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Abstract All six Holocene volcanic centers of the An-
dean Austral Volcanic Zone (AVZ; 49–548S) have erupt-
ed exclusively adakitic andesites and dacites character-
ized by low Yb and Y concentrations and high SryY ra-
tios, suggesting a source with residual garnet, amphibole
and pyroxene, but little or no olivine and plagioclase.
Melting of mafic lower crust may be the source for adak-
ites in some arcs, but such a source is inconsistent with
the high Mg' of AVZ adakites. Also, the AVZ occurs in
a region of relatively thin crust (,35 km) within which
plagioclase rather than garnet is stable. The source for
AVZ adakites is more likely to be subducted oceanic
basalt, recrystallized to garnet-amphibolite or eclogite.
Geothermal models indicate that partial melting of the
subducted oceanic crust is probable below the Austral
Andes due to the slow subduction rate (2 cmyyear) and
the young age (,24 Ma) of the subducted oceanic litho-
sphere. Geochemical models for AVZ adakites are also
consistent with a large material contribution from sub-
ducted oceanic crust (35–90% slab-derived mass), in-
cluding sediment (up to 4% sediment-derived mass, rep-
resenting approximately 15% of all sediment subduct-
ed). Variable isotopic and trace-element ratios observed
for AVZ adakites, which span the range reported for
adakites world-wide, require multistage models involv-
ing melting of different proportions of subducted basalt
and sediment, as well as an important material contribu-
tion from both the overlying mantle wedge (10–50%
mass contribution) and continental crust (0–30% mass
contribution). Andesites from Cook Island volcano, lo-
cated in the southernmost AVZ (548S) where subduction
is more oblique, have MORB-like Sr, Nd, Pb and O iso-

topic composition and trace-element ratios. These can be
modeled by small degrees (2–4%) of partial melting of
eclogitic MORB, yielding a tonalitic parent (intermedi-
ate SiO2, CaOyNa2O.1), followed by limited interaction
of this melt with the overlying mantle ($90% MORB
melt, #10% mantle), but only very little (#1%) or no
participation of either subducted sediment or crust. In
contrast, models for the magmatic evolution of Burney
(528S), Reclus (518S) and northernmost AVZ (49–508S)
andesites and dacites require melting of a mixture of
MORB and subducted sediment, followed by interaction
of this melt not only with the overlying mantle, but the
crust as well. Crustal assimilation and fractional crystal-
lization (AFC) processes and the mass contribution from
the crust become more significant northwards in the AVZ
as the angle of convergence becomes more orthogonal.

Introduction

Possible sources for convergent plate boundary magmas
include subducted oceanic crust, the overlying mantle
wedge and the arc crust. Green and Ringwood (l968)
suggested direct partial melting of subducted ocean-
floor basalts transformed to eclogites to produce the
calc-alkaline andesites that occur within many arcs. Lat-
er experimental (Stern l974) and geochemical (Gill l981)
studies concluded that most calc-alkaline andesites are
unlikely to be direct partial melts of subducted mid-
ocean ridge basalt (MORB). However, some recent stud-
ies of subduction zone magmatism have again invoked an
important role for slab-melting in the generation of cer-
tain calc-alkaline andesites and dacites, termed adakites
(Defant and Drummond l990). Compared to normal calc-
alkaline andesites and dacites, adakites have distinctive
chemical characteristics suggesting derivation by partial
melting of basalt transformed to garnet-amphibolite
andyor eclogite.

Adakitic andesites and dacites have been identified in
a number of arc segments globally, including both the
type locality on Adak Island as well as further west in the
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Aleutians (Kay l978; Yogodzinski et al. l995), in the
southernmost Andes (Stern et al. l984; Futa and Stern
l988; Kay et al. l993), in both the Baja, Mexico (Rogers
et al. l985) and Panamanian (Defant et al. l991a,b) por-
tions of the Central American arc, in Japan (Morris
1995) and in the Cascade volcanic range of the north-
western United States (Defant and Drummond l993). Al-
though not volumetrically significant on a global scale,
the implications of the distinctive chemistry of adakites
has motivated renewed attention to the role of melting of
subducted oceanic crust in the evolution of arc magmas,
both presently (Peacock et al. l994; Sen and Dunn l994)
and during the Archean (Drummond and Defant 1990;
Rapp et al. l991; Martin l993).

One of the arc segments in which adakitic andesites
and dacites were first identified and attributed to melting
of subducted oceanic basalts was the Andean Austral
Volcanic Zone (AVZ, Fig. 1; Stern et al. l984). All six
volcanoes in the AVZ have erupted andesites and dacites
with adakitic chemical characteristics as identified by
Defant and Drummond (l990), but these volcanoes also
exhibit significant chemical differences among them-
selves, which span the range of different types of adak-
ites identified world-wide. This paper discusses the
chemical differences among AVZ volcanoes and their
genesis within the context of the regional tectonics and
geology of the southern Andes.

Regional geology and tectonics

The volcanoes of the AVZ result from the subduction of young
(12–24 Ma) Antarctic plate below southernmost South America at
low convergence velocities of 2 cmyyear (Fig. 1; Cande and Leslie
l986). The AVZ is separated from the Andean Southern Volcanic
Zone (SVZ) by a gap in active volcanism just south of the Chile
Rise-Trench triple junction, below which even younger (,6 Ma)
oceanic crust is being subducted. West of the active volcanoes of
the AVZ, the age of the subducted plate entering the trench
changes from 12 Ma in the north to 24 Ma in the south. The
convergence direction, which is nearly orthogonal at the latitude
of the northernmost volcano in the AVZ (Lautaro, 498S), becomes
increasingly oblique and finally changes to strike-slip plate mo-
tion south of the southernmost volcano in the AVZ (Cook Island,
548S). Compared to the other volcanoes in the AVZ, the Cook
Island volcanic center is located further from the trench along the
direction of plate convergence.

The southern margin of South America is cut by a system of
transform faults, the most important being the Malvinas Chasm
Fault which merges westwards with the Magallanes Fault Zone
(Fig. 1; Fuenzalida l974; Herron et al. l977). Forsyth (l975) de-
fined a small microplate, the Scotia plate, south of this fault sys-
tem. The southern tip of South America and the Cook Island vol-
cano lie on this microplate.

Seismicity is negligible south of the Chile Rise-Trench triple
junction, possibly because of both the slow rate of convergence
and the young age of the oceanic plate (Forsyth l975), which may
cause the subducted slab to be several hundreds of degrees hotter
than in more typical subduction environments (Peacock et al.
l994). Because of the lack of seismicity, the geometry of the sub-

Fig. 1 Location map of the
volcanic centers of the Andean
Austral Volcanic Zone (AVZ).
Also shown are the southern
Southern Volcanic Zone
(SSVZ) north of the Chile
Rise-Trench triple junction,
the late Miocene volcano Cer-
ro Pampa (CP) in Argentina
that erupted adakitic magmas
(Kay et al. l993), and lower-
crustal and mantle xenolith lo-
calities within the Patagonian
plateau basalts (CF Cerro del
Fraile, Kilian l995;PA Pali-
Aike, Selverstone and Stern
l983, Stern et al. l989). Plate
boundaries, plate convergence
rates and ages of the oceanic
lithosphere (in Ma) are from
Forsyth (l975) and Cande and
Leslie (l986)
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ducted slab and mantle wedge below the AVZ cannot be deter-
mined.

