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Destructive plate margin magmagenesis is one of the most intensely studied and widely
debated topics in the earth sciences at present. Calc-alkaline volcanic and plutonic rocks in
orogenic settings exhibit such a diversity of composition and character that the subducted
oceanic lithosphere, the overlying 'enriched' lithospheric mantle and the lower continental crust
all have been advocated recently as the primary source region for island-arc and continental-
margin basaltic to andesitic magmas. The role of the upper continental crust is also a matter of
continuing controversy. It is clear that crustal contamination is a common, but not universal,
feature of destructive plate margin magmatism. Whether this contamination is introduced at
source by subduction-related processes or occurs during magma transit by bulk anatexis and
magma mixing, selective contamination or coupled fractional crystallization-assimilation
mechanisms is central to most current discussions of andesite petrogenesis. This book
presents a series of papers which directly address these and other important geological and
geochemical problems within the context of the Mesozoic-Cenozoic calc-alkaline magmatism
characteristic of the Andean Cordillera of western South America. Although it is aimed
primarily at postgraduate students and researchers familiar with the Andes, it is also a useful
general reference for workers in other fields who wish to gain an insight into current thoughts,
ideas and speculations on 'andesitic' magmatism at destructive plate margins.
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of the most intensely studied and widely debated topics in the earth sciences at present. Calc-
alkaline volcanic and plutonic rocks in orogenic settings exhibit such a diversity of composition
and character that the subducted oceanic lithosphere, the overlying ‘enriched’ lithospheric
mantle and the lower continental crust all have been advocated recently as the primary source
region for island-arc and continental-margin basaltic to andesitic magmas. The role of the
upper continental crust is also a matter of continuing controversy. It is clear that crustal
contamination is a common, but not universal, feature of destructive plate margin magmatism.
Whether this contamination is introduced at source by subduction-related processes or occurs
during magma transit by bulk anatexis and magma mixing, selective contamination or coupled
fractional crystallization-assimilation mechanisms is central to most current discussions of
andesite petrogenesis.This book presents a series of papers which directly address these and
other important geological and geochemical problems within the context of the Mesozoic-
Cenozoic calc-alkaline magmatism characteristic of the Andean Cordillera of western South
America. Although it is aimed primarily at postgraduate students and researchers familiar with
the Andes, it is also a useful general reference for workers in other fields who wish to gain an
insight into current thoughts, ideas and speculations on 'andesitic' magmatism at destructive
plate margins. The 16 papers contained in the book were presented as part of a special
symposium of the American Geophysical Union held in Baltimore, Maryland (USA) in June
1983. The contributors include geologists, petrologists and geochemists of various
specializations who each bring their own varied perspectives to bear on a problem of common
interest—Andean calc-alkaline magmatism.The individual papers in the volume are divided into
two groups, those dealing with aspects of the Late Cenozoic ‘andesitic’ volcanism (of which the
Andes is the type locality) and those considering primarily Mesozoic-Tertiary plutonism. Within



each group the ordering of papers represents an evolution in scale from regional
reconnaissance studies to detailed case studies of individual volcanic centres or intrusive
complexes. The last paper in the volcanic section provides a useful comparison between Late
Cenozoic ‘andesitic’ volcanism in central America with that in the Andes. The geochemical and
isotopic data presented in the book do indeed provide some constraints on the origin and pre-
eruption evolutionary history of Andean magmas. It is important to note at the outset, however,
that the papers contained in the book do not arrive at a concensus regarding the questions
addressed. The reader will find real differences in interpretation and opinion as well as a wide
range of hypotheses advocated to explain the different aspects of Andean magmatism
addressed by the various authors.The debate is by no means over and many of the problems
discussed here will be a focus of continuing controversy for some time to come. Nevertheless,
we hope that this volume points out the utility and importance of multi-isotope and combined
chemical-isotope approaches when undertaken within a framework of detailed field and
petrographic studies. Our thanks are extended to the authors who contributed to the book.
Their enthusiasm and timely preparation of the manuscripts after the Baltimore meeting made
it possible to get the book completed without significant delay. Also, we would like to thank the
symposium participants who did not contribute to the book for providing a stimulating forum for
discussion and, in particular, P. J. Patchett who was instrumental in planting the seed of an idea
that eventually blossomed into the symposium. We are very grateful to J. L. Atkinson for her
assistance with reading the proofs. Finally our collective thanks are due to the staff of Shiva
Publishing.R.S. HARMON, Southern Methodist University, DallasB.A. BARREIRO, Dartmouth
College, HannoverNovember 1983

Section 1Volcanic Andes

© R.S. Harmon and B.A. Barreiro, 1984R. S. Harmon and B. A. Barreiro (eds.)Andean
Magmatism10.1007/978-1-4684-7335-3_1The Tectonic Setting of Active Andean
VolcanismR. S. ThorpeAbstractThe Andean plate margin of South America is characterized by
the seismicity, tectonism and magmatism associated with the descent of the oceanic Nazca
plate below the South American plate. The active volcanism occurs within segments in south
Colombia—north Ecuador (Northern Volcanic Zone, NVZ: ca. 5°N–2°S), south Peru—north
Chile (Central Volcanic Zone, CVZ: ca. 16–28°S) and in south Chile (Southern Volcanic Zone,
SVZ: south of ca. 33°S). The active volcanic zones are underlain by more steeply-dipping
oceanic lithosphere (ca. 30°) than that below the intervening non-volcanic zones (ca. 5–10°).
