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Abstract

Subduction zones, such as the Andean convergent margin of South America, are sites of active continental growth and
crustal recycling. The composition of arc magmas, and therefore new continental crust, reflects variable contributions from
mantle, crustal and subducted reservoirs. Temporal (Ma) and spatial (km) variations in these contributions to southern
Central Andean arc magmas are investigated in relation to the changing plate geometry and geodynamic setting of the south-
ern Central Andes (28–32� S) during the Cenozoic. The in-situ analysis of O and Hf isotopes in zircon, from both intrusive
(granitoids) and extrusive (basaltic andesites to rhyolites) Late Cretaceous – Late Miocene arc magmatic rocks, combined
with high resolution U–Pb dating, demonstrates distinct across-arc variations. Mantle-like d18O(zircon) values (+5.4& to
+5.7& (±0.4 (2r))) and juvenile initial eHf(zircon) values (+8.3 (±0.8 (2r)) to +10.0 (±0.9 (2r))), combined with a lack of zir-
con inheritance suggests that the Late Cretaceous (�73 Ma) to Eocene (�39 Ma) granitoids emplaced in the Principal
Cordillera of Chile formed from mantle-derived melts with very limited interaction with continental crustal material, therefore
representing a sustained period of upper crustal growth. Late Eocene (�36 Ma) to Early Miocene (�17 Ma) volcanic arc
rocks present in the Frontal Cordillera have ‘mantle-like’ d18O(zircon) values (+4.8& (±0.2 (2r) to +5.8& (±0.5 (2r))), but
less radiogenic initial eHf(zircon) values (+1.0 (±1.1 (2r)) to +4.0 (±0.6 (2r))) providing evidence for mixing of
mantle-derived melts with the Late Paleozoic – Early Mesozoic basement (up to �20%). The assimilation of both Late
Paleozoic – Early Mesozoic Andean crust and a Grenville-aged basement is required to produce the higher than
‘mantle-like’ d18O(zircon) values (+5.5& (±0.6 (2r) to +7.2& (±0.4 (2r))) and unradiogenic, initial eHf(zircon) values (�3.9
(±1.0 (2r)) to +1.6 (±4.4 (2r))), obtained for the Late Oligocene (�23 Ma) to Late Miocene (�9 Ma) magmatic rocks located
in the Argentinean Precordillera, and the Late Miocene (�6 Ma) volcanic rocks present in the Frontal Cordillera. The
observed isotopic variability demonstrates that the assimilation of pre-existing continental crust, which varies in both age
and composition over the Andean Cordillera, plays a dominant role in modifying the isotopic composition of Late Eocene
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to Late Miocene mantle-derived magmas, implying significant crustal recycling. The interaction of arc magmas with distinct
basement terranes is controlled by the migration of the magmatic arc due to the changing geodynamic setting, as well as by the
tectonic shortening and thickening of the Central Andean crust over the latter part of the Cenozoic.
� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. INTRODUCTION

Arc magmas, and hence new crust, potentially contain
components derived from a number of different reservoirs
(e.g., the mantle, subducted sediments, the subducting
oceanic lithosphere, continental crust from subduction
erosion, and the overlying crust). The proportions of these
various contributions must be investigated and determined
in order to quantify net crustal growth and the long-term
recycling of crustal material. Resolving mantle and sub-
duction components is more straight-forward in oceanic
arcs than continental arcs because there is limited interac-
tion with existing continental crust (e.g., Gill, 1981). The
task is more challenging for arcs built on continental crust
as the addition of subducting components is notoriously
difficult to resolve from the contamination of magmas
with the overlying crust (e.g., Davidson et al., 1991).
However, as continental margins are considered the prin-
cipal site for the growth of the continental crust, determin-
ing these contributions is key to understanding the
generation, evolution and reworking of continental crust
over time.

The Central Andes represents a type example of an
ocean–continent convergent margin and is an active site
of modern continental growth. Previous studies have iden-
tified an increased influence of crustal components on arc
magmas from the southern Central Andes over the course
of the Cenozoic on the basis of whole rock major and trace
element geochemistry, and isotopic compositions (e.g., Kay
et al., 1991; Kay and Abbruzzi, 1996; Litvak et al., 2007;
Goss et al., 2013). However, discriminating between the
processes involved (i.e., contamination of the mantle wedge
with subducted components and/or crustal material from
subduction erosion, versus arc magmas assimilating exist-
ing continental crust en route to the surface) remains
unresolved.

The geodynamic setting of the Central Andean margin,
specifically plate convergence rates and the angle of the
subducting oceanic plate, as well as the thickness of the
Central Andean continental crust, has changed signifi-
cantly over the course of the Cenozoic (e.g., Pilger,
1981, 1984; Pardo Casas and Molnar, 1987; Kay et al.,
1991, 2005; Somoza, 1998; Yañez et al., 2001, 2002;
Somoza and Ghidella, 2012; Goss et al., 2013). The
Andean margin has also experienced high levels
(50 km3/km/Myr (Stern, 2011)) of subduction erosion
(Rutland, 1971; Stern, 1991) and variable sediment flux
from the oceans and continents (Von Huene and Scholl,
1991a). This study utilises the isotopic composition of
the robust accessory mineral zircon to investigate how
the changing geodynamic setting, crustal thickness, sedi-
ment flux and levels of subduction erosion along the
southern Central Andean margin has affected the contam-
ination of southern Central Andean arc magmas, and thus
the extent of crustal recycling over time.
2. GEODYNAMIC AND GEOLOGICAL SETTING