The southernmost Andes consist of Late Paleozoic to Early
Mesozoic metamorphic basement, Mesozoic and Cenozoic mafic
(Rocas Verdes ophiolites), intermediate (Patagonian batholith)
and silicic (Tobifera volcanics) igneous rocks, as well as sedimen-
tary rocks deformed and uplifted beginning in the Middle to Late
Cretaceous (Bruhn and Dalziel l977). In the region of the AVZ, no
systematic north-to-south change is known to occur in either the
age of the metamorphic basement or the proportion of basement
and younger igneous rocks. The southernmost volcano of the AVZ,
located on Cook Island, directly overlies plutons of the Patagonian
batholith, and Burney, Reclus and Aguilera volcanoes occur along
the eastern margin of the batholith. The two northernmost volca-
noes in the AVZ, Lautaro and Viedma, occur within the area of the
Patagonian ice cap and the details of their bedrock geology is
unknown.

Base elevations of AVZ volcanoes are less than a few hundred
meters above sea level, and summit elevations of these volcanoes
and other peaks of the southernmost Andes are generally less than
3,000 m. This suggests crustal thickness of,35 km, similar to
below the southern Andes everywhere south of 368S (Ramos and
Kay l992; Kay et al. l993). Xenoliths of lower crustal origin, found
in the Patagonian plateau basalts both along (CF, Fig. 1; Kilian
l995) and east of (PA, Fig. 1; Selverstone and Stern l983) the
eastern margin of the Austral Andes, are pyroxene1 plagioclase
granulites without garnet, consistent with a relatively thin crust.

The Chile Rise was subducted below the Austral Andes during
the late Miocene, resulting in the development of a "slab-window"
and extensive basaltic plateau volcanism in southern Patagonia
prior to the reinitiation of subduction and AVZ arc magmatism
(Ramos and Kay l992). Ridge subduction may have also caused
subduction erosion along the continental margin. As noted by
Cande and Leslie (l986), the western edge of the Patagonian
batholith lies much closer to the trench south compared to north of
the Chile Rise-Trench triple junction. Bruhn and Dalziel (l977)
also commented on the very narrow arc-trench gap west of the
southernmost Patagonian batholith, as well as the fact that the
batholith, including plutons as young as mid-Miocene, has been
deeply exposed, yet no post-Paleozoic accretionary belt of any
type has been formed. These authors have suggested that both
subduction of significant amounts of terrigenous sediment andyor
subduction erosion of the continental margin must be invoked to
explain the enormous amount of missing continental crust in this
region. Some of this subduction erosion may have occurred since
the formation of the mid-Miocene plutonic belt, because plutons in
this belt south of the Chile Rise-Trench triple junction are located
closer to the axis of the present trench than those north of the triple
junction. Cande and Leslie (l986) suggest that active subduction
erosion is occurring in conjuction with the subduction of the Chile
Rise at 468S, and presumably also occurred west of the AVZ as the
locus of subduction of this spreading ridge migrated northwards
during the Miocene.

Cook Island volcano consists of a group of nested post-glacial
domes (Puig et al. l984; Heusser et al. l990). All the other AVZ
volcanic centers are glaciated composite stratovolcanoes, for
which tephra records implyHolocene activity (Stern l990; Kilian
et al. l991). Lautaro is the only center with a well documented
historic eruption, which occurred in l959 (Martinic l988). Only
Cook Island and Burney have been mapped in detail, largely be-
cause of the logistic problems involved. However, with the excep-
tion of Viedma and Lautaro, which are the least accessible, the
samples analyzed for this paper were selected from collections
made on multiple field excursions conducted independently by the
co-authors. For this reason, two of the most significant observa-
tions concerning the AVZ, the lack of rocks more mafic than ande-
sites and the near uniformity of petrochemistry observed within
individual centers compared to inter-volcano petrochemical varia-
tions, are believed to be inherent aspects of these centers, not
artifacts of the extent of field sampling.

Analytical techniques

Mineral chemistry was determined with a Cameca Camebax SX-
50 electron microprobe (Heidelberg University) using a 15 kV
accelerating voltage, a 10 nA beam current, a beam width of 1mm
and a counting time of 20 s (15 s for Na and K).

Whole-rock major element compositions were determined by
standard wet-chemical techniques at Skyline Labs (Denver, Colo-
rado). Trace-elements Rb, Sr, Y, Zr and Nb were determined using
a Kevex 0700 EDS system (University of Colorado). Based on
repeated analysis of standard BHVO-1, precision is estimated at
better than 5% for Rb, Sr, Y and Zr and better than 10% for Nb.
Samples were also analyzed by INAA at both the Oregon State
University Radiation center and Karlsruhe University. Precision is
better than 2% for Sc, Ta, La, Sm and Eu, 2–5% for Cr, Ni, Zn, Hf,
Th, Ce, Nd, Tb, Yb and Lu, and 10% for Cs, Ba and U.

Sr- and Nd-isotopic compositions, and Rb, Sr, Nd and Sm con-
centrations, were determined by mass-spectrometry at the United
States Geological Survey (Denver, Colorado). Techniques are de-
scribed in Peng et al. (l986). Precision is 1% for Rb, Sr, Nd and Sm
contents.87Sry86Sr ratios were normalized to86Sry88Sr 5 0.1194.
87Sry86Sr determined for the Eimer and Amand SrCO3 standard
was 0.70803+ 0.00005. Precision for87Sry86Sr is 0.01%.143Ndy
144Nd ratios were normalized to144Ndy146Nd 5 0.7219.143Ndy
144Nd for U.S.G.S. standard BCR-1 was 0.512643+ 0.000011.
Precision for143Ndy144Nd is 0.005%. No age correction was ap-
plied to the measured Sr- and Nd-isotopic ratios.

Pb-isotopic compositions were determined at Dartmouth Col-
lege by B. Barreiro (Barreiro l983). O-isotopic compositions were
determined at the University of Alberta by K. Muehlenbachs
(Muehlenbachs and Clayton l972).

Petrography

The essential mineralogy of all the AVZ volcanoes involves pyrox-
enes, amphibole and plagioclase (Fig. 2). Both a greater propor-
tion of crustal xenoliths and larger more complexly zoned phe-
nocrysts are observed from south-to-north, suggesting increasing
importance of near surface magma chamber processes such as
slow cooling and crystallization, magma mixing, wall-rock assim-
ilation, and volatile degassing. The petrographic and mineral
chemistry variations for each individual center, from south-to-
north, are detailed in the following sub-sections.

