic front at essen- 
tially constant slab depth, with no evidence or need to evoke 
large subcrustal variations in the LIL or HFSE contents 
of primitive basalts. 

Th and U. Concentrations of Th and U are much higher 
in these continental arc suites than in intraoceanic island 
arcs (Gill 1981). Values of Th57.5 range from 3 to 14 (Fig. 9) 
and are clearly greater north of 36~ than farther south 
along the front. There is great local variability, even along 
the volcanic front, with adjacent volcanoes showing two- 
fold differences in contents of both U and Th. Th/U ratios 
of analyzed samples range between 2.9 and 4.9 and average 
values of suites from 3.3 to 4.2, showing no systematic cor- 
relation with latitude, alkali contents, or SiO2. The Tinguir- 
irica center at 34.8~ represents the volcanic-front suite 
richest in alkalies (Figs. 2, 3, 9) and in Zr and Hf  (Fig. 13), 
as well as in U and Th (Fig. 9); its low N b -  Ta abundances 
and high Th/Ta ratios, however, weigh against those enrich- 
ments resulting from a large OIB-type contribution and 
in favor of the suite reflecting especially strong crustal influ- 
ence. 

Nb/U ratios. The ratio Nb/U is 47+_10 in both MORB 
and OIB as well as in their sources (Hofmann et al. 1986), 
whereas the continental crustal average is estimated to be 
near 12 (Taylor and McLennan 1985). Values for Chilean 
volcanic-front lavas (including 15 x Ta/U ratios) fall in the 
range 2-10, the most mafic rocks giving 6-10. There is no 
latitudinally systematic pattern, but even the most magne- 
sian basalts (6-7% MgO) exhibit crustal Nb/U values. Al- 
though far outside the range of mantle values, the low Nb/ 
U ratios do not in themselves distinguish between control 
by subducted vis-&-vis intracrustal contributions. They do, 
however, weigh heavily against a major OIB-like mantle- 
derived contribution having high values of Nb and Nb/U. 

As intraoceanic-arc suites have similarly low Nb/U 
ranges (3-10), the low ratios are apparently linked to 
subduction-related processes, and the question becomes 
whether a low-Nb/U slab contribution is proximate or is 
scavenged from an arc-crustal reservoir secularly accumu- 
lated. The regional distribution of Rb/Cs, Ba/La, Hf/Lu, 
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87Sr/86Sr, and 143Nd/144Nd values already presented, and 
the much higher Nb and U (and Ta and Th) abundances 
here, relative to intraoceanic island arcs, all weigh in favor 
of intracrustal control of the exceptionally low Nb/U and 
(Ta/Th) ratios. 

Summary and discussion 

The evidence presented suggests that much of the geochemi- 
cal and isotopic variation along the Quaternary volcanic 
front of the SVZ results from extensive blending of subcrus- 
tal and deep-crustal magmas at or near the mantle-crust 
transition. Higher-level AFC processes can subsequently 
modify ascending magmas, but the base-level geochemical 
signature of each center is established within zones of melt- 
ing, assimilation, storage, and homogenization (MASH) 
near the base of the crust. Each base-level signature is con- 
trolled principally by the mixing proportions of deep-crustal 
and subcrustal components, the average age and composi- 
tion of the lower-crustal source rocks, and the depth at 
which the MASH process takes place. The evidence and 
lines of reasoning leading to such a model can be summa- 
rized as follows. 

Lower plate 

Although we affirm the importance of a slab component, 
there is no justification for attributing the chemical and 
isotopic differences along the volcanic front to variation 
in proximate slab-derived contributions or to variation in 
processes and P - T  conditions in the subducting plate. 
Plate convergence rate, arc-trench separation, dip of the 
inclined seismic zone, its depth beneath the volcanic front, 
age of subducting lithosphere, seafloor topography, trench- 
axis depth, thickness and proportions of pelagic sediments 
and axial turbidites, and the lack of an accretionary prism 
at the continental margin are factors that are virtually con- 
stant along the segment under study. The linearity and 
trench-parallelism of the volcanic front itself provide the 
best evidence that plate convergence somehow initiates arc 
magmatism, possibly by depth-influenced dehydration of 
the slab and/or by systematic convection induced in the 
mantle wedge. Constant subduction geometry and lower- 
plate composition, however, require that the large, latitu- 
dinally systematic changes in magmatic chemistry along the 
front originate in the overriding plate. A water-rich slab 
contribution may well initiate mantle melting, but its mass 
must be overwhehned by basaltic magma production in the 
peridotite wedge and the geochemical signature of that 
magma (probably similar to intraoceanic arc tholeiite) must 
be overprinted in MASH zones at the mantle-crust transi- 
tion. 

Subdueted sediments 

There is no doubt that sediments have been subducted in 
enormous volumes beneath the entire arc segment, but there 
is no indication that they possess either the isotopic leverage 
or the latitudinal variability to control the large chemical 
and isotopic differences along the volcanic front. The along- 
arc variations ofBa, Cs, and 2~176 (Figs. 7, 9), which 
are widely cited as key indicators of a subducted sedimenta- 
ry component in arc magmas, instead favor intracrustal 
control. Many of the centers studied have higher z~ 

2~ than the known range of Nazca plate sediments 
(Fig. 7); the northward decline of Ba/La and rise of Rb/Cs 
are specifically antithetic to trends that would be predicted 
for control of the along-arc isotopic and alkalinity varia- 
tions by slab-derived contributions. It is geologically unrea- 
sonable to attribute latitudinally systematic Sr- and Pb- 
isotopic leverage to subducted sediments that show little 
ostensible variation along the segment; moreover, the 
along-arc gradient in 143Nd/a44Nd (Fig. 5) provides strong 
support for intracrustal control of the isotopic variations 
in all three elements. The best evidence for a large sedimen- 
tary contribution may be the low Rb/Cs values of several 
centers south of 36~ (Hickey et al. 1986), where the intra- 
crustal overprint is apparently smaller or includes alkalies 
remobilized from post-Triassic Andean arc-plutonic rocks. 