Subduction has been active along the western margin of
South America since the earliest Jurassic, with
subduction-related magmatism in the Central Andes initi-
ated at �185 Ma (e.g., Pichowiak et al., 1990; Stern, 2004).
The study area is located within the Pampean (Chilean)
flat-slab segment (�28�–33� S) of the southern Central
Andes (Fig. 1). This segment of the Andean margin has
been volcanically inactive since the Late Miocene
(�6 Ma) (e.g., Kay et al., 1999; Bissig et al., 2003;
Litvak et al., 2007) due to a decrease in the angle (<10�
at 100 km depth) at which the oceanic Nazca plate sub-
ducts beneath the South American continent (e.g., Pilger,
1981, 1984; Yañez et al., 2001). The present day, low angle
of subduction has been attributed to the subduction of the
Juan Fernandez Ridge (JFR) which began intersecting the
Andean margin during the early Miocene (�18 Ma) (e.g.,
Yañez et al., 2001; Jones et al., 2014). The shallowing of
the Nazca plate caused the position of the volcanic arc
to expand and migrate to the east (e.g., Kay et al., 1987;
Kay and Mpodozis, 2002). Convergence rates and the rel-
ative plate motions between the oceanic (Farallon and
Nazca) and South American plates have also changed dur-
ing the course of the Cenozoic; in particular a major plate
reconfiguration occurred in the Late Oligocene (�25 Ma)
due to the break-up of the Farallon plate into the Nazca
and Cocos plates (Lonsdale, 2005). This resulted in an
increase in convergence rates (from �8 cm/yr to
�15 cm/yr) between the Nazca and South American plates
and a change from oblique (NE–SW) to orthogonal
(ENE–WSW) convergence (Pardo Casas and Molnar,
1987; Somoza, 1998; Somoza and Ghidella, 2012). This
increased convergence, combined with increased compres-
sion related to the subduction of the JFR, led to an
increase in crustal thickness in the southern Central
Andes from �30 km to >45 km (Kay et al., 1991;
Haschke et al., 2002).

The Andean tectonic cycle (Jurassic to recent) represents
only the latest in a series of orogenic cycles to affect the
western edge of the South American continent. Earlier tec-
tonic cycles (e.g., the Gondwanan tectonic cycle, latest
Devonian to early Permian) along with episodes of exten-
sion, subduction and accretion formed the distinctive base-
ment on which the modern Andes are built (Ramos et al.,
1986; Charrier et al., 2007). In the Pampean flat-slab seg-
ment, the Andean margin is divided from west to east into
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Fig. 1. Map showing the main features of the southern Central Andean margin. Sample locations are highlighted (Late Cretaceous – Miocene
samples by dark blue circles and Permian – Triassic basement samples by light blue crosses) alongside the locations of the Principal Cordillera,
Frontal Cordillera and Precordillera (the extent of the Precordillera terrane is outlined). Digital elevation data from Jarvis et al. (2008).
Current active volcanic centres are indicated with grey triangles. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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the Coastal Cordillera, the Principal Cordillera, the Frontal
Cordillera, the Precordillera and the Sierras Pampeanas
(Fig. 1). The age and origin of the underlying basement var-
ies across the Andean Cordillera depending on the extent of
these north–south trending morphostructural units. The
basement of the Principal and Frontal Cordillera is com-
posed of highly deformed Paleozoic sediments which have
been intruded and covered by extensive Late Palaeozoic –
Early Mesozoic plutons and volcanic rocks (Kay et al.,
1989). In the Argentinean Precordillera (Fig. 1) a
Grenville-aged basement (1200–1000 Ma), which is not
exposed at the surface and has been identified through var-
ious geochemical studies, is overlain by Cambrian –
Ordovician strata (Kay and Abbruzzi, 1996; Kay et al.,
1996; Thomas et al., 2004; Ramos, 2010). As a result of
both the regional geology and the migration of the volcanic
arc to the east there is a unique opportunity for a distinctive
spatial relationship in the contamination of mantle-derived
magmas, via assimilation and crustal reworking en route to
the surface, to be revealed.
3. INSIGHTS FROM THE ISOTOPIC COMPOSITION

OF ZIRCON

In continental arcs, the relative contributions to arc
magmas, from mantle, crustal and subducted components
can be difficult to constrain from whole rock geochemistry
alone as it often reflects a complex history of fractional
crystallisation and late stage alteration (e.g., McCarthy
and Hasty, 1976; Marfil and Maiza, 2012). This is a partic-
ular problem in the southern Central Andes where some of
the arc magmatic rocks (e.g., the Tilito Formation) have
been affected by hydrothermal alteration (Bissig et al.,
2001, 2003; Kay and Mpodozis, 2001; Charchaflié et al.,
2007; Litvak et al., 2007). A solution is to conduct high res-
olution, in-situ oxygen and hafnium isotopic analysis of the
robust accessory mineral zircon and combine this with high
resolution U–Pb dating and detailed cathodoluminescence
imaging. Zircon grains also potentially preserve informa-
tion about the nature of the contaminant (e.g., through
the presence of xenocrystic cores), which are not apparent
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from whole rock geochemistry. The analysis of individual
zircon grains, which unlike whole rocks can be readily
dated and reliably analysed for d18O (robust to recent alter-
ation), by in-situ techniques, enables a much more detailed
picture of the relative contributions to arc magmas to be
achieved.