This correlation indicates that the processes responsible for Andean magmatism are initiated
within the mantle. The petrogenesis of Andean magmas involves formation of basaltic melts,
followed by assimilation and fractional crystallization (AFC) during crustal ascent. Within this
framework the basaltic-andesite-rhyolite association of the SVZ evolved largely by fractional
crystallization of basaltic magma, while the basaltic andesites and andesites of the NVZ may
have evolved by AFC of basaltic magma. The more evolved andesite-dacite lavas of the CVZ
result from fractional crystallization of basaltic magma in association with assimilation (AFC) or
crustal melting. Crustal growth within the central Andes has been accompanied by an increase
in the role of crustal material as a result of AFC, and crustal melting processes relative to
fractional crystallization of mantle-derived basaltic magmas. There are hence important links
between lithospheric structure, tectonic history and magmatism within the Andes.The descent
of the oceanic Nazca plate below western South America is marked by the seismicity,
tectonism and magmatism considered characteristic of an Andean plate margin. The Andean



margin comprises a magmatic (intrusive/volcanic) arc flanked on the west by an oceanic trench
(the Peru-Chile trench) and on the east by a foreland thrust belt and basin. Although the Andes
form a morphologically continuous mountain chain from ca. 5-45°S (ca. 4000 km), distinct
broad-scale tectonic segments are located above segments of similar scale in the subducted
Nazca plate, indicated by major localized variations in the dip and morphology of the Benioff
zone (Barazangi and Isacks, 1976, 1979). The tectonic segments have distinctive tectonic and
magmatic characteristics, and some boundaries coincide with ancient crustal features. The
mechanism of segmentation may therefore involve interaction of features in the descending
plate with structures in the upper lithospheric plate (Jordan et al., 1983).The major tectonic
segments of the Andes in relation to the depth of the Benioff zone are shown in Figure 1.
Based upon the seismic characteristics of the descending Nazca plate the Andes may be
divided into five segments. In Peru (ca. 2-15°S) and central Chile (ca. 27-33°S), the Benioff
zone dips at only 5-10° towards the east, and upper plate seismicity is relatively abundant and
shows localized clustering. By contrast, in south Colombia-north Ecuador (ca. 5°N-2°S), south
Peru—north Chile (ca. 16-28°S) and south Chile (south of ca. 33°S), the Benioff zone is
inclined at ca. 30° towards the east.Figure 1(a) Map of western South America showing the
plate tectonic framework in relation to active volcanism, crustal age and thickness. %²—active
calc-alkaline basalt-andesite, dacite volcanoes (MacDonald, 1972); 9Iw6öÖP alkaline volcanoes;
O—volcanic areas referred to in the text; stippled areas represent continental areas underlain
by crust of Palaeozoic or younger age, and other areas may be underlain by Precambrian
crust. The location of crust exceeding 50 km in thickness is shown (from Thorpe et al., in
press). (b) Contours to the top of the Benioff zone below the Andes (km). Dashed lines indicate
that the contours are based on fewer data than shown by solid lines. Solid ornament indicates
oceanic trenches exceeding 5000 m depth. The numbers indicate the location of the major
tectonic segments of the Andes as discussed in the text (from Barazangi and Isacks, 1976)The
down-slope lengths of the two shallow-dipping plates are ca. 750 km from the trench and reach
a depth of ca. 160 km in comparison with ca. 650-750 km for the more steeply dipping
segments which reach a depth of ca. 300 km. The southernmost segment (south of ca. 33°S)
reaches only 500 km from the trench axis at a depth of ca. 160 km. These lengths of
subducted lithosphere are consistent with subduction during the time period since the Miocene
(Wortel and Vlaar, 1978). The crust above the more steeply-dipping segments of the
subducted slab is characterized by less seismicity than that above the relatively flat/subducted
segments. For upper plate earthquakes within all segments from Ecuador to Argentina, focal-
mechanism solutions reflect east-west compressive stress and suggest that overall
convergence of the Nazca-South American plates is responsible for stress distribution within
the upper plate, in contrast to localized effects such as emplacement of magma.The tectonic
segments described above correlate well with the distribution of active volcanism, as well as
with earlier magmatic history and basement age. Active volcanism is restricted to the steeper-
dipping segments in south Colombia-north Ecuador (ca. 5°N-2°S; ‘Northern Volcanic Zone’,
NVZ), south Peru-north chile, (ca. 16-28°S; ‘Central Volcanic Zone’, CVZ) and south Chile (ca.