Mantle contribution 

The along-arc isotopic and chemical changes cannot rea- 
sonably be attributed to the mantle wedge, no matter how 
materially dominant wedge contributions may be in the to- 
tal arc-magmatic budget. The convecting mantle is expected 
to be sufficiently well mixed on a regional scale (Hoffman 
and McKenzie 1985) that it is unlikely to yield anagrnas 
having so wide a range of Sr and Nd isotopic ratios, let 
alone to distribute such magmas systematically along a vol- 
canic front. On the other hand, there is no justification 
for postulating an along-arc regional contrast in degree of 
enrichment of the lithospherie mantle. Since some Paleozoic 
crust (thick or thin) is thought to underlie the entire segment 
(Fig. 1), there is no reason to expect older or more enriched 
lithosphere beneath the part of that crust compressively 
thickened in Neogene time. Moreover, because the crust 
and mantle beneath the modern arc have undergone many 
episodes of magmatism during Cenozoic, Mesozoic, and 
Permian time, sustained integrity of mantle lithosphere 
isotopically "aged"  enough to yield the large spread of 
Nd and Sr isotope values is beyond all expectation. Any 
post-Paleozoic fluid or magmatic enrichment of the sub-arc 
mantle is likely to have been related to Andean arc magmat- 
ism itself, thus providing neither latitudinal variation nor 
any special isotopic leverage. Indeed, the persistence of An- 
dean magmatism throughout much of Cenozoic time here 
casts doubt on the very existence of mantle lithosphere be- 
neath the front; it could be that much of the sub-arc wedge 
has become incipiently molten and is now entirely con- 
vective. Finally, complementary to the thicker crust, the 
mantle wedge thins northward along the segment, from 
50-60 km in the south to only ~ 30 km beneath the north- 
erly volcanoes having the most "enriched" eruptive prod- 
ucts. Attributing the more "crustal" compositions north- 
ward to the thinner mantle instead of the thicker crust calls 
for very special pleading indeed. 

"O IB"  has become a catchword loosely applied to a 
wide spectrum of relatively HFSE-rich mafic lavas ranging 
from E-MORB to nephelinite and variously attributed to 
enriched mantle sources either deep and primitive, or con- 
vectively scattered, or lithospherically stabilized beneath 
continents. The evidence is insufficient to know if convect- 
ing sub-arc mantle beneath Chile contains a patchwork of 
enriched streaks and blobs similar to the postulated sources 
of some OIB. Existence of variably enriched lithosphere 
east of the front is indeed suggested by marked west-to-east 
decreases in the Ba/Nb and Ba/La values of lavas (Hickey 



et al. 1986; Kay and Rapela 1986) and by the co-eruption 
of depleted, fertile, and veined ultramafic xenoliths in Pata- 
gonian alkali basalts (Stern et al. 1986). The lack of any 
similarly convincing eruptive or compositional evidence for 
enriched reservoirs beneath the volcanic front of the SVZ 
suggests that contributions from enriched material (if pres- 
ent there at all) are overwhelmed by extensive wedge melt- 
ing of more depleted host peridotite, by the large flux of 
slab-derived material, and by mixing with crustal compo- 
nents in MASH zones. Specifically, the consistently low 
T i - -Nb- - Ta  contents, the very low Nb/U and Ta/Th 
values, the restricted range of Pb-isotope ratios, and the 
lack of latitudinal coherence in LIL, Z r - H f ,  and N b - T a  
enrichments weigh heavily against OIB-like contributions 
having a significant influence on the large compositional 
variations seen along the Chilean volcanic front. 

Continental crust 

In contrast to the difficulties with subcrustal scenarios, the 
latitudinal chemical and isotopic changes along the arc can 
readily be explained if the magmas contain significant con- 
tributions derived from the continental crust. The elevated 
K, Rb, Cs, Ba, Th, and LREE values of the northerly 
centers are just what one would predict for a northward 
increase in crustal components. Although complicated by 
plagioclase fractionation, the high Sr content (600-900 
ppm) of andesites at northern centers (Table 2) probably 
also reflects partial melting of plagioclase-rich crustal 
rocks; many unusually Sr-rich andesitic suites elsewhere 
are likewise associated with thick continental crust. The 
more radiogenic Sr and less radiogenic Nd (Fig. 5) reflect 
not only larger crustal contributions but also the greater 
average age of the thicker northern crust. The increasing 
SiO2 mode, decreasing representation of basalt and mafic 
andesite, and the greater "calc-alkalinity" (Fig. 4) of 
centers northward along the volcanic front are all consistent 
with crustal interception of mantle-derived basalts and ad- 
dition of crustal components. Relative to the more tholeiitic 
volcanoes farther south, the smaller degrees and rates of 
Fe enrichment of all centers constructed on the thick north- 
ern crust can be explained by early large-scale assimilation 
of silicic-alkalic partial melts, mostly in the deep crust. If 
such assimilants were also relatively oxidized and hydrous, 
they would promote early precipitation of titanomagnetite 
or amphibole, thereby reconciling assimilation and fraction- 
ation hypotheses for suppression of Fe enrichment in calcal- 
kaline suites. 