Specifically, the combination of oxygen and hafnium
isotopic variations in zircon can be used to investigate the
interactions between mantle-derived melts and older crustal
material (e.g., Hawkesworth and Kemp, 2006; Kemp et al.,
2007). Assuming zircon crystallisation is cogenetic (i.e., the
zircon has not been inherited from elsewhere), zircon will
retain the oxygen isotope composition of the melt from
the time of crystallisation (Peck et al., 2003). Zircons which
crystallise in equilibrium with melts derived from an uncon-
taminated mantle source have a narrow range of d18O val-
ues (5.3 ± 0.6& (Valley et al., 1998; Valley, 2003)). As
oxygen isotopes are sensitive to water–rock interactions
and the fractionation of oxygen isotopes increases with
decreasing temperature (Clayton et al., 1972), the interac-
tion of magmas with sediments and/or low temperature
altered crust leads to elevated d18O(zircon) values. Thus,
higher than ‘mantle like’ d18O(zircon) values suggests the
incorporation of a 18O enriched supracrustal component,
such as sediment, into the magma from which the zircon
crystallised (e.g., Eiler, 2001).

Hafnium (Hf) is more incompatible than lutetium (Lu)
during the melting of spinel and garnet peridotite. Thus
crust is formed with low Lu/Hf and with time the radioac-
tive decay of 176Lu to 176Hf results in the crust evolving
with a less radiogenic 176Hf/177Hf composition relative to
the mantle from which it separated (Patchett et al., 1982;
Kinny and Maas, 2003). Therefore, the mixing of new
mantle-derived melts with older, and hence less radiogenic
crust (e.g., a Grenville-aged basement), will lead to lower
epsilon Hf values (i.e., the 176Hf/177Hf expressed in parts
per ten thousand difference relative to a chondritic reser-
voir) in the zircon crystallising from the magma. In addi-
tion to this, where there is no evidence for mixing with
older crustal material (i.e., high initial eHf(zircon) values,
‘mantle-like’ d18O(zircon) values and no zircon inheritance)
Hf model ages can be used to identify when a primary melt
differentiated from the primitive mantle (e.g., Hawkesworth
and Kemp, 2006). Combining zircon U–Pb crystallisation
ages with Hf model ages therefore has the potential to
reveal periods of new crustal growth (e.g., Belousova
et al., 2010; Dhuime et al., 2011).

We have applied these techniques to zircons separated
from representative samples of both intrusive (diorites to
granites) and extrusive (basaltic andesites to rhyolites)
Late Cretaceous – Late Miocene arc rocks. These samples
were collected from an W–E transect across the Andean
Cordillera from Chile into Argentina, between 29 and
31� S (Fig. 1 and Table 1). All the major plutonic and vol-
canic formations, which had previously been mapped as
between Late Cretaceous – Late Miocene in age
(Maksaev et al., 1984; Mpodozis and Cornejo, 1988; Nasi
et al., 1990; Cardó and Dı́az, 1999; Emparan and Pineda,
1999; José Frutos et al., 2004; Pineda and Emparan,
2006; Cardó et al., 2007; Pineda and Calderón, 2008), were
sampled from this region. The arc rocks sampled from the
Principal Cordillera of Chile, which are primarily plutonic
and belong to the Cogotı́ Supergroup, range in age from
the Late Cretaceous (72.6 ± 0.8 Ma) to the Eocene
(38.9 ± 1.0 Ma), as determined by the U–Pb dating con-
ducted as part of this study (Table 1). The samples collected
from the Frontal Cordillera range in age from the Early
Paleocene (61.9 ± 9.1 Ma) to the Late Miocene (6.2 ±
0.3 Ma) and are primarily extrusive, and the plutonic and
volcanic rock samples collected from the Precordillera of
Argentina (i.e., furthest east) range in age from the Late
Oligocene (22.6 ± 0.3 Ma) to the Late Miocene (9.4 ±
0.2 Ma) (Table 1). Zircons were also separated from a num-
ber of plutonic and volcanic rocks from the Late Palaeozoic
– Early Mesozoic basement, which were collected in order
to characterise potential contaminants of the Late
Cretaceous – Late Miocene arc magmas. These samples
range in age from 280.2 ± 3.5 Ma to 221.0 ± 4.4 Ma
(Table 1).

Detailed petrographic analysis and cathodolumines-
cence imaging (Fig. 2) of individual zircon grains was con-
ducted in order to identify the magmatic origin of the
zircon grains, and suitable grains and specific locations
for isotopic analysis (refer to Section 2 of the Appendix).
This included the identification of magmatic zircon grains
with simple histories and those with distinct xenocrystic
cores which may reveal the nature and age of the contami-
nating crustal material (Fig. 2). Oxygen isotope composi-
tions and U–Pb crystallisation ages were determined from
the same zircon growth zones using a Cameca ims 1270 sec-
ondary ion mass spectrometer (SIMS) at the NERC Ion
Microprobe Facility, University of Edinburgh (Fig. 2 and
Appendix). Subsequently, hafnium isotope analysis was
conducted on a multi-collector inductively-coupled plasma
mass spectrometer combined with a laser ablation system
(LA-MC-ICPMS), at the University of Bristol. Full details
of analytical methods and data correction are presented in
the Appendix.