Cook Island

Andesites of Cook Island have subhedral and euhedral phenocrysts
(typically from 0.2–2.5 mm, some as large as 5 mm) of amphibole
(6–12 vol.%) and clinopyroxene (3–8 vol.%). Clinopyroxene phe-
nocrysts have broad cores with high Mg' [Mgy
(Mg 1 Fe21) 3 1005 88–94; Fig. 2], Cr2O3 (0.9 to 1.9 wt%) and
Cry(Cr1Al) (Fig. 3), similar to the cores of pyroxenes in Aleutian
adakites (Yogodzinski et al. l995). These high Mg' clinopyroxe-
nes have narrow rims exhibiting strong normal zonation (Mg' 5
88–72; Fig. 2), or are enclosed in amphibole. Comparision with
clinopyroxenes in garnet- and spinel-peridotite, olivine-webster-
ite and lower-crustal pyroxene-plagioclase-granulite xenoliths
found in Patagonian plateau basalts (Fig. 3) suggests that these
high Mg' clinopyroxene cores may be xenocrysts derived from
the mantle. However, their Al2O3 (1.8 to 3.9 wt%) and Na2O (0.4
to 0.7 wt%) contents are similar only to clinopyroxenes in infertile
harzburgite xenoliths, but lower than those in fertile lherzolite
xenoliths (Stern et al. l989). Amphibole phenocrysts also display
normal zonation patterns, but with lower Mg' ranges (Mg' 5
86–75). The cores of amphiboles are often corroded and rims are
partly oxidized due to loss of water during magma uprise and
extrusion. Cook Island andesites do not contain either plagioclase,
orthopyroxene or olivine phenocrysts.
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Fig. 2 Summary of chemical
zonations (Mg' for mafic
minerals; An content for
feldspars) of crystals in AVZ
adakites. Scale bars indicate
profile lengths (in mm)

dral with irregular zoning in the range An45–70 (Fig. 2). High
anorthite zones are partly corroded. Euhedral orthopyroxenes
(Mg' 5 61–73; 2–5 vol.%) are less abundant, while partially
corroded clinopyroxene (Mg' 5 73–78; 1–2 vol.%) phenocrysts
have both normal and reversly zoned rims. Some clinopyroxenes
have cores with high Mg' (Mg'.90; Fig. 2) and Cry(Cr 1 Al)
(Fig. 3), similar to the cores of Cook Island clinopyroxenes. Cor-
roded olivine grains (Fo91; Fig. 2), with NiO 5 0.3 to 0.5 wt%,
were also observed associated with high Mg' clinopyroxenes in
small aggregates. Amphibole also occurs in Burney andesites and
dacites, but only rarely.

The groundmass of Burney rocks contain variable amounts of
plagioclase (An60–35) and orthopyroxene (Mg'#60) microlites,
opaques, and glass of dacitic to rhyolitic composition. Small
(,4 mm) xenoliths of upper crustal granitoids and greenschists are
present (,2 vol.%).

Plagioclase and clinopyroxene microlites occur in the ground-
mass of Cook Island andesites. Both are characterized by normal
zonation. Plagioclase microlites evolve from An68 to An35 and
clinopyroxene from Mg' 5 75 to 68 (Fig. 2). Very small grains of
groundmass plagioclase reach An25. The groundmass also con-
tains Fe-Ti oxides, but no orthopyroxene or olivine. Dacitic
groundmass glass has enhanced Na2O contents (up to 6.5 wt%).
Cook Island andesites have rare felsic xenoliths and corroded
xenocrysts (,1 vol.%) consisting mainly of plagioclase (An45).

Burney

Phenocrysts of Burney andesites and dacites include plagioclase
(0.3–2.5 mm), orthopyroxene (0.5–1.3 mm) and clinopyroxene
(0.3–1.1 mm). Plagioclase phenocrysts (15–20 vol.%) are euhe-
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4.5 wt%. Granitic and granodioritic xenoliths are common (2–
4 vol.%).

Geochemistry

All samples from the AVZ are andesites and dacites
(Table 1; Figs. 4, 5), which in common with typical oro-
genic andesites and dacites have high Al and low Ti.
However, they have relatively high Mg' compared to
more typical arc andesites and dacites, including those
from the Andean SVZ north of the Chile Rise-Trench
triple junction (Fig. 4; Stern et al. l984; Futa and Stern
l988). Another significant feature of the AVZ centers is
the lack of basalts or basaltic andesites, which are the
dominant rock type erupted from the volcanic centers in
the Andean SVZ.

All the AVZ andesites and dacites have chemical char-
acteristics which would identify them as adakites. As
outlined by Defant and Drummond (l990, l993) these
characteristics include: SiO2.56 wt%, Al2O3.15 wt%,
low HREE (Yb,1.9 ppm) and Y,18 ppm, high
Sr.400 ppm and SryY.40, and positive Sr and Eu
anomalies. These characteristics have been interpreted to
reflect both the presence of residual garnet and absence
of plagioclase in the source region of adakites (Defant
and Drummond l990; Peacock et al. l994).

AVZ andesites and dacites also have low concentra-
tions of high field strength elements (HFSE), which is a

Fig. 3 Mg' versus Cry(Cr1Al) for cores of clinopyroxenes from
Cook Island and Burney andesites compared to clinopyroxenes
from mantle-derived garnet- and spinel-peridotite and olivine-
websterite xenoliths and lower-crustal pyroxene-plagioclase-gran-
ulite xenoliths found in the Cerro del Fraile (CF, Fig. 1; Kilian
l995) and Pali-Aike (PA, Fig. 1; Selverstone and Stern l983, Stern
et al. l989) basalts east of the Austral Andes

Reclus

Phenocrysts of Reclus dacites consist mainly of euhedral plagio-
clase (0.3 to 6 mm; 17–25 vol.%), with variable core compositions
(An42–62), and often irregular zoning with abrupt changes from
An35 to An65 (Fig. 2). High anorthite zones (.An60) are typically
corroded. Less abundant amphibole phenocrysts (2–3 vol.%) are
strongly corroded, and partly oxidized or recrystallized to or-
thopyroxene, suggesting extensive water loss in the uppermost
crust. Euhedral and subhedral orthopyroxene (0.2–0.6 mm;
,1 vol.%; Mg' 5 65–55) may be formed during late-stage crys-
tallization.

The groundmass consists of variable proportions of plagioclase
grains and microlites of orthopyroxene, sometimes hornblende,
and glass. Groundmass glass has dacitic to rhyolitic composition,
with variable K content produced by either local heterogeneities
during crystallization or magma mixing. Xenoliths and xenocrysts
are more common in Reclus dacites than in those of Burney. They
consist mainly of corroded quartz and plagioclase grains (up to
3 mm; 2–4 vol.%).

Northern AVZ volcanoes

Dacites of the three northernmost AVZ volcanoes (NAVZ; Fig. 1)
display certain petrographic characteristics in common. Subhe-
dral plagioclase (0.2–4 mm) is the most abundant phenocryst (8–
12 vol.%). Zoning is very complex, including normal, reverse, and
irregular zones suggesting a complex intra-crustal crystallization
history. For example, some plagioclase of Aguilera show a system-
atic inverse zoning from An40 to An75 (Fig. 2), whereas some at
Viedma have a normal zonation from An75 to An40. Subhedral
amphibole phenocrysts (0.3–3 mm) are characteristic of all NAVZ
dacites, but less abundant (1–3 vol.%) than plagioclase. Amphi-
bole is usually corroded andyor rimmed by orthopyroxene. Biotite
also occurs in these volcanoes (,1%). Small euhedral orthopyrox-
ene phenocrysts (Mg' 5 65) are common. In addition, in the
dacites of Aguilera, clinopyroxene occurs as microphenocryst
(0.2–0.6 mm) characterized by both high-Mg cores (Mg' 5 72)
and reversly zoned rims (Mg' 5 81).