Additionally indicative of crustal contributions are the 
surprisingly large compositional contrasts among suites 
from neighboring northerly volcanoes and the wide compo- 
sitional ranges within some of them - e.g., in silica-normal- 
ized concentrations of alkalies, Ba, and HFSE, in Sr-isotope 
ratios, and in the values of K/Rb, Rb/Cs, Ba/La, Ba/Ta, 
Hf/Ta, and Zr/Rb (Figs. 2, 5, 9-16). Extensive variability 
among and within nearby centers (pronounced on thick 
crust but minimal on thin crust) is much more likely to 
reflect variable interactions of subcrustal magmas with het- 
erogeneous continental crust than any markedly different 
mantle or slab contributions on so local a scale. 

Relative to the compositionally rather similar volcanic- 
front suites farther south (Figs. 2, 5, 7, 8, 9; D6ruelle 1982; 
Lopez-Escobar 1984), most of the isotopic and chemical 
changes we have documented start near 36~ (Figs. 2, 5, 
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9), but many of them become pronounced only north of 
34.5~ (Figs. 5, 6, 10, 12). These two latitudes are the appar- 
ent limits of the transition in crustal thickness, as suggested 
by the elevation and gravity gradients in Fig. 2; northward 
across this transition is just where HREE suppression 
(Fig. 12) becomes conspicuous, evidently reflecting melt 
contributions from lower-crustal rocks at depths great 
enough for garnet to be an important residual phase. At 
the geophysically inferred segment boundary near 37 ~ S, on 
the other hand, there is little geochemical change along 
the front except in SiO2 mode and no significant change 
in basement geology or crustal thickness. Regional relation- 
ships thus independently support the geochemical evidence 
that the continental crust does, and the subducted plate 
does not, strongly influence along-arc magmatic variability. 

Lower crust vs upper crust 

Assimilation of crustal components is expected anywhere 
that basaltic magma is stalled or stored in the crust, but 
for most systems studied here the data suggest that little 
of the crustal contribution comes from the upper crust. The 
87Sr/S6Sr ratios of the Quaternary magmas (mostly 
< 0.705) contrast sharply with the high ratios of Paleozoic 
sedimentary and igneous rocks (0.725-0.77; Table 2) that 
strike under the northern volcanoes, suggesting that shallow 
assimilation was limited, except perhaps at Marmolejo 
(Fig. 6). Similarly, reconnaissance OlsO determinations for 
plagioclase separates from a selection of basaltic to rhyoda- 
citic rocks representing nine of the volcanic-front centers 
(including the four northernmost) fall within the range 
+5.5 to +7.0 (Hildreth, unpubl, data), suggesting little 
assimilation of lSO-rich upper-crustal rocks. Large north- 
ward increases in Ce/Yb, Rb/Cs, and Hf/Lu (Fig. 9) suggest 
that much of the crustal contribution at northern centers 
originates at great depth in the thick crust, where garnet 
is stable, where average composition is mafic to intermedi- 
ate, and where Cs had been depleted relative to other alka- 
lies during previous episodes of magma or fluid extraction. 
In the flat-slab segment just north of the study area (Fig. 1), 
progressive shifts toward lower HREE contents, steeper 
REE patterns, and increased deep-crustal melting and as- 
similation are key aspects of successive episodes of Miocene 
magmatism associated with compressive thickening of the 
crust during the shallowing of subduction (Kay et al. 1987); 
the increasing influence of garnetiferous deep crust seen 
there as a trend in time (28 to 6 m.y. ago) is analogous 
to that in space seen today in the SVZ. 

The high Sr and Ba contents of mafic and intermediate 
rocks at several northerly centers (Figs. 6, 9) also favor 
large contributions from the lower crust, many gabbroic, 
anorthositic, and mafic granulitic components of which are 
rich in these elements (Arculus and Johnson 1981). It is 
sometimes asserted that crustal assimilation cannot enrich 
mantle-derived magmas in Sr, an overgeneralized inference 
presumably based on typical upper-crustal contamination 
relationships (as in Fig. 6). Many lower-crustal mafic gran- 
ulites, however, are greatly enriched in Sr (and in Ba), 
values of 70(~1800 ppm Sr being fairly common (Tarney 
and Windley 1977; Rogers and Hawkesworth 1982; 
McCulloch et al. 1987). It is easy to illustrate generation 
of high-St crustal melts by assuming modal batch melting 
of such rocks, here assigned modal ranges of 40-60% pla- 
gioclase, 25-35% cpx, and 15-25% phases in which Sr is 
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more incompatible (opx, garnet, oxides, or olivine). If  ex- 
tracted melts are broadly andesitic, then partition coeffi- 
cients tabulated by Arth (1976) and Gill (1981) yield bulk 
Dsr values in the range of 0.75 to 1.1, which in turn give 
ratios of Sr concentration in the liquid to that in the initial 
rock (srnq/sro) in the range 0.9-1.3 for 10-50% melting. 
If extracted batches are more silicic and Dsr data for dacitic 
to rhyodacitic liquids apply (DP~ ag ~ 2.8-3.5), then bulk Dsr 
values of 1.2-2.1 yield Srllq/Sro ratios of 0.5-0.85 for 10% 
melts and 0.65-0.95 for 50% melts. Partial melting of rocks 
poorer (than 40-60%) in plagioclase or melting of plagio- 
clase in greater than its modal proportion would further 
increase SrlJq/Sro. Accordingly, it is quite reasonable for 
Sr-rich lower-crustal rocks to yield melt contributions hav- 
ing 600-1000 ppm Sr, well above the abundance range of 
most arc basalts. 