4. RESULTS

Sample summary information is presented in Table 1.
Full results are presented in Figs. 3 and 4, and Table A1
and A2 of the Appendix.

4.1. Oxygen isotopes

No correlation is apparent between the d18O(zircon) val-
ues and the whole rock SiO2 content as shown in Fig. 3a.
The d18O values obtained for individual zircon grains from
the Late Cretaceous (72.6 Ma) to Eocene (38.9 Ma) plu-
tonic rocks located in the Principal Cordillera of Chile,
range between 4.96& (±0.33 (2r)) and 6.13& (±0.33
(2r)) (Fig. 4). These values are all within analytical uncer-
tainty of those expected for zircon crystallising in isotopic
equilibrium with mantle-derived melts (5.3& ± 0.6 (Valley
et al., 1998)). With the exception of the most easterly sam-
ple of the Tilito Formation (PC14), the majority of
d18O(zircon) values obtained for the Early Paleocene
(61.9 Ma) to Late Miocene (6.2 Ma) arc rocks located in



Table 1
Summary sample information. The reported U–Pb ages (Ma) are sample ages as given by Concordia diagrams and Terra-Wasserberg plots (Jones, 2014). The whole rock major element
compositions were determined by X-ray florescence spectrometry (XRF). Whole rock data for sample DI095 is from Litvak et al. (2007).

Sample Latitude
(S)

Longitude
(W)

Cordillera Geological
Group/
Formation/Unit

Rock type SiO2

(wt%)
TiO2

(wt%)
Al2O3

(wt%)
Fe2O3

(wt%)
MnO
(wt%)

MgO
(wt%)

CaO
(wt%)

Na2O
(wt%)

K2O
(wt%)

P2O5

(wt%)
U-Pb
age
(Ma)

±2r
or
95%
conf.

RJ11A18 �30.55025 �69.46478 Precordillera Pluton Tocota
(Colangüil
Batholith)

Granodiorite 68.69 0.59 15.07 3.91 0.08 1.55 2.91 3.52 3.15 0.18 280.2 3.5

MQ39 �29.98694 �69.81694 Frontal
Cordillera

Choiyoi Group Rhyolite 73.70 0.31 13.92 1.69 0.05 0.25 0.52 3.44 5.70 0.04 269.7 2.6

RJ11A20 �30.20286 �69.82981 Frontal
Cordillera

Choiyoi Group Rhyolite 74.72 0.24 13.87 1.35 0.03 0.19 0.43 3.49 5.51 0.02 269.6 7.0

AM0862 �30.16139 �69.86500 Frontal
Cordillera

Choiyoi Group Rhyolite 73.88 0.33 14.37 1.61 0.05 0.22 0.14 3.48 5.39 0.03 269.3 5.2

AM0853 �30.20482 �70.04247 Frontal
Cordillera

Pastos Blancos
Group

Rhyolite 261.0 6.0

AM0855 �30.12487 �70.06505 Frontal
Cordillera

Pastos Blancos
Group

Rhyolite 248.6 5.5

RJ1104 �30.23869 �70.34286 Principal
Cordillera

El León Unit
(Ingaguás
Supergroup)

Granite 76.74 0.14 12.99 1.13 0.04 0.24 0.66 3.77 3.98 0.02 221.0 4.4

AM0812 �30.74000 �70.86083 Principal
Cordillera

Cogotı́
Supergroup

Diorite 61.06 0.72 16.70 6.52 0.13 2.76 5.75 3.48 2.19 0.15 72.55 0.77

AM0823 �30.98639 �70.74083 Principal
Cordillera

Cogotı́
Supergroup

Granodiorite 65.16 0.56 16.88 1.78 0.04 1.96 4.50 7.96 0.50 0.14 69.80 0.73

AM0824 �30.98639 �70.74083 Principal
Cordillera

Cogotı́
Supergroup

Syeno-diorite 60.27 0.82 17.50 6.61 0.15 2.38 5.23 4.39 2.38 0.18 64.59 0.65

AM0806 �30.73500 �70.75861 Principal
Cordillera

Cogotı́
Supergroup

Granite 68.75 0.46 15.20 3.37 0.07 0.87 2.27 3.86 4.76 0.08 64.39 0.66

RJ1103 �31.00108 �70.72181 Principal
Cordillera

Cogotı́
Supergroup

Syeno-diorite 61.93 0.75 17.09 5.97 0.11 2.06 4.71 4.58 2.43 0.18 64.33 0.59

AM0826 �30.98639 �70.74083 Principal
Cordillera

Cogotı́
Supergroup

Granite 66.94 0.56 15.68 4.01 0.03 1.29 2.73 4.22 4.16 0.10 64.21 0.69

AM0890 �29.94444 �70.07111 Frontal
Cordillera

Los Elquinos
Formation

Basaltic
andesite

55.44 1.12 18.46 8.53 0.14 3.74 6.84 3.03 1.92 0.44 62.00 38.00

AM0822 �30.25250 �70.65028 Principal
Cordillera

Cogotı́
Supergroup

Granodiorite 66.58 0.42 16.83 3.95 0.16 1.05 3.34 5.22 2.19 0.19 57.30 1.70

AM0815 �30.84111 �70.77167 Principal
Cordillera

Cogotı́
Supergroup

Granodiorite 67.37 0.43 15.85 3.94 0.08 1.63 3.75 3.94 2.61 0.11 55.00 1.70

AM0816 �30.84111 �70.77167 Principal
Cordillera

Cogotı́
Supergroup

Granodiorite 67.21 0.40 15.89 3.69 0.07 1.51 3.72 3.94 2.63 0.10 54.06 0.76

RJ1105 �29.59417 �70.69061 Principal
Cordillera

Tierras Blancas
Caldera

Diorite 58.40 0.60 18.25 6.64 0.17 4.02 6.62 3.93 1.13 0.16 40.20 1.20
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RJ1101 �31.16878 �70.81919 Principal
Cordillera