The groundmass of all the NAVZ volcanoes includes variable
proportions of plagiocalse (An50–28; Or1–7), orthopyroxene, Fe-Ti
oxides, and rhyolitic glass with K2O contents ranging from 3.2 to

Fig. 4 Mg' versus wt% SiO2 for AVZ andesites and dacites
compared to experimentally produced high pressure partial melts
of garnet-amphibolite and eclogite (Table 2; Keleman l995),
mantle melts (basalts), Quaternary volcanic rocks from the An-
dean southern Southern Volcanic Zone (SSVZ, Fig. 1; Lopez-
Escobar et al. l993), and adakites from Adak Island, Aleutians (A;
Kay l978) and Cerro Pampa, Argentina (CP; Kay et al. l993).
Curve for mantle AFC was calculated following DePaolo (l981)
with a mass-assimilationyfractionation ratio of r5 2, reflecting a
relatively hot mantle wedge, and 80% amphibole1 20% clino-
pyroxene as fractionating phases
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Fig. 5 K2O versus SiO2 for samples from the Andean AVZ. Also
shown are low-K basalts, basaltic andesites and andesites from the
Andean SSVZ (SSVZ low-K; Lopez-Escobar et al. l993), andesites
and dacites from the northern SVZ (NSVZ; Futa and Stern l988),
and other adakites (A, CP; locations and data sources from Fig. 4)

Fig. 7 Spider diagrams of the concentration of trace-elements in
samples from the AVZ normalized to N-MORB (Table 3; Sun and
McDonough l989). Locations and data sources for other fields
(Adak Island, Cerro Pampa, low-K SSVZ,and NSVZ) are from
Figs. 4 and 5

Fig. 6 SryY versus Y for samples from the Andean AVZ. Fields for
“adakitic” and “normal” andesites and dacites are from Defant and
Drummond (l990). Locations and data sources for other fields (A,
SSVZ low-K, NSVZ) are from Figs. 4 and 5

common feature of both adakites and typical convergent
plate boundary magmas. However, other chemical char-
acteristics, such as LREE content, LREEyHREE, large
ion lithophile elements (LIL)yLREE, LREEyHFSE and
isotopic composition, which may reflect source compo-
sition rather than source mineralogy, vary significantly
between, but not within, individual centers (Figs. 5–10).
As above, we describe the individual centers from south-
to-north.

Cook Island

Volcanic rocks of Cook Island are high-CaO
(.7.5 wt%), moderate to high-MgO (3.3 to 4.5 wt%;
Mg'.60; Fig. 4), low-K2O (,0.6 wt%; Fig. 5) andes-

ites. Cook Island andesites differ from ordinary orogenic
arc andesites by having extraordinarily low Rb (,3 ppm)
and Ba (100–180 ppm) and high Sr (.1,750 ppm) con-
centrations. Specific adakite characteristics of Cook Is-
land andesites include low Y (4–6 ppm; Fig. 6); low
HREE (Yb,1.0 ppm; Fig. 7), high Sr (.1,750 ppm), a
positive Sr anomaly (Fig. 7) and high SryY (320–440;
Fig. 6). Cook Island andesites also have MORB-like Sr,
Nd, Pb and O isotopic ratios (Figs. 8–10) and some
MORB-like trace-element ratios such as RbySr (,0.002)
and BayLa (,5). However, unlike MORB, they have both
high LREE (Fig. 7) and LayYb (30–36), similar to the
type adakite from Adak Island (Kay l978) and recently
described late Miocene adakitic dacites from Cerro Pam-
pa volcano in southern Patagonia (Kay et al. l993).
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However, even with their low HREE, LayYb ratios are
low (8–21) and not greatly different from normal oro-
genic andesite, because La contents are low (Fig. 7). Al-
so BayLa ratios are significantly higher than in Cook
Island andesites and more similar to typical arc magmas.

Isotopically, Burney and Reclus andesites and dacites
have higher 87Sry86Sr and lower 143Ndy144Nd ratios
(Fig. 8) than in Cook Island andesites, more similar to
other Andean and typical arc andesites. Pb isotopic com-
positions are also more similar to other Andean andesites
and suggests an important crustal or subducted sediment
component (Fig. 9). Alsod18O ratios are higher than in
Cook Island andesites (Fig. 10).

Northern AVZ volcanoes

Dacites of the three NAVZ volcanoes have significantly
higher K20 (Fig. 5), Rb, Cs, Th and U concentrations than
either Cook Island, Burney or Reclus volcanoes to the
south. However, they also have characteristics of adak-
ites such as low HREE (Yb,1.3 ppm) and Y (11–
15 ppm; Fig. 7), and high SryY (36–60; Fig. 6). Their
LayYb ratios are also higher than in andesites from Bur-
ney and Reclus and more similar to Cook Island andes-
ites (Fig. 7). BayLa is higher than in Cook Island andes-
ites, but lower than in Burney and Reclus andesites and
dacites because of the low La content in the latter. RbySr
is significantly higher and KyRb lower than in Cook Is-
land, Burney or Reclus andesites and dacites.

The Sr- and Nd-isotopic ratios of these volcanoes are
higher and lower, respectively, than those to the south
(Fig. 8). Pb isotopic compositions are similar to Burney
and Reclus (Fig. 9).d18O is also higher than in the more
southern AVZ volcanoes (Fig. 10). The volcanic centers
of the NAVZ have very similar major and trace-element
and isotopic chemistry to centers from the northern SVZ
(NSVZ, 33–348S; Figs. 5–10).

Discussion

All the andesites and dacites erupted from AVZ volca-
noes share adakitic characteristics such as low HREE
and Y and high SryY, but they also exhibit significant
geochemical differences in LIL concentration, LayYb,
LIL yLREE and isotopic composition. These differences,
particularly the isotopic variations, suggest contribu-
tions of variable proportions of different source materi-
als in the generation of different AVZ adakites. As in
more typical continental arcs (Kay l980), subducted
oceanic crust (MORB1 sediment), the mantle wedge
and the continental crust may have contributed to AVZ
magmas. We have attempted to model the trace-element
and isotopic composition of AVZ magmas on the basis of
contributions from these four sources. We discuss the
origin of Cook Island andesites first because their chem-
istry suggests little or no participation of either subduct-
ed sediment andyor continental crust.