The tendency for northern SVZ suites to have elevated 
values of both Sr and 87Sr/S6Sr almost certainly reflects 
such deep-crustal contributions. This can be contrasted with 
the negative correlations between Sr and aVSr/S6Sr that re- 
flect AFC processes involving more radiogenic mid- and 
upper-crustal wall rocks (CM in Fig. 6; Francis et al. 1980). 
Such processes are especially characteristic of large-volume 
systems having complex intracrustal reservoirs or large 
magma chambers. On the other hand, intrasuite trends that 
show little or no systematic increase of S7Sr/S6Sr with rising 
SiO2 and declining Sr can signify various processes: (1) 
closed-system fractionation, which is probably rare for 
mafic magma in the crust; (2) deep-crustal MASH prior 
to intrasuite fractionation, entailing little or no (or unsyste- 
matic) upper-crustal assimilation during subsequent ascent 
of small batches - typical of andesite-dacite volcanoes (e.g., 
Hawkesworth et al. 1982); (3) AFC processes that involve 
assimilants having little isotopic contrast with the magma, 
rendering ambiguous the distinction between upper- and 
lower-crustal contributions (e.g., AZ in Fig. 6; Davidson 
et al. 1987). 

Prior to the Miocene crustal thickening, olivine-pyrox- 
ene-oxide fractionation of arc basalt near the base of a 
35-kin crust would have concentrated Sr (and Ba and Pb) 
in gabbroic, anorthositic, dioritic, and tonalitic differenti- 
ates, but after the thickening many such rocks would trans- 
form into garnet-granulite and pyroxene-granulite. Later 
partial melting at 50-60 km depth would probably leave 
plagioclase-diminished residues of pyroxenes + garnet + pla- 
gioclase + oxides ___ zircon, promoting in the extracted mag- 
mas (1) elevated values of Sr, Ba, and Pb, (2) lowered TiO2 
contents, and (3) steepened REE patterns. Whether Zr, Hf, 
Nb, or Ta are enriched or depleted by any particular in- 
stance of lower (or upper) crustal melting and/or assimila- 
tion is likely to depend sensitively upon the accessory miner- 
alogy of wall-rock residues. 

If upper-crustal AFC processes subsequently become 
important (as at Marmolejo), Sr contents drop (Fig. 6), 
negative Eu anomalies develop, and Ba enrichment can be 
variably retarded (Figs. 9, 10). Additional contributions of 
alkalies, Th, U, and Pb from middle- and upper-crustal 
rocks and fluids are likely during magma ascent, especially 
if ascent takes place by dike propagation in slightly molten 
percolation columns beneath long-lived eruptive centers 
(Hildreth 1981). The regional Rb/Cs relationship (Fig. 9), 
however, favors predominantly deep-crustal alkali control. 
The scarcity of rhyolites, ring-fracture calderas, welbde- 
fined AFC trends, or stable-isotope evidence for shallow 

assimilation suggests a corresponding scarcity of large up- 
per-crustal magma chambers beneath the volcanic front. 
Finally, if contamination by heterogeneous granitoid-rich 
upper crust were the dominant mechanism of introducing 
crustal components into the magmas, we should expect 
much wider ranges in 87Sr/86Sr and l~3Nd/144Nd and less 
coherent incompatible-element variation trends at each vol- 
cano; Marmolejo and (on many plots) Cerro Alto illustrate 
the scattered exceptions that prove the lower-crustal rule. 

Arc crust as a slab-signature repository 

Abundances of K, Rb, Cs, Sr, Ba, Pb, U, Th, LREE and 
HFSE are all much greater (at equivalent SiO2) in the An- 
dean suites studied here than in most rocks from intra- 
oceanic island arcs. In spite of this, the Andean and island- 
arc suites show partial or extensive overlap in many key 
ratios of these elements, including Ba/La, Ba/Ta, and La/ 
Ta, which provide the clearest geochemical discrimination 
of subduction-related igneous suites vis-fi-vis MORB and 
OIB. A comprehensive explanation of these differences and 
similarities requires evaluation of at least three contributing 
factors: (1) the extent of original (pre-arc) depletion of the 
mantle wedge, probably MORB-source or MORB-residue 
peridotite beneath most arcs; (2) the nature of the sub- 
ducted component added to the wedge, both as the proxi- 
mate slab contribution to magma genesis on the 103-to-106- 
year time scales of individual magmatic centers and as a 
longer-term secularly stored additive; and (3) secular stor- 
age of wedge-derived magma in the arc crust. The last factor 
may be crucial for the geochemistry of mature arcs, as rela- 
tive volumes of arc-volcanic, arc-plutonic, and deep-crustal 
metaigneous rocks point to (very uncertain) intrusive/extru- 
sive ratios in the range 3-15; in general, the intrusive frac- 
tion is expected to increase with crustal thickness, intracrus- 
tal differentiation, and arc longevity. 