Cogotı́
Supergroup

Granite 71.32 0.24 15.15 2.53 0.06 0.98 2.99 3.80 2.60 0.09 38.89 0.99

AM0867 �30.15667 �69.87972 Frontal
Cordillera

Bocatoma Unit Andesite 58.46 0.75 19.07 6.21 0.13 2.50 6.96 3.86 1.76 0.22 35.58 0.78

AM0846 �30.04278 �70.05417 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 72.34 0.33 14.79 2.39 0.09 0.51 1.34 4.16 3.64 0.09 26.10 1.60

MQ153 �29.85272 �69.86294 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Andesite 25.20 0.26

AM0845 �30.04278 �70.05417 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 24.90 0.32

AM0860 �30.16139 �69.86500 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Dacite 24.86 0.40

ZN122 �29.57619 �69.92303 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Andesite 62.35 0.71 16.10 6.60 0.13 3.18 6.02 2.47 2.03 0.25 24.78 0.37

AM0844 �30.04250 �70.05194 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 74.70 0.23 13.58 1.54 0.06 0.20 0.75 4.51 3.87 0.06 24.72 0.28

AM0849 �30.04278 �70.05417 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 24.69 0.43

RF64 �29.79425 �69.77597 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 24.26 0.70

PC14 �29.44883 �69.49070 Frontal/
Precordillera

Tilito Formation
(Lower Doña
Ana Group)

Rhyolite 74.24 0.14 13.55 2.07 0.21 0.33 4.75 0.19 4.61 0.05 23.61 0.21

Z27 �29.61389 �69.77611 Frontal
Cordillera

Tilito Formation
(Lower Doña
Ana Group)

Dacite 67.52 0.74 15.96 4.68 0.03 0.24 3.02 3.65 3.94 0.16 23.18 0.30

RJ11A5 �29.83542 �69.13511 Precordillera Las Trancas
Formation

Rhyolite 22.55 0.33

RJ11A10 �29.76408 �69.28128 Precordillera Miocene
Intrusives

Granite 71.14 0.23 14.92 2.64 0.06 0.43 1.88 3.81 4.14 0.10 22.17 0.23

RJ11A11 �29.71292 �69.25514 Precordillera Miocene
Intrusives

Granite 68.98 0.49 14.83 3.75 0.07 0.96 2.09 2.88 5.32 0.16 21.37 0.29

RJ11A14 �29.77164 �69.22322 Precordillera Miocene
Intrusives

Granodiorite 65.02 0.61 16.16 4.70 0.08 2.08 3.97 3.35 3.76 0.23 20.43 0.31

1026 �29.69056 �69.69500 Frontal
Cordillera

Escabroso
Formation
(Upper Doña
Ana Group)

Andesite-
Trachyandesite

61.77 0.80 16.61 5.97 0.09 2.27 5.25 3.76 2.99 0.18 18.21 0.28
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the Frontal Cordillera, also lie within analytical uncertainty
of ‘mantle-like’ values. Oxygen isotope values obtained for
individual zircon grains from these primarily extrusive
rocks, range between 4.57& (±0.27 (2r)) and 6.47&

(±0.27 (2r)), displaying more variation than the plutonic
samples from the Principal Cordillera (Fig. 4). The Late
Oligocene (22.6 Ma) to Late Miocene (9.4 Ma) intrusive
and extrusive arc rocks located in the Precordillera, along
with the most easterly sample of the Tilito Formation
(PC14, 23.6 Ma), have higher than ‘mantle-like’
d18O(zircon) values, with values ranging from 5.57& (±0.29
(2r)) to 7.92& (±0.22 (2r)) (Fig. 4). Analysis of zircons
obtained from plutonic and volcanic rocks comprising the
Late Palaeozoic to Early Mesozoic basement produced var-
ied d18O(zircon) values ranging between 4.59& (±0.29 (2r))
and 7.16& (±0.29 (2r)) (Table A1, Appendix).
4.2. Hafnium isotopes