Fig. 8 143Ndy144Nd versus87Sry86Sr for samples from the Andean
AVZ. Field for Patagonian alkali basalts is from Stern et al. (l990)
and for MORB is from Sun and McDonough (l989). Location and
data sources for other fields (Adak Island, CP, SSVZ low-K,and
NSVZ) are from Figs. 4 and 5. Inset compares AVZ samples to
southern South American metamorphic basement (S-Type) and
Patagonian batholith (I-Type) crust, as well as Chile Trench sedi-
ments sampled in ODP Leg 141 (Behrmann and Kilian l995)

Fig. 9 Pb-isotopic compositions of samples from the volcanoes of
the Andean AVZ. Location and data sources for other fields
(MORB, Adak Island, CP, SSVZ low-K, Patagonian alkali basalts,
southern South American crust, ODP Leg 141 trench sediments)
are from Figs. 4, 5 and 8

Burney and Reclus

Andesites and dacites from Burney and Reclus (Haram-
bour l988) volcanoes have lower CaO (,5.8 wt%), MgO
(,2.8 wt%; Mg' 5 40–53; Fig. 4) and Sr (,630 ppm)
and higher K2O (0.7 to 1.6 wt%; Fig. 5), Ba (230–
420 ppm) and Rb (7–30 ppm) than Cook Island andes-
ites. Nevertheless, they have all the characteristics of
adakites presented by Defant and Drummond (l990,
l993). HREE and Y are low (Yb,1.36 ppm; Y5 4–
13 ppm). Although Sr is not as high as Cook Island ande-
sites, low Y results in high SryY ratios (45–160; Fig. 6).
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Fig. 10 d180 versus87Sry86Sr
and versus143Ndy144Nd for
samples from volcanoes of the
Andean AVZ. Locations and
data sources for other fields
(MORB, low-K SSVZ, NSVZ)
are from Figs. 4, 5 and 8. The
upper panels show curves for
mixing of partial melt of
MORB (10% partial melting)
with partial melt of subducted
sediment (15% partial melt).
Point P, which represents 10%
of sediment partial melt
mixed with 90% of MORB
partial melt (Table 4), is the
starting parental melt for mod-
els of AVZ adakites as dis-
cussed in the text. Lower pan-
els illustrate curves for mantle
followed by crustal AFC: P1
and P2 are parental melt com-
position P modified by 120%
and 150% mantle AFC (r51)
and curves 1 and 2 are these
compositions modified by
crustal AFC (r50.5; Table 4)

Cook Island

Among the AVZ volcanoes, and arc volcanoes from a
global perspective, Cook Island andesites are extraordi-
nary in their MORB-like isotopic composition and cer-
tain MORB-like trace-element ratios. BayLa (,5) is sig-
nificantly lower than typical arc magmas, for which de-
hydration of subducted oceanic crust and contamination
of the sub-arc mantle by alkali and alkaline-earth-ele-
ment-rich hydrous fluids is considered an important pet-
rogenetic process (Kay l980). We have previously shown
that a model of 4% partial melting of MORB converted
to eclogite reproduces many of the trace-element fea-
tures of the Cook Island andesites, and on this basis sug-
gested direct partial melting of subducted MORB as the
source for these andesites (Stern et al. l984; Futa and
Stern l988). Here we address problems with other alter-
natives and refine this model.

Myers and Frost (l994) proposed that isotopically
similar adakitic andesites from Adak Island might have
obtained their unique composition by interaction among
more typical calc-alkaline magmas in the magmatic con-
duits of the Adak volcanic center. Yogodzinski et al.
(l995) also presented a model in which silicic melts
from the subducted slab interact with basaltic melts
in the mantle wedge to produce adakitic andesites. How-
ever, in the case of Cook Island, no evidence for a
complex system involving basaltic magmas exists, as
the volcano consists solely of adakitic andesites. No
basalts occur here or anywhere else in the Andean
AVZ.

Derivation by partial melting of MORB is more rea-
sonable. The low Yb and Y of Cook Island andesites,
which are significantly lower than MORB, and their high
Sr, with both positive Sr and Eu anomalies, suggests that
partial melting of MORB occurs with garnet, but without
plagioclase, in the residue. An important question is;
where in the crust-mantle section below the Cook Island
volcano is this garnet-amphibolite or eclogitic MORB
located? One possibility is in the lower crust, since MOR
basalts were emplaced in the southernmost Andes during
the formation of the Rocas Verdes back-arc basin in the
Cretaceous (Stern l980, l991). However, it is unlikely
that MORB in the crust has been transformed to garnet-
amphibolite or eclogite, as there is no evidence for
crustal thickness.35 km below the southern Andes. Al-
so, experimentally determined compositions of hydrous
melts of garnet-amphibolite and eclogite generally have
lower MgO content and Mg' than Cook Island andesites
(Fig. 4). If such melts were to form in the subducted slab,
they could increase their Mg' by interaction with peri-
dotite as they rose through the overlying mantle wedge
(Keleman l990, l995; Keleman et al. l993). This is not
possible for melts formed in the lower crust.

In this convergent plate boundary environment, it is
more probable that the MORB source for the Cook Island
andesites is the subducted Antarctic plate oceanic crust.
Peacock et al. (l994) have shown that because of the
young age and slow rates of subduction below the south-
ern Andes, the slab will reach higher temperatures at
shallower depths than in typical subduction zones. In the
case of Cook Island, the fact that it is located well to the
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east of the trench in the direction of convergence implies
a longer period of time for subducted oceanic crust to
arrive below the volcano, and thus a higher temperature
for the slab below this volcano. Peacock et al. (l994)
identified the Andean AVZ as one of the few global arc
segments where temperatures might reach the melting
point of eclogite in the presence of H2O. The presence of
amphibole in the Cook Island andesites implies at least a
small amount of water in the source.

Subducted oceanic crust normally would be expected
to include altered MORB and sediment, as well as fresh
MORB, but based on the isotopic and trace-element data,
only the latter appears to have participated in the genera-
tion of the Cook Island andesites. As discussed below,
subducted sediment may make a significant contribution
to the adakitic magmas erupted from other AVZ volca-
noes. However, Cook Island is located both further from
the trench in the direction of plate convergence, as well
as in a region of more oblique subduction angle, than
other volcanoes in the AVZ. This may influence the ex-
tent to which different materials are either subducted or
underplated. Among other adakites world-wide, those
from both Cerro Pampa, Argentina (Kay et al. l993), and
the western Aleutians (Yogodzinski et al. 1995), have
isotopic compositions that indicate little involvement of
subducted sediment and altered oceanic crust, and both
also occur either relatively far from the trench or in an
area of oblique subduction.

The REEyHFSE ratios of the Cook Island andesites
are higher than MORB and similar to typical arc mag-
mas. The explanation normally invoked to explain simi-
lar high REEyHFSE in more typical arc magmas, enrich-
ment of the mantle source region by hydrous fluids, can
be ruled out for Cook Island andesites because of their
MORB-like BayLa ratios. High REEyHFSE ratios may
result from refractory residual phases retaining HFSE,
such as rutile, which might be expected for low degrees
of partial melting of eclogitic MORB (Rapp et al. l991;
Ayers and Watson l991; Keleman et al., l993). Yogodzin-
ski et al. (l995) have shown that the presence of 1% rutile
in an eclogitic MORB source can produce the amount of
Ta depletion, relative to light-rare-earth elements, ob-
served in both western Aleutian and Cook Island adak-
ites. Also Rb, Ba and K are lower in Cook Island andes-
ites than predicted for 4% melting of N-MORB (Stern et
al. l984). This suggests a small proportion of other resid-
ual phase containing these elements, such as mica, am-
phibole or K-feldpar.