31-55°S; ‘Southern Volcanic Zone’, SVZ) and is absent from the intervening flatter-lying
segments. Because the active volcanoes overlie a well-developed zone of high-Q, or
asthenospheric mantle, this indicates that the processes responsible for surface volcanism may
be initiated within the mantle wedge (Barazangi and Isacks, 1976, 1979; Thorpe et al.,
1981).The active volcanic zones have contrasted crustal thickness and age. The NVZ, over a
Benioff zone at ca. 140 km depth, is built upon continental crust of Palaeozoic-Mesozoic age
(Zeil, 1979) which is ca. 40-50 km in thickness (Case et al., 1971). The CVZ also overlies a



Benioff zone at ca. 140 km depth but the underlying crust, which dates from ca. 2000 Ma
(Shackleton et al., 1979), may have been contiguous with the Brazilian Shield, and is now ca.
70 km in thickness (James, 1971b). The SVZ volcanoes overlie a shallower Benioff zone, at a
depth of ca. 90-120 km and are built upon continental crust of Palaeozoic-Mesozoic age, which
is ca. 35 km in thickness (Cummings and Schiller, 1971).The volcanic rocks erupted within
each of the active volcanic zones have distinctive petrological and geochemical characteristics
(Thorpe and Francis, 1979; Thorpe et al., in press). The NVZ lavas are dominantly basaltic
andesite and andesites, the CVZ lavas range from basaltic andesite to dacite in composition
but are dominantly andesite and dacite, while the SVZ lavas are dominantly basalt and basaltic
andesite in composition. The geochemical characteristics of the SVZ lavas correspond to
island-arc calc-alkaline volcanic rocks while those of the CVZ lavas are enriched in K, Rb, Th
and U in comparison with such lavas and approach the overall composition of the continental
crust. The NVZ lavas are intermediate between the CVZ and SVZ lavas in these characteristics
(see Thorpe et al., in press; Harmon et al., in press). The lavas of the active volcanic zones
also show distinctive Sr-, O-, Nd- and Pb-isotopic characteristics. The NVZ and SVZ lavas
generally show narrow, but slightly distinct ranges in Sr-, O-, Nd- and Pb-isotope composition,
while the CVZ lavas have higher (more radiogenic) Sr- and Pb-isotope ratios, lower (less
radiogenic) Nd isotope ratios and higher ;C�„ð values, accompanied by a much greater range in
isotope composition in comparison with the NVZ and SVZ lavas (see discussions which
follow).The petrogenesis of the Andean lavas may be explained on the basis of a model
involving dehydration of the subducted Nazca plate, causing addition of ‘subduction zone’
components into the overlying mantle wedge. Below areas underlain by steeply-dipping
lithosphere, dehydration takes place over a more restricted lateral extent in comparison with
areas underlain by shallow-dipping lithosphere. In the latter segments, the ‘subduction-zone’
mantle does not immediately yield magma, but may be capable of extensive regional
magmatism as a result of a later change in tectonic situation. Basaltic magmas derived from
such mantle will be underplated at the base of the crust and may experience assimilation and
fractional crystallization during subsequent uprise through the crust. The chemical and isotopic
characteristics of the NVZ basaltic andesites and andesites, and the SVZ basalts, basaltic
andesites and andesites are consistent with derivation by fractional crystallization of basaltic
parent magmas formed by partial melting of the asthenospheric mantle wedge containing
components from subducted oceanic lithosphere. However the higher Sr-, Pb- and O-isotope
ratios of the NVZ lavas and their more evolved compositions in comparison with the SVZ lavas
may indicate some assimilation of Palaeozoic or younger continental crust during fractional
crystallization (Harmon et al., in press; James, in press).A variety of petrogenetic schemes
have been proposed to account for the characteristics of the CVZ lavas (Thorpe et al., in
press). The CVZ basaltic andesites may be derived from mantle containing subduction zone
components possibly accompanied by minor assimilation-fractional crystallization (AFC) during
upward transit through the crust. The more evolved andesites and dacites may result from
more extensive AFC processes (cf. Thorpe et al., in press) involving local Precambrian crust,
or from anatexis of lower crustal material (Hawkesworth et al., 1982). In addition some CVZ
lavas and pyroclastic rocks show petrological and geochemical evidence for magma mixing
and the petrogenesis of the CVZ lavas may therefore be a complex process in which mantle-
derived magmas experience assimilation, fractional crystallization and magma mixing during
uprise through the continental crust.These models may be used to comment on Andean
magmagenesis from the Mesozoic to the present time. Within the CVZ there is a general age
progression from Mesozoic (or older) igneous rocks near to the coast through Cenozoic rocks



at intermediate elevation to the active volcanoes of the Andes. Transects at ca. 17-20°S and ca.