Initial eHf(zircon) values obtained for individual zircon
grains from the plutonic rocks located in the Principal
Cordillera, are distinctly positive and range between +7.7
(±1.0 (2r)) and +10.8 (±0.8 (2r)) (Fig. 4). These values lie
close to the values projected for mantle-derived melts (i.e.,
new crust (NC) (Dhuime et al., 2011)), and yield hafnium
model ages (T(NC)) ranging between 190 and 416 Ma
(Fig. 5 and Table A1, Appendix). With the exception of the
Paleocene (61.9 Ma) sample of the Los Elquinos
Formation, which has eHfT(zircon) values within the range
of values obtained for samples of similar age located in the
Principal Cordillera (Fig. 4), the initial eHf(zircon) values of
the Late Eocene (35.6 Ma) – Late Miocene (6.2 Ma) volcanic
rocks present in the Frontal Cordillera range between �3.4
(±0.9 (2r)) and +4.8 (±1.0 (2r)), with the lowest values
obtained for the youngest sample (DI095, Vacas Heladas
Ignimbrites) (Fig. 4). The initial eHf(zircon) values produced
for individual zircon grains from the Precordillera are gener-
ally lower than those obtained for the Principal and Fontal
Cordillera and range between �3.9 (±0.6 (2r)) and +4.1
(±0.8 (2r)) (Figs. 4 and 5). The initial eHf(zircon) values
obtained from sample PC14, the most easterly sample of
the Tilito Formation (23.6 Ma), lie within this range and
are lower than the eHfT(zircon) values obtained for other sam-
ples of the Tilito Formation located in the Frontal Cordillera
(Fig. 4). Analyses of zircons obtained from plutonic and vol-
canic rocks comprising the Late Palaeozoic to Early
Mesozoic basement produced initial eHf(zircon) values rang-
ing between �2.2 (±1.0 (2r)) and +3.0 (±1.0 (2r)) (Fig. 5
and Table A1 of the Appendix). No correlation is observed
between the initial eHf(zircon) values and the whole rock
SiO2 content (Fig. 3b).

4.3. Inherited, xenocrystic zircon cores

Devonian to Cretaceous inherited zircon cores, with
206Pb/238U ages ranging between 138.1 ± 5.2 Ma and
388.1 ± 10.5 Ma, were obtained from Late Eocene to Late
Miocene plutonic and volcanic rocks from the Frontal
Cordillera and Precordillera (Fig. 4). These inherited cores
produced varied d18O(zircon) values ranging between 4.70&



Fig. 2. Cathodoluminescence (CL) images of select zircon grains highlighting the presence of inherited cores (outlined), internal growth
zoning, and the locations of in-situ isotopic analysis. The relative areas analysed by the different techniques (SIMS and LA-MC-ICPMS) are
also indicated. The oxygen isotope ratios are expressed in d18O notation (&) relative to VSMOW and the hafnium isotope values are
expressed as initial eHf values (calculated using the 206Pb/238U age obtained by SIMS). The U–Pb ages are presented as 206Pb/238U ages for
the individual zircon grains and the errors are quoted at the 2r level.
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(±0.36 (2r)) and 9.78& (±0.29& (2r)) and initial eHf(zircon)

values ranging between �4.3 (±1.6 (2r)) and +4.5 (±0.8
(2r)) (Fig. 5 and Table A1, of the Appendix). These values
are more varied than those obtained for zircons from sam-
ples of the Late Palaeozoic – Early Mesozoic basement
(Fig. 5). Mesoproterozoic inherited cores, with 206Pb/238U
ages ranging between 1249.4 ± 21.9 Ma and 1039.6 ±
29.0 Ma, were obtained from Late Miocene dacites and tra-
chydacites (the Tertiary Intrusives) present in the
Precordillera (Fig. 4). Oxygen isotope values ranging
between 6.05& (±0.27 (2r)) and 7.23& (±0.22 (2r)) and
initial eHf(zircon) values of between +7.0 (±0.6 (2r)) and
+8.4 (±0.9 (2r)) were obtained for these inherited cores
(Fig. 5 and Table A1, of the Appendix). These initial
eHf(zircon) values lie close to the projected values for
mantle-derived melts (i.e., new crust (NC) (Dhuime et al.,
2011)) and the corresponding hafnium model ages
(T(NC)) range between 1391 and 1200 Ma (Fig. 5).

5. DISCUSSION

5.1. Temporal and spatial variations in isotopic compositions

The isotopic compositions of zircons, and the occur-
rence and age of inherited, xenocrystic zircon cores, vary
as a function of sample age and across-arc position (i.e.,
location in the Chilean Principal Cordillera (most westerly),
Frontal Cordillera or Argentinean Precordillera (most



Fig. 3. Plots of (a) average d18O(zircon) and (b) average eHfT(zircon) values for individual samples plotted against whole rock SiO2 (wt.%). In
samples where there is evidence for the inheritance of xenocrystic zircon cores/grains, only O and Hf isotope analyses from un-inherited
cores/grains with corresponding U–Pb ages, have been used to calculate the sample averages. The error bars represent 2r values.
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easterly)), as shown in Fig. 4. Due to the eastward migra-
tion of the volcanic arc in the Pampean flat-slab segment,
during the Cenozoic, the across arc position and sample
age are also related.

5.2. Late Cretaceous – Eocene mantle derived melts

The ‘mantle-like’ d18O(zircon) values obtained for the
Late Cretaceous to Eocene granitoids located in the
Principal Cordillera, combined with the distinctly positive,
initial eHf(zircon) values, which lie close to the values pro-
jected for mantle-derived melts (Figs. 4 and 5), suggests
the Late Cretaceous to Eocene arc magmas experienced
very little contamination from significantly older, upper
continental crust, either in the melt source region or via
crustal assimilation. This interpretation is consistent with
the low strontium isotope values (initial 87Sr/86Sr ratios of
between 0.7035 and 0.7045) obtained for these granitoid
belts (Parada et al., 1988; Parada, 1990). The absence of
any significantly older, xenocrystic zircon cores (Fig. 4) pro-
vides further evidence to indicate limited interaction of
these arc magmas with old continental crust. During this
time interval the southern Central Andean margin is
thought to have been more extensional due to the highly
oblique angle of convergence between the Farallon and
South American plates and low rates of convergence (e.g.,
Pardo Casas and Molnar, 1987; Charrier et al., 2007).
Therefore, a more limited interaction between the ascend-
ing mantle-derived melts and the overlying Andean crust
might be expected in comparison to later in the Cenozoic,
when the continental crust became thicker due to increased
compression (Kay et al., 1991).