Although the simple eclogite-melt trace-element dis-
tribution pattern and MORB-like isotopic composition
of Cook Island andesites are consistent with the deriva-
tion of these magmas by partial melting of subducted
MORB, their high Mg' (Fig. 4) and Ni and Cr contents
may result from interaction of these slab-melts with
mantle peridotite as they rise through the overlying
mantle wedge, as has been suggested for bajaites (Rogers
et al. l985) and other adakites including the type adakite
from Adak Island (Kay l978) and those from Cerro Pam-
pa, Argentina (Kay et al. l993). Since the mantle wedge

is expected to be hotter than either the slab or any slab-
melts, it is hard to imagine how such interaction would
not occur (Kelemen et al. l993). High Mg' and Cry
(Cr 1 Al) clinopyroxene cores in Cook Island andesites
(Figs. 2, 3) may be relic xenocrysts from such interac-
tion. However, Cook Island adakites do not have either
the very high MgO, Ni and Cr observed in bajaites
(Rogers et al. l985), nor olivine, suggesting that such
interaction must have been limited. Also, Cook Island
andesites are isotopically distinct from all the Patagoni-
an plateau alkali basalts and included mantle xenoliths
which are considered representative of the southern
South American lithosphere (Figs. 8, 9). Although the
low Sr, Nd and Pb concentration of mantle lithosphere
would make limited amounts of mantle contamination
difficult to detect, large amounts of such contamination
can be ruled out by these isotopic considerations.

Different possible processes have been proposed for
the interaction of hydrous slab-derived melts with the
overlying maltle wedge, including fluxing of diapiric up-
rise and decompression melting of the mantle resulting
in mixing of slab and mantle derived melts (Yogodzinski
et al. l995), and slab-meltyperidotite reaction and hy-
bridization (Keleman 1990, l995; Keleman et al. l993).
We prefer slab-meltyperidotite reaction to explain the
high Mg' of Cook Island andesites, since there is no
direct evidence for mantle-derived basaltic magmas in
the AVZ. Physically slab-meltyperidotite interaction in-
volves the reaction of mantle olivine and pyroxenes with
relatively silica-rich hydrous melts to produce new min-
erals (amphibole, pyroxenes, olivine andyor garnet) and
hybridized melts (Sekine and Wyllie 1983; Caroll and
Wyllie l989; Keleman l990, l995). Keleman (l990, 1995)
has suggested that heating of hydrous slab-derived melts
ascending through the mantle wedge, due either to the
inverted temperature gradient in the wedge (Davis and
Stevenson l992) or to heating resulting from isenthalpic
ascent (Baker et al. 1994), provides substantial thermal
energy for peridotite dissolution. He concluded that a
slab-melt formed at 9008C and heated to 1,2008C has the
thermal energy to dissolve an equal weight of peridotite.
We have calculated a simple AFC model for a hypotheti-
cal slab-melt composition equal to the average of all ex-
perimentally determined high-pressure (1–3 GPa), hy-
drous partial melts of basalts (Fig. 4). This model in-
volves bulk mantle assimilation combined with crystal-
lization of amphibole and clinopyroxenes, the phe-
nocrysts ocurring in Cook Island andesites, with mantle
mass-assimilation greater (r5 2; DePaolo l981) than the
amount of fractionation, reflecting a relatively hot mantle
(Keleman l990, l995). This model suggests that dissolu-
tion of only between 10–20% peridotite is required to
raise the Mg' of a slab-melt to that of the Cook Island
andesites (Fig. 4).

Cook Island adakites, as well as many other adakites
world-wide, have high CaO contents and CaOyNa2O ra-
tios compared to typical calc-alkaline andesites. These
resemble experimentally determined slab-melts of
tonalitic (CaOyNa2O.1) rather than trondhjemitic
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(CaOyNa2O,1) composition (Table 2). Yogodzinski et
al. (l995) concluded that transforming low CaOyNa2O
trondhjemitic slab-melts into high CaOyNa2O adakitic
andesites would require extensive assimilation of mantle
peridotite (roughly twice the mass of the original melt to
get enough CaO from garnet and clinopyroxene into the
melt), followed by equally extensive fractionation of
olivine and orthopyroxene (roughly 50% of the mass of
this mixture to get the MgO and FeO out). Both the ab-
sence of either olivine or orthopyroxene in the Cook Is-
land andesites, and the isotopic differences between
these andesites and samples of the mantle lithosphere
below Southern South America, rule out such extensive
interaction. Also, such extensive assimilation and frac-
tionation would not preserve the simple eclogite-melt
trace-element distribution pattern observed in the Cook
Island andesites.

If the original slab-melt has higher CaOyNa2O, then
significantly less mantle assimilation is required to pro-
duce an adakitic andesite. For instance, Yogodzinski et
al. (1995) proposed 26% assimilation of mantle peri-
dotite, followed by 34% orthopyroxene fractionation, to
produce the major-element composition of western
Aleutians adakitic andesites from a tonalitic slab-melt.
However, only clinopyroxene and amphibole phe-
nocrysts are observed in Cook Island andesites. We have
back-calculated possible parental slab-melts for Cook
Island andesites with AFC models (DePaolo l981) in-
volving fractionation of these phases in their observed
proportions (80% amphibole and 20% clinopyroxene),
and variable proportions of mantle assimilation ranging
from equal (r5 1) to greater (r5 2 and r5 8) than the
amount of fractionation, reflecting a relatively hot mantle
wedge (Keleman l990, l995). Our calculated parental
slab-melts (Table 2), from which Cook Island andesites
can be derived by assimilation of 10% mantle peridotite,
are high CaOyNa2O magmas with between 2.0 and
0.5 wt% MgO; reasonably similar to suggested tonalitic
slab-melts. With up to 10% assimilation of mantle, the
trace-element concentrations calculated for these
parental magmas of Cook Island andesites (Table 2) are
still consistent with models of derivation by 2–3% partial
melting of eclogitic MORB. Greater than 10% mantle
mass assimilation would produce parental magmas re-
quiring #2% MORB melting, which is below the lower
limit for the segregation of a magma suggested by Wyllie
and Wolf (l993).

In summary, we propose a simple slab-melt origin for
Cook Island andesite, followed by limited (#10% mass
assimilation) interaction in the overlying mantle. Rapid
rise through both the mantle and the upper crust, perhaps
along pathways related to the strike-slip plate boundary
between the South American and Scotia plates (Fig. 1), is
suggested by this limited extent of interaction with the
mantle, and by the lack of plagioclase phenocrysts in
these andesites. Also their MORB-like O- and Pb-iso-
topic compositions, combined with their low Pb concen-
tration, preclude crustal contamination.

Other AVZ volcanoes

The other volcanoes of the AVZ do not have the distinc-
tive MORB-like isotopic signature of Cook Island. How-
ever, they all have low HREE and Y and high SryY which
suggests garnet in their source, and like Cook Island they
occur in a region of relatively thin crust (,35 km) within
which plagioclase rather than garnet is likely to be stable.
If the thermal conditions for melting of subducted
MORB occur below Cook Island, it seems likely that they
may also occur below the other AVZ volcanoes, under
which even younger oceanic crust is being subducted
(Fig. 1). However, it is clear that other material such as
continental crust, subducted sediment, andyor the mantle
wedge must have participated in the generation of mag-
mas erupted from these volcanoes to create the observed
trace-element ratios (Fig. 7) and isotopic (Figs. 8–10)
variations. We discuss below models for the generation
of the other AVZ volcanoes involving these other materi-
als, first individually, and then together.