26-29°S reveal a broad correlation between magma composition and the physiographic
development of the Andes, and the time-space evolution of the magmatic arc (Clark and
McNutt, 1982). Within 26-29°S, rapid middle Miocene (14-11 Ma) arc broadening towards the
continent (from ca. 40 to 350 km) coincided with a late event in episodic Cenozoic uplift. At
17-20°S, late Oligocene-early Miocene uplift (ca. 26 Ma) uplift was also coeval with
contemporaneous arc broadening which was more extensive than in the northern transect. In
both areas, Pliocene topographic uplift (ca. 10 Ma) was accompanied by arc contraction and
was followed by Pliocene-Recent uplift and volcanism (since ca. 4 Ma). The greater crustal
thickness in the north (ca. 70 km) in comparison with that in the south (ca. 50 km) implies more
rapid thickening in the north, but the timing and reason for localization of such thickening are
still uncertain.Chemical studies of Mesozoic-Recent igneous rocks from the southern transect
(McNutt el al., 1975; Longstaffe et al., 1983) show a gradual increase in initial 87Sr/86Sr from
ca. 80 Ma to the present, of 0.703 to 0.707, without an increase in ;C�„ð (within the range +6.2
to +8.3‰). This maybe interpreted in terms of a shallowing of the site of magma generation
due to rise of isotherms within a heterogeneous mantle, or the increasing assimilation of
continental crustal material with time. By contrast, within the northern transect, the initiation of
Oligocene-early Miocene uplift was accompanied by an abrupt increase in initial 87Sr/86Sr in
volcanic rocks, such that Pliocene-Recent andesite and dacite lavas have initial 87Sr/86Sr
values in the range of 0.706-0.710 and ;C�„ð values of +8 to +10‰ (Harmon et al., 1981;
Hawkesworth et al., 1982). This indicates that crustal thickening within the area was
accompanied by a sudden increase in assimilation associated with fractional crystallization
processes (Thorpe et al., in press) or a change from a mantle to a crustal magma source
region (Hawkesworth et al., 1982).The data summarized above indicate that there appear to be
important links between lithospheric structure, tectonism and magmatism within the Andes.
These links are interpreted in terms of tectonic segmentation and there may be further
correlations between surface geology and segmentation such as those identified elsewhere
(e.g. Central America; Carr et al., 1982). This segmentation may be used to interpret the recent
geological history of the Andes and may form the basis for studies of the initiation of
magmatism, the rise of magma and the subsequent interaction with the mantle and continental
crust prior to eruption within an active volcanic zone.

© R.S. Harmon and B.A. Barreiro, 1984R. S. Harmon and B. A. Barreiro (eds.)Andean
Magmatism10.1007/978-1-4684-7335-3_2Oxygen Isotope Ratios in Late Cenozoic Andean
VolcanicsR. S. Harmon and J. HoefsAbstractO-isotope ratios for 127 Cenozoic volcanic rocks
from the Andean Cordillera between 5°N and 4°S range from +5.2 to +14.0‰ (SMOW). Lavas
from eight volcanoes in the SVZ between 36-42°S exhibit a very narrow range of ;C�„ð values
(+5.2 to +6.7‰), with O-isotope variations independent of bulk chemical composition. The
highest O-isotope ratios occur in the CVZ where lavas from 16 volcanic centres between
16-26°S have a wide range of ;C�„ð values (+6.9 to +14.0‰), with 18O/16O ratios well
correlated with both bulk chemical composition and radiogenic isotope variations at some
centres. In the NVZ, between 5°N and 2°S, lavas from nine volcanoes have intermediate O-
isotope compositions (;C�„ð = +6.3 to 7.7‰), which are unrelated to chemical composition. The
low 18O/16O ratios for the lavas of the SVZ are most easily explained by derivation from a
mantle source, with the parent magmas rising largely unmodified through the thin (<35 km)
continental crust and differentiation occurring by fractional crystallization, which did not
significantly modify their O-isotope composition. The high 18O/16O ratios and large range of



;C�„ð values documented for the lavas of the CVZ requires a large crustal component in all
lavas. This was probably introduced by the extensive interaction of mantle-derived melts with
lower and/or upper crust during transit through abnormally thick (>60 km) continental crust of
the region. The intermediate O-isotope character for the lavas of the NVZ suggests that both
mantle and crustal sources were important in the petrogenesis of lavas in the
region.IntroductionThe O-isotope composition of any unaltered igneous rock is determined by
four basic factors:(a) the 18O/16O ratio of the source region in which the original magma was
generated,(b) the temperature of magma generation and crystallization,(c) its mineralogical
composition, and (d) the evolutionary history of the magma prior to its eruption or
emplacement and final crystallization. Provided an igneous rock has not been affected by post-
crystallization, subsolidus isotope exchange or hydrothermal alteration, its O-isotope
composition should be a sensitive petrogenetic indicator which will provide first-order
information about both its origin and evolutionary history.Source-liquid fractionation effects are
small at the high temperatures at which magmas are typically generated (Muehlenbachs and
Kushiro, 1974; Kyser et al., 1981) and independent of pressure (Clayton et al. 1975). Thus, a