Crustal maturation is important not only because the 
total intracrustal intrusive mass grows with time but be- 
cause repeated intracrustal partial melting augments the pri- 
mary fractionation of each new basaltic batch in yielding 
a plexus of  differentiated plutons, pods, dikes, and veins 
that inevitably dominate subsequent assimilation. Although 
the subcrustal (wedge+ slab) input to the arc crust may 
always be basaltic, its thermal contribution persistently in- 
duces extraction of deep-crustal intermediate-to-silicic melt 
segregations, which can either mix directly with fractionat- 
ing basalts or temporarily resolidify within the deep (or 
shallower) crust. Such segregations will generally retain an 
arc signature (unless a non-arc basement terrane is also 
an important contributor), and with time that signature 
can evolve and influence arc compositions in the following 
ways. 
(1) LREE are preferentially partitioned into the intermedi- 
ate-to-felsic differentiates, progressively raising La/Yb in 
the rocks most susceptible to assimilation by subsequent 
basalts. In unusually thick crust, deep-crustal garnet further 
enhances the relative HREE retention. Few intraoceanic 
arcs have yet accumulated a crustal repository adequate 
to overprint the characteristically flat (or even positive) 
REE patterns of basalts generated in a depleted mantle 
wedge. Furthermore, the extremely low REE contents and 
flat patterns of some island-arc lavas indicate that the slab 
contribution of REE is trivial, and that the original degree 
of wedge depletion remains the main control until the arc- 
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crustal reservoir has matured sufficiently to dominate the 
REE budget. 
(2) The low Zr, Hf, Nb, and Ta contents of intraoceanic-arc 
basalts suggest that slab contributions of these elements 
are trivial as well. Moreover, the high La/Ta ratios of many 
island-arc basalts having very low LREE abundances points 
to strongly depleted (MORB-residue?) peridotite as the 
wedge source. Secular subducffon-related re-enrichment of 
wedge peridotite is not likely to raise La/Ta (LREE/HFSE) 
substantially in derivative basalts, but contributions from 
a mature arc-crustal repository would surely do so. As 
nearly all crustal differentiates have elevated HFSE and 
LREE abundances relative to wedge-derived basalts, their 
assimilation would normally enrich the hybrids in both 
groups of elements, as observed for continental arc suites 
in general. The crustal contributions, however, would tend 
to have diverse LREE/HFSE ratios owing to variable reten- 
tion of residual zircon, ilmenite, and ruffle. Accordingly, 
values of La/Ta (25-85) in the Chilean basalts and andesites 
show not only a wide range but wholesale overlap with 
values for island arcs (20-110). 
(3) Because of the intracrustal retention of zircon and oxide 
minerals, HFSE are expected to be partitioned less effi- 
ciently than alkalies into the repository fractions most sus- 
ceptible to assimilation, thereby raising ratios such as Rb/Zr 
in affected magmas. This would account for the generally 
high values of Rb/Zr in the Chilean suites (0.2-0.55; 
Fig. 15), especially at northern centers, compared to most 
intraoceanic-arc lavas (mostly 0.05-0.35). 
(4) Although Zr, HI', Nb, and Ta are all greatly enriched 
in the Chilean suites relative to island-arc lavas, ratios such 
as Zr/Nb (20-60) and Hf/Ta (4--20) overlap extensively, 
providing yet another indication that there is no need to 
evoke a low-Zr/Nb (3-15) OIB-type contribution. The ten- 
dency toward lower Zr/Nb and Hf/Ta (Fig. 16) at northerly 
SVZ centers probably reflects greater effectiveness of intra- 
crustal zircon retention in the thick crust. Quite variable 
HFSE behavior can reasonably be expected during different 
intracrustal assimilation and/or mixing episodes, depending 
upon the extent to which zircon and oxide minerals were 
entrained, dissolved, or left behind in various residues of 
heterogeneous crustal rocks. 
(5) Values of 6180 would show only small increases (gener- 
ally < 0.5 permil) owing to deep-crustal igneous fractiona- 
tion and would seldom exceed + 7.0 unless metasedimen- 
tary or upper-crustal granitic rocks were assimilated. 
(6) Radiogenic isotope ratios are expected to change only 
modestly in the lower-crustal repository, owing to the lim- 
ited lifespans of arcs and to the much shorter residence 
times of the successive generations of fractionated segrega- 
tions susceptible to assimilation by incoming basalts. Both 
secular accumulation of slab-derived Sr in the arc crust 
and intracrustal 87Rb decay, however, are likely to contrib- 
ute to the general contrast between 87Sr/S6Sr ranges of in- 
traoceanic arcs (mostly 0.7030-0.7040, overlapping MORB) 
and of crustally mature arcs like the SVZ, where ratios 
are commonly 0.7037 to > 0.705. Of course, in the special 
cases where arcs overlie ancient crust (e.g., southern Peru) 
or are influenced by shield-derived sediments (e.g., southern 
Antilles, Banda), the modest isotopic signature of a self- 
generated arc repository can itself be overprinted. 
(7) High LILE contents (relative to HFSE and LREE) most 
clearly distinguish the geochemical signature of arc basalts 
from that of MORB. Among arc suites, however, island 

arcs typically show higher ranges of LILE/HFSE and 
LILE/LREE than continental arcs like the SVZ. Ba/La ra- 
tios, for example, are 17-35 in the SVZ but range from 
20 to > 90 in island-arc suites; and Ba/Ta is 400-2000 in 
the SVZ but commonly 1500 to > 3000 in island arcs. Simi- 
larly, the respective ranges for Ba/Th are 30-190 and 
120-650. The differences are readily explained in terms of 
a secular evolution from (a) an early arc stage when the 
arc signature is controlled by a high-LILE/(LREE + HFSE) 
slab contribution, a MORB-like wedge contribution de- 
pleted in all three groups, and little or no arc-crustal reposi- 
tory, toward (b) a mature arc stage when the main influence 
is no longer the proximate slab-derived flux but rather the 
partial remobilization of the secularly accumulated arc-in- 
trusive repository, from which larger HFSE, Th, and LREE 
contributions are available. 