From south to north, the volcanoes of the AVZ define
a trend of decreasing MgO (Fig. 4) and Sr content and
143Ndy144Nd ratios (Fig. 8), and increasing SiO2, K2O
(Fig. 5), 87Sry86Sr (Fig. 8) andd18O (Fig. 10). These
relations, as well as the petrologic features of increased
modal phenocryst and xenocryst proportions, suggest a
northward increase in the importance of combined frac-
tional crystallization and crustal assimilation (AFC) in
shallow level magma chambers (Stern et al. l984). How-
ever, the relatively high Mg' (Fig. 4) and Sr, as well as low
Y b and Y (Fig. 6) of all the AVZ volcanoes rule out typical
Andean basalts as possible parental magmas (Stern et al.
l984). A crustal AFC model involving a parental magma
similar to the Cook Island andesite, with r5 0.5, can
produce the observed Sr versus87Sry86Sr relations by
30% fractionation for Burney and 50% for the NAVZ.
However, this model fails to produce many other signifi-
cant geochemical characteristics of these AVZ centers
compared to Cook Island, in particular the low LIL and
LREE of Burney adakites. Crustal AFC may be impor-
tant in the generation of all the AVZ centers north of
Cook Island, but can not be the only processes involved
in creating the variations observed among these centers.

Subduction of both pelagic and terrigenous sediment,
andyor subduction erosion of continental crust, are also
likely processes by which greater proportions of these
high87Sry86Sr andd18O materials might have been incor-
porated in the AVZ magmas erupted from the volcanoes
north of Cook Island. Also, AVZ adakites have Pb-iso-
topic compositions which occur along a mixing line be-
tween MORB and Chile Trench sediment (Fig. 9). How-
ever a model involving mixing of MORB melts with
melts derived from subducted sediments (Figs. 10, 11),
cannot by itself produce the isotopic variations observed
among the AVZ magmas. Specifically, the amount of
subducted sediment required to produce the87Sry86Sr of
Burney and NAVZ andesites and dacites (Fig. 11a) is
much less than that required to produce theird18O
(Fig. 10) and143Ndy144Nd (Fig. 11b) values.
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Fig. 11a, b 1000ySr versus87Sry86Sr and 100yNd versus143Ndy
144Nd for slab-melts followed by mantle and crustal AFC process-
es as described in the text. Trends for mantle AFC with r5 0.75
(arrow to high Sr) and r5 8 (arrow to low Sr) are illustrated for
1000ySr versus87Sry86Sr

models are listed in Table 3. The subducted sediment is
from ODP Leg 141 in the Chile Trench (Behrmann and
Kilian l995), and the continental crust is a mixture of
average southern South American metamorphic base-
ment (S-type) and plutonic rocks (I-type; Behrmann and
Kilian l995). In order to model the melting of subducted
MORB, we calculated a bulk distribution coefficient
DMORB (Table 3) by assuming that the Cook Island
parental magma'2 (Table 2) was generated by 2.5%
melting of N-MORB. In order to model melting of sub-
ducted sediment, we caluclated the bulk distribution co-
efficient DSedimentby adding 20% biotite to DMORB. Bulk
distribution coefficients for the mineral assemblages in-
volved in mantle and crustal AFC processes were calcu-
lated based on published distribution coefficients for
these minerals.

We presume that if MORB melts, so do subducted
sediments (Nichols et al. l994). We varied the percentage
of partial melting of MORB and subducted sediment in-
dependently, and mixed the resulting melts together in
different proportions, to produce one best parental com-
position (P; Figs. 10–13; Table 4), which can yield both
Burney and NAVZ magmas by subsequent mantle and
crustal AFC. Parental compositionP corresponds to a
mixture of 10% sediment partial melt (15% partial melt-
ing) with 90% MORB partial melt (10% partial melt-
ing). Lower degrees of partial melting of either sediment
or MORB resulted in melts with unrealistically high in-
compatible element concentrations, while higher degrees
of partial melting of sediment decreased Sr concentra-
tions so that the resulting mixtures with MORB melts
have unacceptably highd18O at relatively low87Sry86Sr.
Mixing higher percentages of sediment partial melts

The genesis of most typical arc magmas is generally
attributed to melting of the mantle wedge fluxed by addi-
tion of small (,2%) amounts of slab-derived fluids
(Pearce and Parkinson l993). Slab-melts rising into the
hot mantle wedge are also likely to interact with this
mantle peridotite. Interaction of slab-melts with mantle
peridotite may lower incompatible LIL and LRE element
concentrations relative to more compatible trace-ele-
ments (Keleman et al. l993). Although variations in the
extent of interaction with the mantle wedge alone cannot
explain the isotopic variations observed among the AVZ
adakites, interaction of slab-derived melts within the
mantle wedge could potentially produce magmas with
the low LIL and LREE of Burney adakites. MgO-rich
olivine and clinopyroxene xenocrysts in Burney andes-
ites (Figs. 2, 3) might be relics of such interaction, al-
though the general lack of olivine in all AVZ adakites
indicates that such interactions were limited, and as for
Cook Island andesites, other AVZ adakites have not equi-
librated with mantle peridotite.

We have attempted to model Burney and NAVZ adak-
ites by multi-stage processes of slab (MORB1 sedi-
ment) melting, followed by interaction of these melts
with the mantle wedge, and subsequently crustal AFC
(Figs. 10–13; Table 4). The composition of N-MORB,
primitive mantle, subducted sediment and continental
crust, and the distribution coefficients used in these
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Fig. 12 SryY versus Y for
slab-melts followed by mantle
and crustal AFC processes as
described in the text

with MORB melts results in compositions with87Sry86Sr
equal to or greater than Burney (Figs. 10, 11), which
precludes subsequent crustal AFC, but at the same time
does not produce the required low143Ndy144Nd of Bur-
ney magmas. CompositionP is essentially the maximum
amount of sediment that may be incorporated in the
parental slab-melt and still allow a specific amount of
subsequent crustal AFC to produce both the87Sry86Sr
and143Ndy144Nd of the Burney magmas. With this same
parental slab-melt composition, NAVZ magmas can be
modeled with greater amounts of crustal AFC. Alterna-
tively, more subducted sediment could be incorportated
in the slab-melt parental magmas for NAVZ volcanoes,
but the model presented here attempts to explain both
Burney and NAVZ magmas from similar parental slab-
melt.