partial melt should have an O-isotope composition representative of the source region in which
it was generated. In silicate minerals the highly polymerized Si-O-Si structure concentrates
18O relative to the Si-O-Al structure, which in turn, concentrates 18O relative to the Si-O-M
structure (Taylor and Epstein, 1962). As a result, the continental crust is more 18O rich than
the mantle and mafic lower crust. This feature is enhanced by the fact that crustal materials,
which have been through a low-temperature sedimentary cycle at the earth’s surface involving
weathering, chemical precipitation and diagenesis, are highly enriched in 18O (Savin and
Epstein, 1970).Relatively large differences in O-isotope composition are observed between
fine-grained volcanic rocks and coarse-grained plutonic rocks of equivalent composition
(Taylor, 1968; Anderson et al., 1971). Mineral fractionations increase with decreasing
temperature (see recent summary of mineral-fluid fractionation data in Friedman and O’Neil,
1977). For example, plagioclase crystallized from a melt at 1000°C would be depleted in 18O
by about 2‰ relative to plagioclase crystallized from a melt of the same composition at 600°C
(Matsuhisa et al., 1979).Because it is mineral structure and stoichiometry which influence the
O-isotope composition of silicate minerals and not simple atomic substitution (O’Neil and
Taylor, 1967; Anderson et al., 1971; Matsuhisa, 1979), crystal fractionation might be expected
to play an important role in determining the ultimate 18O/16O ratio of any particular igneous
rock. The large-scale crystallization and removal of a sufficient quantity of a phenocryst phase
significantly depleted or enriched in 18O relative to a parental magma might be expected to
produce a compensated shift in the 18O/16O ratio of the melt, provided there is no subsequent
re-equilibration of the crystallized phase with the magma. However, crystal-melt fractionations
are sufficiently small at volcanic temperatures that magmatic differentiation should proceed
without causing a large shift in the O-isotope composition of the magma. This is substantiated
by a variety of data from oceanic-island (Garlick, 1966), island-arc (Matsuhisa et al., 1973) and
continental-margin (Taylor, 1968; Deruelle et al, 1983) volcanics which show that closed-
system crystal fractionation can only produce small (0.5-0.8‰) variations in 18O/16O ratios
within a cogenetic magma series without very radical changes in chemical composition.The
mantle and the various crustal reservoirs which may be important in the petrogenesis of
andesitic lavas can be reasonably well discriminated on the basis of their O-isotope
composition. Fresh, unaltered mid-ocean ridge tholeiitic basalts have ;C�„ð values* of +5.7 ±
0.5‰(Muehlenbachs and Clayton, 1972; Pineau et al., 1976; Kyser et al., 1982). Oceanic-
island tholeiitic basalts are similar in O-isotope composition to mid-ocean ridge tholeiites,



whereas oceanic-island alkali basalts are slightly more 18O-rich with ;C�„ð values of 6.2 ±
0.5‰(Kyser et al., 1982). Most island-arc and continentalbasalts have 18O/16O ratios similar
to those of their oceanic counterparts, but ;C�„ð values in excess of 7.5‰ have been recorded
from a variety of localities (Garlick, 1966; Taylor, 1968; Taylor et al., 1979; Hoefs et al., 1980).
Calc-alkaline andesitic lavas, potassic lavas and carbonatite lavas from oceanic and
continental environments typically have ;C�„ð values in the range +5.5 to +8.5‰, with dacites
and rhyolites slightly more 18O rich with ;C�„ð values in the range +6.5 to +10.5‰ (Garlick,
1966; Taylor, 1968; Pineau and Javoy, 1969; Matsuhisa et al., 1973; Suwa et al., 1975; Turi and
Taylor, 1976; Magaritz et al., 1978; Matsuhisa, 1979).Hydrothermally altered oceanic crust and
continental crust of intermediate composition tend to have quite variable 18O/16O ratios,
typically within the range of ;C�„ð = +7 to + 10‰(Muehlenbachs and Clayton, 1972; Taylor,
1980). As previously noted, sedimentary rocks and their metamorphic equivalents tend to be
particularly 18O rich and generally have ;C�„ð values in the range of + 10 to + 30‰. Thus, it is
to be expected that magmas derived predominantly in such 18O-rich continental crust will
themselves have high 18O/16O ratios. Turi and Taylor (1976) have observed that ;C�„ð values
for calc-alkaline volcanic rocks of the Tuscan Magmatic Province range from +11.2 to 13.4‰,
and argued that these lavas were produced by melting of the large-scale assimilation of 18O-
rich argillaceous sedimentary upper crust. It should also be pointed out here that there is no
process of magmatic differentiation that can produce lavas with ;C�„ð values less than 5.0 to
5.5‰. Such rocks are only thought to form by interaction with 18O-depleted meteoric waters in
the magmatic state (Friedman et al., 1974), during later subsolidus exchange (Taylor and
Forester, 1971) or by the melting of, or subsequent exchange with, crustal rocks previously
depleted in 18O by such processes. For example, basalts in Iceland with ;C�„ð values as low as
2.3‰ are thought to be the result of contamination by low-18O meteoric waters (Muehlenbachs
et al., 1974).Oxygen isotope composition of Andean lavasA total of 127 O-isotope analyses of
Andean Late Cenozoic lavas from 33 volcanic centres are available from this study and the
data of Magaritz et al.(1978), Harmon et al.(1981), James (1982a, b), and Deruelle et al.