M A S H  hypothesis 

The data lead us to envisage deep beneath each large mag- 
matic center a zone of melting, assimilation, storage, and 
homogenization (MASH), in the lowermost crust or man- 
tle-crust transition, where basaltic magmas that ascend 
from the mantle wedge become neutrally buoyant, induce 
local melting, assimilate and mix extensively, and either 
crystallize completely or fracffonate to the degree necessary 
to re-establish buoyant ascent. Magmas ascending from 
such zones may range from evolved basalts to dacites, but 
all will have acquired a base-level isotopic and trace-element 
signature characteristic of that particular MASH domain. 
The values defining such a signature usually remain fairly 
restricted throughout the lifetime of an eruptive center, and 
they constitute starting points for subsequent fractionation 
and AFC arrays for each system. Real constancy in base- 
level values would require consistent homogenization prior 
to resumed ascent and would suggest that the mixing pro- 
portions of crustal and mantle melts, the mineral assem- 
blages residual to crustal melting, and probably therefore 
the depth of the MASH zone all remain more or less fixed. 
Beneath a large long-lived center, however, one can imagine 
gradual depletion of the crustal material available (leading, 
for example, to a decline in base-level SVSr/S6Sr values); 
or just the opposite in the case of an expanding MASH 
zone. 

By the MASH process we mean not simple contamina- 
tion of basalts in the lower crust but true magma generation 
there (thermally induced by intrusion and crystallization 
of basalt) on a scale large enough that tens of percent of 
subsequently ascending mixtures can be of deep-crustal der- 
ivation. We imagine a variety of basaltic magmas arising 
from the mantle wedge, stalling at the crust-mantle transi- 
tion, and mixing with each other as well as with the array 
of magmas derived from the induced partial melting of het- 
erogeneous deep-crustal rocks. 

Physically, the MASH zone is likely to be a plexus of 
dikes, sills, pods, small chambers, and mushy differentiated 
intrusions. The distinction between mixing of magmas and 
ductile mixing of partially molten rocks may blur, as ther- 
mal pulses associated with recurrent injections of basalt 
promote partial remelting of crystallizing intrusions and 
as deformation promotes extraction and aggregation of in- 
terstitial melts, blending them with batches of variably frac- 
tionated basalt. The distinction between crust and mantle 
can also blur in such a zone, as differentiating intrusions 
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crystallize within peridotitic wall rocks, ultramafic cumu- 
lates amass in lower-crustal magma chambers, and granu- 
lite-facies recrystallization and ductile deformation lead to 
complex interlayering. A crust-mantle transition zone many 
km thick may develop, veined, dike-ridden, and heteroge- 
neous on a small scale (e.g., Griffin and O'Reilly 1986). 

During periods of constant subduction geometry and 
long-term stability of the volcanic front, as in the Quaterna- 
ry SVZ, impenetrable MASH zones beneath the major 
centers apparently operate continuously as effective inter- 
ceptors, heat exchangers, and blenders. Where intra-arc, 
arc-adjacent, or back-arc upper-plate extension is superim- 
posed on the convergence regime, however, a wide range 
of alkalic to low-K-tholeiitic basalts can rise from various 
mantle sources uninterruptedly enough to avoid modifica- 
tion by the MASH processes. Such evasion is unknown 
beneath the volcanic front of the SVZ, but it evidently takes 
place not far behind the front in Argentina (Mufioz and 
Stern 1985; Llambias et al. 1982). Moreover, eruptions of 
such "non-arc"  basalts have been closely associated with 
normal arc volcanism in parts of the Mexican, Central 
American, Indonesian, and Cascades arcs tectonically more 
complex than the SVZ. If this widespread evidence for het- 
erogeneous sub-arc mantle sources can be generalized, then 
the lack of both "non-arc"  basalts and primitive arc basalts 
on the volcanic front could be invoked as evidence for sup- 
pression of the mantle-derived diversity by MASH-zone 
modulation. Not a single primitive basalt (having high 
enough Mg, Ni, and Cr for equilibration with peridotite) 
is known to us in Chile, and their remarkable scarcity in 
arc settings worldwide has been emphasized by Nye and 
Reid (1986). It might be that intrinsically lower basalt diver- 
sity results in part from high supply rates and associated 
large degrees of wedge melting beneath volcanic fronts, but 
the absence of primitive compositions favors MASH as an 
overriding influence. Lower-crustal MASH zones are 
thought to form beneath large centers elsewhere, wherever 
the basaltic flux is persistent and focussed, but they may 
be the norm below volcanic fronts because of the long-lived 
subduction-controlled concentration of the basaltic flux 
upon a relatively narrow linear strip of the sub-arc crust. 
Persistent focussing promotes thermal and mechanical feed- 
back between entrapment of basalt, enhancement of lower- 
crustal ductility and melting, and maintenance of a buoyan- 
cy barrier (Hildreth 1981). 

M A S H  in the SVZ." North vs south. We know of no evidence 
that the integrated slab-plus-mantle contribution to the 
MASH process differs significantly in composition along 
the segment. Because the constant depth of the Benioff zone 
implies that the mantle wedge thins northward beneath the 
thickening crust, it is conceivable that the subcrustal magma 
supply rate also diminishes northward, but no systematic 
change in either eruption rate or edifice size is evident along 
the volcanic front. The isotopic and chemical changes along 
the front must therefore largely reflect different MASH- 
zone contributions from the lower continental crust, which 
changes latitudinally in depth, average age, presumably in 
mineralogy, and less certainly in bulk composition. 