Devonian to Triassic hafnium models ages were obtained
for zircons from the Late Cretaceous – Eocene magmatic
belts (Fig. 5). During this time interval the western margin
of South America was located along the western margin of
Gondwana and formed part of the Gondwanan magmatic
arc (e.g., Kay et al., 1989; Charrier et al., 2007). On the basis
of the Hf model ages, combined with the oxygen and hafnium
isotope data, and whole rock geochemistry (Jones, 2014), it is
suggested that the Late Cretaceous to Eocene arc magmas
were derived from the asthenospheric mantle wedge with a
very minor addition from Paleozoic – Early Mesozoic crust.
This crustal addition could be derived from the Gondwanan
magmatic arc, either due to subduction erosion or the sub-
duction of terrigenous sediment from the arc, and/or a lower
crustal reservoir which separated from the mantle during the
Gondwanan tectonic cycle. An addition of older crustal
material is required to account for initial eHf(zircon) values
which are slightly lower (i.e., less radiogenic) than those
expected for melts derived directly from the mantle
(Fig. 5). Sediments have high d18O values, reflecting low tem-
perature processes, and therefore the addition of sediment to
the melt source region might be expected to raise the
d18O(zircon) values. Bulk mixing models suggest that a maxi-
mum addition of 4% Late Paleozoic – Early Mesozoic sedi-
ments, derived from the Andean arc, to the source of the
Late Cretaceous to Eocene arc magmas could account for
their initial eHf(zircon) values, whilst retaining ‘mantle-like’
d18O(zircon) values (Fig. 6). A lower crustal reservoir which
separated from the mantle during the Gondwanan tectonic
cycle is also likely to have ‘mantle-like’ d18O values and there-
fore a much greater addition from such a reservoir could
account for the isotopic composition of the Late
Cretaceous to Eocene arc magmas. Whichever mechanism
is responsible, the evidence presented by this study suggests
that during the early stages of Andean-type subduction
(Late Cretaceous – Eocene) there was a sustained period
(�35 Ma) of upper crustal growth, with extensive magmatic
belts formed from melts derived from the mantle with little
recycling of pre-existing crustal material.

5.3. Controls on Late Eocene – Late Miocene isotopic

variability

The contamination of arc magmas with older crustal
material can occur either during magma ascent through
the crust via crustal assimilation or via the subduction of



Fig. 4. Across arc variations in U–Pb crystallisation ages, d18O(zircon), eHfT(zircon) (of rims or zircons without inherited cores) and inherited
core 206Pb/238U ages. Error bars represent 2r values. The isotopic data is displayed relative to a schematic cross section of the modern day
Andean margin at 30� S showing the extent of the different basement terranes (Ramos et al., 2002; Gilbert et al., 2006; Heit et al., 2008). The
locations of the Principal Cordillera, Frontal Cordillera, Precordillera and the Chile/Argentina border are also shown. Full results are
presented in Table A1 of the Appendix.
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Fig. 5. Initial eHf(zircon) values plotted against crystallisation ages (206Pb/238U) (Ma) for all zircon grains and inherited cores. The data
highlighted in the red box is expanded to the bottom right. Depleted mantle (DM) and new crust (NC) evolution lines are shown along with
model ages for the Late Cretaceous – Eocene samples and the Proterozoic inherited cores from the Tertiary Intrusives. The initial eHf(zircon)

values are presented relative to present day chondritic values (CHUR) (Bouvier et al., 2008). Error bars represent 2r values. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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upper crustal material (including that derived from subduc-
tion erosion) to depth. If the melt source was being contam-
inated, little intra- and inter-grain variation in isotopic
values for samples of similar ages/from the same formations
might be expected, compared to the variation which might
be generated by a crystallising magma progressively assimi-
lating continental crust (e.g., as demonstrated by core to rim
changes). Temporal variations in d18O(zircon) and eHf(zircon)

values might also be anticipated, reflecting the subduction
of different amounts of sediment and/or continental crust
derived from subduction erosion, over time. Subduction ero-
sion has been identified as an episodic process along the
Central Andean margin (Kay et al., 2005; Stern, 2011),
and the JFR is thought to have acted as a barrier to the trans-
port of sediments into the trench from farther south (e.g.,
Bangs and Cande, 1997), after its intersection with the mar-
gin at �20 Ma (Yañez et al., 2001, 2002). These changing
dynamics might be expected to have affected the composi-
tion of the melt source region over time, by either starving
or adding sediment/crustal material to the mantle wedge.