(1983). These data are summarized in Table 1 and their distribution as a function of latitude
and composition is illustrated in Figure 1. Although a few centres, such as the Cerro Galan
complex in northwestern Argentina (Harmon et al., 1981), the Arequipa volcanics in south Peru
(James, 1982a), and the Galeras volcano in southwestern Columbia (James, 1982b), have
been examined in some detail, most were sampled on a limited basis as part of regional
reconnaissance studies. Here we use this relatively large data set to place some basic
constraints on the source region of Andean lavas, to define the role of continental crust in their
origin and evolution and to compare the petrogenesis of ‘andesitic’ lavas occurring in the
different tectonic settings of the Andean Cordillera.Table 1Summary of O-isotope composition
of Late Cenozoic Andean lavasFigure 1Histograms of whole-rock O-isotope compositions of
Late Cenozoic Andean calc-alkaline lavas shown as a function of geographic distribution
(latitude) and composition. The Meridional Andes, Central Andes, and Equatorial Andes
groupings in the figure correspond to the SVZ, CVZ and NVZ respectively. Data from Magaritz
et al. (1978), Harmon et al.(1981), James (1982a, b), Deruelle et al.(1983), and this
studyOverall,18O/16O ratios for Late Cenozoic Andean lavas range from +5.2 to +14.0‰
(Table 1). However, ;C�„ð ranges within the three individual volcanic provinces are significantly
smaller: NVZ (5°N-2°S) = +6.5 to +7.8‰; CVZ (16-28°S) = +6.9 to +14.0‰; and SVZ (33-46°S)
= +5.2 to +6.8‰ (Table 2). In both the NVZ, where the lavas are basaltic andesites and
andesites, and in the SVZ, where the lavas range in composition from basalts to rhyolites, O-
isotope variations are independent of chemical composition. For example, lavas at the Villarrica



centre at 39°S range from basalt with 51 % SiO2 and a ;C�„ð value of +5.8‰ to rhyolite with
69 % SiO2 and a ;C�„ð value of +6.3‰. Andesites at Villarrica are equivalent to basalts in their
O-isotope composition. Within the CVZ, there is a general trend for 18O/l6O ratios to be well
correlated with compositional variations, with the more silicic lavas being the more 18O-rich.
This trend is most pronounced in the Cerro Galan centre at 26°S where ;C�„ð values range from
+8.2 to +8.5‰ for basalts and basaltic andesites, from +8.5 to +9.9‰ for andesites, and from
+8.6 to +14.0‰ for dacites (Harmon et al., 1981). Throughout the remainder of the CVZ
dacites generally tend to have higher ;C�„ð values than basaltic andesites, with andesites
intermediate in O-isotope composition, although this trend is less well developed for most other
volcanic centres than it is for Cerro Galan (see Figure 1). It is clear from Table 1 that ;C�„ð
values tend to be higher for a given SiO2 content in the CVZ than in the NVZ and higher in the
NVZ than in the SVZ. Also, it can be seen in Figure 1 that there is a general tendency for ;C�„ð
values to increase from north to south along the CVZ. The former observation undoubtedly is
either a direct or indirect manifestation of the very thick (>60 km) crustal keel of the CVZ; the
latter feature is attributed to the presence of Precambrian granulitic basement which is
considered to be largely absent to the south in southwestern Bolivia, northwestern Argentina,
and north-central Chile where Late Cenozoic volcanoes are developed on igneous and
metasedimentary upper crust of Palaeozoic-Mesozoic age.Table 2O-isotope ratios for Late
Cenozoic volcanic rocks in the Andean Cordillera (reported as ‘;I values in ‰ relative to
SMOW)*DiscussionThe large range of O-isotope ratios (> 8‰) documented for the Late
Cenozoic lavas of the Andean Cordillera (see Table 1) cannot be explained simply in terms of
derivation from a single source region. Rather, the data require the involvement of both mantle
and continental crust in magmagenesis.Overall, ;C�„ð values for the lavas of the SVZ range
from +5.2 to +6.8‰ (see Table 1). Basalts and basaltic andesites from six of the eight
volcanoes sampled by Deruelle et al.(1983) have ;C�„ð values within the +5.7 ± 0.5‰ range
considered representative of uncontaminated basaltic magmas derived from a primitive mantle
source region (Pineau et al., 1976; Kyser et al., 1982). Low-pressure fractional crystallization
can produce small (<1‰) degrees of 18O enrichment within a differentiating magma
(Matsuhisa et al., 1973). Thus, the minor intravolcano ;C�„ð variations of 0.2 to 0.8‰ observed
within the five volcanic centres for which different lava compositions were analysed are
attributed to the removal of olivine and pyroxene phenocrysts as modelled by Lopez-Escobar
et al.,(1981) for the Antuco volcano.By contrast, neither the lavas of the NVZ nor those of the