Identification of the deep-crustal rocks contributing to 
MASH processes in the northern SVZ is constrained as 
follows. (1) Ancient U-depleted granulitic crust comparable 
to the exposed Proterozoic basement of southern Peru (Til- 
ton and Barreiro 1980) is clearly not involved, because of 

the limited variability in Pb-isotope ratios (Figs. 7, 8) and 
lack of evidence for significant involvement of a low-2~ 
2~ component. (2) Deep-crustal contributions cannot 
come directly from partial melting of ultramafic rocks or 
little-fractionated gabbros, as their low Sr contents would 
fail to provide sufficient leverage to attain the high Sr and 
moderate 87Sr/86Sr values of  the Quaternary volcanic 
rocks. Since high Sr contents are required (Fig. 6), the ob- 
served 87Sr/S6Sr values indicate that the lower-crustal rocks 
were not strongly depleted in Rb. (3) They are unlikely 
to be granitic (s.s.), again owing to the high Sr requirements 
and because high-Rb/Sr contributors would tend to raise 
87Sr/86Sr well above the base-level values observed (as in 
the case of the Marmolejo array in Fig. 6). (4) On average, 
they must be LREE-enriched (low Sm/Nd) and must in- 
clude some rocks old enough to have evolved ranges of 
143Nd/144Nd and 87Sr/86Sr capable of levering in basaltic 
and andesitic magmas the regional isotopic shifts illustrated 
in Fig. 5. This is consistent with geologic evidence for Paleo- 
zoic (but not older) crust in this part of South America 
(Caminos et al. 1982). (5) c~180 values between +5.5 and 
+ 7.0 imply that metasedimentary contributions are limited 
or absent. (6) Consistently low HREE and high Ce/Yb in 
northerly suites (Fig. 12) apparently require abundant re- 
sidual garnet, supporting other inferences for fairly mafic 
average compositions and extraordinary crustal depths. 

The deep-crustal picture that emerges for the SVZ is 
one of Paleozoic and Triassic mafic to intermediate meta- 
plutonic rocks (permissibly including remnants of older oce- 
anic lithosphere and metagreywacke), partially remelted, 
migmatized, and pervasively intruded by 200 Ma worth 
of Andean arc-plutonic rocks. The latter are basaltic in 
bulk composition but fractionated to suites of contami- 
nated gabbro-diorite-tonalite (with ultramafic and anortho- 
sitic cumulates) that have themselves subsequently under- 
gone repeated remelting, migmatization, and granulite-fa- 
cies recrystallization. Although such intrusion and basal 
magmatic accretion are intrinsically crust-thickening pro- 
cesses, in the northern 200 km of the SVZ (and in much 
of the Andes farther north) the crust has additionally under- 
gone drastic tectonic thickening during late Cenozoic time 
by some combination of upper-crustal overthrusting, mega- 
underthrusting of the (Paleozoic) Argentine basement, and 
presumably ductile deep-crustal compression. In the north, 
therefore, during and since the Miocene, the lower-crustal 
suites just mentioned have been depressed from depths of 

30 km to 50-60 km and presumably tectonized and re- 
crystallized in the garnet-granulite facies. The relative re- 
cency of this depression is consistent with the apparent lack 
of severe Rb and U depletion in lower-crustal rocks now 
at great depth and temperature. 

The deep-crustal magma contribution in the northern 
SVZ is thus likely to be derived in unknown but variable 
proportions from (i) late Cenozoic arc-intrusive rocks em- 
placed at 50-60 kin, (2) Jurassic-to-Paleogene arc-intrusive 
rocks originally emplaced at 30 40 km, and (3) heteroge- 
neous pre-Andean continental basement of late Paleozoic 
and Triassic age. Partial assimilation of such rocks and 
mixing of silicic partial melts extracted from them into new 
batches of basalt stalled and stored in MASH zones at 
50-60 km (and itself fractionating garnet and clinopyrox- 
ene) are thought to be the main processes yielding the base- 
level magmas of the northern SVZ (and CVZ), which are 
characteristically rich in Sr and Ba, poor in HREE, and 
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have moderately crustal (but not upper-crustal) ratios of 
Sr and Nd isotopes. During subsequent crustal ascent and 
higher-level storage, magmas may assimilate additional al- 
kalies, Pb, U, Th, and LREE, as well as more radiogenic 
Sr and less radiogenic Nd, and they may mix with rhyolitic 
liquids poor in Sr, Ba, Zr, and Hf  that were extracted as 
partial melts of upper-crustal granitoid rocks. With respect 
to these variable overprints the length of the percolation 
column (crustal thickness) is significant, but the fundamen- 
tal crustal geochemical signature reflects not thickness itself 
but the depth and average age of the lowermost crust. 

The SVZ crust south of 36~ has, in contrast, not under- 
gone such neotectonic thickening and is thought to be only 
30-35 km thick, at least as far south as 41~ Moreover, 
its Paleozoic crystalline basement may have been thinned 
during Mesozoic back-arc extension (Coira et al. 1982); 
also because the Quaternary arc angles obliquely SSW onto 
the main belt of Cenozoic and Mesozoic plutonic rocks 
(Drake et al. 1982), Paleozoic remnants may today com- 
prise only a limited proportion of the sub-arc crust south 
of 36~ Accordingly, most of the deep crust is likely to 
consist of Andean (Jurassic to Quaternary) igneous and 
metaigneous rocks of basaltic bulk composition. At 
30-35 km, these would crystallize mostly as hornblende- 
bearing gabbro, ultramafic cumulates, and dioritic-to-to- 
nalitic differentiates; depending on local H20  concentra- 
tion, they would recrystallize as amphibolite and 2-pyrox- 
ene-plagioclase granulite (__+ hornblende), having little or no 
garnet until depths greater than about 35 km. 

MASH zones formed at the base of such crust would 
entail partial assimilation of mafic-to-intermediate rocks 
having only limited contrast in isotopic or trace-element 
ratios with the intruding batches of new basalt. Even mid- 
to-upper-crustal granitoids, being relatively young and rare- 
ly very evolved, would provide little isotopic leverage; the 
principal evidence for crustal contamination thus lies in 
incompatible trace-element ratios modified by assimilation 
of silicic-alkalic partial melts (Davidson et al. 1987). Stress- 
ing the role of slab-originated hydration of the lower crust, 
Takahashi (1986) invoked a MASH-like process, involving 
partial remelting of hornblende-rich gabbroic and amphibo- 
litic deep-crustal rocks by intrusion and mixing of wedge- 
derived basalt, to generate cale-alkaline suites of northeast- 
ern Japan (where the crust is similarly --~ 30 km thick). 