The resultant parental slab-meltP has both higher Sr
and higher Nd concentrations than either Burney or
NAVZ magmas (Fig. 11; Table 4). Although Sr decreases,
Nd concentration increases during crustal AFC. For this
reason, interaction of slab-melts with mantle peridotite
must be an important process below these AVZ volcanoes
in order to lower Nd concentrations of these slab-melts
prior to crustal AFC. We have modeled this interaction
assuming mantle assimilation combined with fractional
crystallization of the evolving magmas. We calculated
mantle AFC models with variable mass-assimilationy
fractionation ratios (r5 0.75, r5 1 and r5 8), using the
mafic phenocryst phases observed in AVZ magmas (am-
phibole, clinopyroxene, orthopyroxene and Ti-mag-
netite) as fractionating phases. All these different r-val-
ues result in decreasing Nd with increasing mantle mass-
assimilation. However, high mass-assimilationyfraction-
ation ratios (r5 8 as well as bulk mantle assimilation),
while physically possible in a hot mantle wedge (Kele-
man et al. l993), result as well in an unsuitable decrease
of Sr (Fig. 11a) and other LIL element concentrations. In
contrast, low mass-assimilationyfractionation ratios
(r 5 0.75) result in an unsuitable increases in Sr
(Fig. 11a) and other LIL element concentrations. For
r 5 1, Sr and LIL concentrations remain nearly constant
as Nd, Y and HREE decrease (Figs. 11–13).

For mantle AFC with r51, 120% and 150% mantle
mass-assimilation by parental slab-meltP produce com-

Fig. 13 Spider diagrams showing multi-element fit for the best
model of slab melting followed by mantle and crustal AFC as
descibed in the text

positionsP1 andP2, respectively (Figs. 10–13; Table 4).
From compositionP1, NAVZ magmas may be modeled
by 20–30% crustal AFC, using the commonly employed
value r 5 0.5 (DePaolo l981). From compositionP2,
Burney magmas may be modeled by 10–15% crustal
AFC. The greater amount of mantle mass-assimilation
required to produce Burney compared to NAVZ magmas
reflects the significantly lower LIL and LREE of Burney
adakites. The smaller proportion of crustal AFC required
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Table 3 Compositions of materials and distribution coefficients used in slab melting followed by mantle and crustal AFC for adakitesa

N-MORB Primitive ODP 141 S-type I-type Crustal Dbiotite DMORB DSediment Ds for Ds for
Mantle sediments crust crust mixture mantle crustal

(50: 50) AFC AFC

Rb 0.56 0.54 74 101 74 87 3.00 0.17 0.74 0.083 0.032
Ba 6.3 6 445 482 489 485 5.60 0.01 1.13 0.060 0.111
Th 0.12 0.08 6 8.4 7.2 7.8 2.00 0.002 0.40 0.053 0.020
U 0.047 0.02 1.8 1.6 2 1.75 2.00 0.01 0.41 0.042 0.020
K 600 258 17000 13695 21266 17481 5.00 0.10 1.08 0.072 0.061
Ta 0.132 0.035 0.6 1 1.1 1.05 1.60 0.20 0.48 0.243 0.010
La 2.5 0.6 19 24.6 24 24.3 0.30 0.05 0.10 0.164 0.143
Ce 7.5 1.6 49 52.9 45.4 49.2 0.34 0.07 0.12 0.253 0.141
Nd 7.3 1.2 21 28.8 18.6 23.6 0.32 0.22 0.24 0.910 0.140
Sr 90 18 305 173 267 220 0.30 0.02 0.08 0.156 1.025
Zr 74 10 149 180 160 170 0.08 0.60 0.50 0.236 0.073
Y 28 3.9 27 27 21 24 0.10 4.10 3.30 1.875 0.010
Yb 3.05 0.41 2.4 1.96 1.94 1.95 0.10 2.70 2.18 1.682 0.295
Lu 0.455 0.064 0.4 0.27 0.3 0.26 0.10 11.60 9.30 2.208 0.295
87Sry86Sr 0.7025 0.7036 0.708 0.723 0.707 0.715 (66% Hbl, (50% Pl,
143Ndy144Nd 0.51315 0.5128 0.5124 0.512 0.5125 0.5123 20% Cpx, 25% Cpx,
d18O 5.5 6.5 10 14 10 12 10% Cpx, 25% Cpx,

4% Ti-Mt)

a N-MORB from Sun and McDonough (1989); primitive mantle
from Hofmann (1988); DMORB (calculated as described in the
text), DSediment5(80% DMORB120% Dbiotite); Dbiotite, DHbl, DCpx,

DTi-Mt from references in Table 2; ODP Leg 141 sediments, S-
type (metamorphic basement) and I-type (Patagonian Batholith)
crust from Behrmann and Kilian (1995) and unpublished data

Fig. 14 Schematic cross-sections below the different volcanic
centers, from north-to-south, of the Andean AVZ. The angle of
subduction is surmised to increase southwards from near the Chile
Rise-Trench triple junction to below Burney, and than decrease
again as convergence direction becomes more oblique. The extent
of crustal compression is surmised to increase northwards as the
angle of subduction becomes more orthogonal. These factors af-
fect the extent of mantle and crustal AFC processes as descibed in
the text

to produce the Burney magmas reflects the more primi-
tive isotopic composition of these magmas.

Conclusions

Although considerable uncertainties relate to both the
composition of the different components and the equi-
librium bulk assimilation AFC processes, particularly
for slab-meltymantle peridotite interaction, employed in
our multi-stage, four-component (MORB, subducted
sediment, mantle wedge, crust) model, this model gives a
reasonable fit to the observed trace-element and isotopic
compositions of AVZ andesites, specifically Sr, Nd and
Y contents and O, Sr and Nd isotopic compositions (Figs.
10–13; Table 4). The mass contribution from the sub-
ducted slab in this model is high compared to typical arc
magmas. This is consistent with geothermal models
which suggest melting of the young and slowly subduct-
ing slab in this region of the Andean arc (Peacock et al.
l994). Our model also involves a significant amount of
subducted sediment in the generation of all the AVZ
adakites except those from Cook Island.

The proportions of the different source materials in-
volved in the genesis of AVZ magmas vary significantly
from north-to-south. A basis for rationalizing these vari-
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ations in the tectonic context of the AVZ is provided by
the schematic cross-sections in Fig. 14. Just south of the
triple junction (46–498S), a gap in active volcanism oc-
curs in the region where very young oceanic lithosphere
is being subducted, presumably at very low angle. Fur-
ther to the south below the NAVZ (49–518S), melting of
the slab (MORB1 sediment) and interaction of these
melts with a relatively small mantle wedge, followed by
significant crustal AFC, produces the NAVZ adakites.
Even further south below Reclus and Burney (51–528S),
the lower LIL and LREE of magmas erupted from these
volcanoes suggest greater interaction within the mantle
of slab-derived melts. In this region the subducted litho-
sphere is older and the subduction angle may be greater,
so that the mantle wedge may be larger or more actively
convecting and thus hotter. On the other hand, crustal
AFC process are less significant than below the NAVZ.
This may be due to the increasingly oblique nature of
subduction as well as the influence of the strike-slip
MalvinasyMagallanes fault system (Fig. 1) in providing
paths for the relatively rapid rise of sub-crustal magmas
at this latitude. Even further south below Cook Island
(548S), oblique subduction, fragmentation of the sub-
ducted slab and deep lithospheric faults allow small pro-
portions of MORB melt to rise through both the mantle
and crust with only very limited interaction.
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