CVZ have such low ;C�„ð values (see Table 1). Basaltic andesites and andesites in Columbia
(James, 1982b) and Ecuador (Harmon et al., 1981; this study) have ;C�„ð values which range
from +6.3 to +7.8‰ with no apparent correlation of O-isotope and chemical variations. In the
CVZ andesites and dacites from south Peru (Magaritz et al., 1978; James, 1982a) are similar
in O-isotope to the lavas of the NVZ, whereas those of all compositions to the south in
southwest Bolivia, north Chile, and northwestern Argentina are relatively 18O-rich by
comparison (see Figure 1). Also, intravolcano ;C�„ð variations within the NVZ (0.4 to 1.3‰) and
the CVZ (0.3 to 5.8‰) are generally larger than in the SVZ (0.2 to 0.8‰), and basalts and
basaltic andesites from some volcanic centres such as Cerro Galan and El Negrillar have
18O/16O ratios which are significantly higher than those for most andesites and some dacites
from the other volcanoes sampled in the CVZ. These features—the 18O-enriched character
and large internal variation in O-isotope compositions—require a substantial crustal
component to the CVZ lavas.The O-isotope data for the Andes is compared with that for
different volcanic settings in Figure 2. Unaltered mid-ocean ridge and oceanic-island and
tholeiitic basalts have ;C�„ð values largely between +5.5 and +6.0‰ (Garlick, 1966; Taylor,



1968; Muehlenbachs and Clayton, 1972; Pineau et al., 1976; Kyser et al., 1982). Oceanic-
island alkali basalts tend to be slightly enriched in 18O with 18O values between +6.0 to
+7.0‰(Taylor, 1968; Kyser et al., 1982), suggesting that the mantle may be slightly
heterogeneous in terms of its O-isotope composition. Island-arc and continental-margin basalts
and basaltic andesites from destructive plate margin settings exhibit a much larger variation in
O-isotope composition with ;C�„ð values ranging between +5.0 to +8.0‰, essentially equivalent
to the +5.2 to +8.5‰ range observed for the basalts and basaltic andesites of the Andes.
Overall, the +5.2 to +14.0‰ range in 18O/16O ratios documented for compositional spectrum
of Andean lavas compares well with the +5.0 to +13.8‰ range for destructive plate margin
lavas in general.Figure 2Histograms comparing the whole-rock O-isotope composition of calc-
alkaline Late Cenozoic Andean lavas with tholeiitic and calc-alkaline lavas from other tectonic
environments. The abbreviations EA, CA and MA refer to the Equatorial Andes (NVZ), Central
Andes (CVZ) and Meridional Andes (SVZ) respectively. Data from the references in Figure 1
and Garlick (1966), Taylor (1968), Muehlenbachs and Clayton (1972), Matsuhisa et al.(1973),
Pineau et al.(1976), Matsuhisa (1979) and Kyser et al.(1982)The O-isotope variations
observed for the Late Cenozoic lavas of the Andes between 5°N and 42°S are best explained
by the model schematically illustrated in Figure 3. Calc-alkaline magmatism throughout the
length of the Andean Cordillera is envisaged to be derived directly from a lithospheric mantle
source region enriched in large-ion-lithophile elements and volatiles as a result of dehydration
of the underlying oceanic lithosphere during subduction. The low ;C�„ð values (~5.5‰)
observed within the SVZ suggests derivation of parental basaltic magmas through a relatively
large degree (10-15 %) of partial melting of this mantle source region (Lopez-Escobar et al.,
1977) which had not been subject to extensive prior partial melting. Subsequently, the high-Al
basaltic magmas evolved by fractional crystallization which occurred largely free of
concomitant contamination by 18O-rich continental crust. The highly variable O-isotope
composition (;C�„ð = -3 to + 10‰) of hydrothermally altered oceanic lithosphere (Muehlenbachs
and Clayton, 1972; Gregory and Taylor, 1981) and the extremely 18O-rich character (;C�„ð =+20
to 30‰) of entrained pelagic sediment (Savin and Epstein, 1970) rule out significant (> 1 %)
participation of the subducted slab in the generation of these and other Andean
magmas.Figure 3Schematic diagram indicating the character of the source regions and post-
melting processes which are likely to be responsible for producing the range of O-isotope
compositions observed in Andean lavasIn the CVZ the higher 18O/16O ratios (;C�„ð =+6.9 to
+8.5‰) of the chemically least evolved lavas are attributed to a combination of low degrees
(5-10 %) of partial melting of a mantle source region, whose isotopic composition had been
modified prior to partial melting by the large-scale extraction of basaltic melts since Mesozoic
time, and the subsequent extensive (>20 %) contamination of these partial melts by the 18O-
rich continental crust of the CVZ, which was more than doubled in thickness as a result of
extensive Mesozoic and younger plutonism (James, 1971a). Although plagioclase is a