No firm evidence is available concerning the composi- 
tions of primitive basalts arriving at deep-crustal MASH 
zones along the SVZ, but by analogy with other arcs (Tat- 
sumi et al. 1983; Conrad and Kay 1984; Kay and Kay 
1985, 1986; Nye and Reid 1986) we believe that a range 
of olivine tholeiites through picrites (10-18% MgO) could 
be represented. MASH-zone assimilation of partial melts 
of  the hornblende-rich lower-crustal rocks, accompanied 
by clinopyroxene + olivine fractionation, would yield the ar- 
ray of high-alumina basalts, the Mg-richest magmas erup- 
ted in the southern SVZ. MASH processes in mafic crust 
as young (on average) as that predicted for the southern 
SVZ should shift originally MORB-like isotope ratios of 
Sr and Nd to base-level values no more "crustal"  than 
about 0.7037 and 0.5129, as observed. 

High contents of  alkalies, Ba, and H20,  low Rb/Cs and 
HFSE, and elevated 2~176 (all relative to oceanic 
basalts) are sufficiently general features of arc basalts to 
make the importance of a long-term slab contribution a 
compelling hypothesis. The along-arc geochemical differ- 

ences documented here indicate, however, that the slab con- 
tribution need not be proximate but can be persistently 
reclaimed from secular storage in the arc crust. 

Although the ideas expressed here developed in the 
course of an experiment on a single (very special) arc seg- 
ment, we suspect that they have some applicability for a 
wider understanding of arc magmatism (and perhaps for 
continental flood-basalt genesis as well). Production of rela- 
tively homogeneous parental magma by hybridization of 
mantle-derived and crust-derived magmas, at or near the 
mantle-crust transition, may be a much more general phe- 
nomenon than previously recognized - above subduction 
zones, in continental rift zones, and beneath long-lived in- 
traptate volcanoes. We do not dismiss mantle heterogeneity 
as trivial nor do we reject suggestions of a contribution 
from subcontinental lithosphere where evidence is compel- 
ling, but the deep-crustal MASH hypothesis accounts so 
well for the chemical and isotopic data in both arc and 
intracontinentat settings that it reduces the need to postu- 
late major contributions from grossly enriched mantle litho- 
sphere. Quantification of the MASH process is a fundamen- 
tal aim of future research, but a difficult one in view of 
the heterogeneous nature of the inaccessible lower continen- 
tal crust. 
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Appendix 

Analytical methods 

All samples were pulverized by shatterbox, in alumina for INAA 
and in WC for other determinations. Major dements were deter- 
mined by XRF at USGS Laboratories in Lakewood, Colorado, 
and Rb, Sr, Y, Zr, and Ba by energy-dispersive XRF at the USGS, 
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Menlo Park, California. Sc, Cr, Co, Zn, Sb, Cs, La, Ce, Nd, Sm, 
Eu, Tb, Yb, Lu, HI', Ta, Th, and U were measured by INAA 
at the USGS, Reston, Virginia. Precision of the three methods 
is measured by repeated analysis of internal standards, as tabulated 
and discussed by Bacon and Druitt (1988). Determinations for 
USGS standards generally agree with accepted values within mea- 
sured precision. 

Isotopic determinations were made at Oxford. Sr was sepa- 
rated by a conventional ion exchange technique (Pankhurst and 
O'Nions 1973) and isotopically analyzed on single Ta filaments 
on a VG-Micromass 30 spectrometer. 8VSr/86Sr ratios were cor- 
rected for mass-fractionation by normalizing to 88Sr/86Sr= 
8.37521. Repeated measurements of the Eimer and Amend SrCOa 
standard yielded an average 87Sr/86Sr ratio of 0.70776, indicating 
a systematic deviation of -0.00024 from the accepted value of 
0.70800. Appropriate correction has been made to all ratios. 2~r 
errors on 8VSr/86Sr ratios are better than 0.01% (Table 2). Rb/Sr 
ratios were determined on pressed powder pellets by XRF (Pank- 
hurst and O'Nions 1973). Precision of Rb/Sr ratios is +_ 1%. Rb 
and Sr contents, computed with mass absorption coefficients ob- 

tained from Compton scatter peak intensities, are precise to better 
than +_5%. 

Pb was separated using HBr on an anion exchange resin, and 
isotopically analysed on single Re filaments with a fully automated 
VG Isomass 54E mass spectrometer. Mass fractionation correc- 
tions were made by references to repeated analyses of Pb isotope 
standard NBS 981.2or errors on Pb isotopic ratios average ~0.1%. 

Sm and Nd were separated by a method based on that of 
Richard et al. (1976), using cation exchange for separation of the 
REE as a group, followed by reversed phase chromatography, us- 
ing di-(2 ethylhexyl) phosphoric acid supported on PTFE powder. 
Sm and Nd concentrations and Nd isotopic compositions (for CM 
samples only) were measured using a mixed 15~ and 149/Nm 
spike. For the other samples, ~43Nd/~44Nd ratios were measured 
directly on unspiked aliquots. Sm and Nd were isotopically ana- 
lyzed on the Ta side filaments of a triple filament assembly on 
the VG Isomass 54E. 2or errors on ~43Nd/~4Nd ratios are shown 
in Table 3. Measurements of the standard BCR-1 yield a composite 
value of 0.512636 + 0.000012, which is within error of the accepted 
value. 