ubiquitous phenocryst phase in the lavas of the CVZ, only four volcanic centres exhibit well-
correlated O-isotope and compositional variations indicative of upper-crustal contamination by
low-pressure fractional crystallization-assimilation processes. In the other 21 centres ;C�„ð
variations are largely independent of composition suggesting that contamination was
dominated by bulk assimilation (perhaps magma mixing) processes. Large-scale crustal
anatexis, such as that recently advocated by Hawkesworth et al.(1982), is considered unlikely
to be the sole process involved in the generation of the ‘andesitic’ volcanic centres in the CVZ
on the basis of both experimental evidence (Wyllie, 1977) and geological arguments (e.g. see
Francis et al., 1977, 1980, this volume; Coulon and Thorpe, 1981).The situation in the NVZ is



considered to be intermediate between that of the SVZ and the CVZ. Here the mantle source
region may have been somewhat modified by earlier basalt extraction so that parental magmas
have slightly higher ;C�„ð values (+6.0 to + 6.5‰) than do those in the SVZ (;C�„ð ~ +5.5‰). The
higher 18O/16O ratios of the more evolved andesitic lavas (;C�„ð = +6.5 to +7.8‰) and the lack
of a strong correlation between O-isotope and compositional variations indicates that deep
crustal contamination is also an important process in the evolution of the lavas of the NVZ. The
fact that crustal xenoliths are largely absent in these andesitic lavas suggests that the
contamination occurred at depth in the lower crust through a magma mixing process rather
than by partial fusion of assimilated basement rocks. Bulk contamination of parental basaltic
magmas with ;C�„ð = +6.0 to 6.5‰ by anatectic partial melts of igneous lower crust with ;C�„ð =
+7.5 to 8.5‰ could produce the slight 18O-enrichment observed in the lavas of the
NVZ.SummaryThe O-isotope data for Late Cenozoic Andean volcanic centres discussed here
indicate a mantle source for the low-18O lavas of the SVZ and document that the isotopic
composition of the lavas of the CVZ is dominated by 18O-rich continental crust. The
intermediate isotopic character of the lavas of the NVZ suggests that both mantle and crustal
sources were important in their petrogenesis. The actual mechanisms of magma generation
and crustal interaction remain poorly understood. Experimental evidence precludes the
derivation of large volumes of andesitic magma from either subducted oceanic lithosphere
(Stern and Wyllie, 1978) or the continental crust (Wyllie, 1977). The low ;C�„ð values and very
small range of O-isotope variations observed in the volcanic centres of the SVZ imply a mantle
source for parental basaltic magmas with the generation of more silicic, but less voluminous,
lavas through crystal-liquid fractionation processes. Similar low ;C�„ð values for basalts and
andesites in the northernmost portion of the SVZ at 33-34°S coupled with substantially higher
;C�„ð values for rhyolitic lavas at these volcanic centres (Stern, Futa, Muehlenbachs, Dobbs,
Muñoz, Godoy and Charrier, this volume) implies that calc-alkaline magmas across the
Andean Cordillera in the CVZ and NVZ are produced in the same source region and
subsequently modified relative to those of the SVZ by crustal interaction. This observation,
together with the fact that the deepest part of the Chile-Peru trench of the CVZ, where the
evidence for a crustal component to the ‘andesitic’ lavas is greatest, is virtually sediment free
(Thorpe et al., 1981), suggests that the crustal component present in the Andean lavas of the
CVZ and NVZ is not introduced at source from the melting of subducted sediment. The direct
correlation between 18O-enrichment and the abnormally thick continental crust and high
elevations of volcanoes in the CVZ is unlikely, therefore, to be simply a fortuitous coincidence.
We infer a cause and effect relationship.Available trace element and isotopic evidence
suggests that crustal contamination occurs after magma generation in the lithospheric mantle.
It may be that there are fundamental differences in rates of mantle convection and crustal
thermal regime, magmatic plumbing systems and hydrodynamics and/or regional structure
between the CVZ (where the Benioff zone is deep (~140 km), the crust abnormally thick (>60
km) and elevations high) and the SVZ (where the Benioff zone is shallower (~90 km), the crust
of normal thickness (~35-40 km), and elevations are lower) which promote extensive partial
melting and magma mixing in the lower crust and/or assimilation in the upper crust in the
former. Detailed studies combining trace element petrology with stable and radiogenic isotope
geochemistry on several different individual volcanic centres in each region of the Andes are
required to resolve this question.
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