However, the variability in d18O(zircon) and eHf(zircon) val-
ues obtained for Late Eocene to Late Miocene arc magmatic
rocks appears to be related to geographic position relative to
the Chilean margin, rather than sample age (Fig. 4). For
example, sample PC14 (23.6 Ma) is contemporaneous with
the Tilito Formation (Late Oligocene) and is located close
to the boundary with the Precordillera. It displays distinctly
different d18O(zircon) and eHfT(zircon) values compared to sam-
ples of the Tilito Formation and of the same age located in
the Frontal Cordillera (Fig. 4). Furthermore, the youngest
samples (Vacas Heladas Ignimbrites), are located in the
High Andes of the Frontal Cordillera and have d18O(zircon)

values which lie within the range of values obtained for
other, older samples present in the Frontal Cordillera



Fig. 6. Initial eHf(zircon) plotted against the corresponding d18O(zircon) for (a) Late Cretaceous – Eocene samples from the Chilean Principal
Cordillera, (b) Early Paleocene – Late Miocene samples from the Frontal Cordillera and (c) Late Oligocene – Late Miocene samples from the
Argentinean Precordillera. A bulk mixing line between mantle-derived melts (i.e., NC (Dhuime et al., 2011)) and average Late Paleozoic –
Early Mesozoic sediments is shown in a. Bulk mixing between mantle-derived melts and the Permian – Triassic basement (using a HfNC/
HfACC of 0.07) is shown to generate the observed isotopic variability in the Early Paleocene – Late Miocene samples from the Frontal
Cordillera (b). Up to 15% bulk mixing between mantle-derived melts and average sediment (AS) (Savin and Epstein, 1970; Plank and
Langmuir, 1998) (using a HfNC/HfAS of 0.05) explains the isotopic variability observed in the Late Oligocene – Late Miocene samples from
the Argentinean Precordillera (c). Average sediment values are used to represent the basement present in the Precordillera which is suggested
to be of Grenville-age and to have a sedimentary component (i.e., high d18O values) (e.g., Kay et al., 1996; Thomas and Astini, 2003). The
shaded areas represent mixing between mantle-derived melts and the upper and lower values. Error bars represent 2r values.
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(Fig. 4). Intra- and inter-grain variability, particularly in
eHf(zircon) values (Fig. 4), is also displayed in a number of
Late Eocene – Late Miocene samples, which suggests the iso-
topic composition of the magma was evolving during zircon
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crystallisation and was not solely determined in the melt
source region.

The basement underlying the Frontal Cordillera is com-
posed of highly deformed Paleozoic sediments which have
been intruded and covered by extensive Late Palaeozoic –
Early Mesozoic plutons and volcanic rocks (e.g., Kay
et al., 1989). The initial eHf(zircon) values obtained for the
Late Eocene to Late Miocene volcanic rocks present in the
Frontal Cordillera are significantly lower (i.e., less radio-
genic), than those expected for a primary melt derived from
the mantle wedge (i.e., new crust (NC)) (Fig. 5), suggesting
the involvement of an older, less-radiogenic crustal compo-
nent. The assimilation of Paleozoic sediments by Late
Eocene to Late Miocene arc magmas would result in ele-
vated d18O(zircon) values relative to the mantle. However,
the majority of d18O(zircon) values obtained for the Late
Eocene to Late Miocene samples from the Frontal
Cordillera are ‘mantle-like’, suggesting the contaminant
must have close to ‘mantle-like’ d18O values which have
not been affected by low temperature interaction with the
hydrosphere at the Earth’s surface. Analyses of zircons from
Permian – Triassic plutonic and volcanic rocks present in the
Frontal Cordillera, sampled as part of this study, yielded
average d18O values ranging between 5.1& (±0.4&,
n = 10) and 6.4& (±0.9&, n = 12) (Table A2). Bulk mixing
models using the average d18O(zircon) values obtained for the
Permian – Triassic basement samples and the projected
Permian – Triassic eHf(zircon) values (Fig. 5), suggests mixing
of typically <20% of this crust with new mantle-derived
melts (i.e., new crust (NC) (Dhuime et al., 2011)) can pro-
duce the modest changes d18O, but more marked Hf isotopic
variability observed in the Late Eocene to Late Miocene
samples from the Frontal Cordillera (Fig. 6). The presence
of primarily Permian – Triassic inherited zircon cores in
these samples (Fig. 4) supports the assimilation of continen-
tal crust of this age.

The Late Oligocene – Late Miocene granitoids, andesites
and rhyolites, located in the Precordillera of Argentina have
higher than ‘mantle-like’ d18O(zircon) values and
un-radiogenic values of eHfT(zircon) (Figs. 4 and 5), which
are quite distinct from the values obtained in the Principal
and Frontal Cordillera. This suggests the interaction of these
arc magmas with an ancient crustal reservoir (therefore with
low eHfT values) which has experienced low temperature
interaction with the near surface, accounting for the elevated
d18O values. Although no crystalline basement is exposed in
the Precordillera, evidence from high-grade metamorphic,
xenoliths present in the Miocene volcanic rocks indicates a
Grenville-aged basement (Abbruzzi et al., 1993; Kay et al.,
1996). It has been suggested that this basement forms part
of a rifted fragment of Laurentian crust and passive margin
cover which was accreted onto the margin of Gondwana
during the Ordovician (e.g., Kay et al., 1996; Thomas and
Astini, 2003). Convincing evidence for the contamination
of the Late Oligocene – Late Miocene magmas with this
Grenville-aged crust is provided by the presence of inherited
Proterozoic cores in a number of the samples present in the
Precordillera (Fig. 4). This contamination must have hap-
pened via crustal assimilation, rather than the recycling of
sediments through the subduction zone, as Proterozoic crust
is not exposed at the surface in the main Andean Cordillera
and therefore is unlikely to have been eroded and trans-
ported into the Chilean trench.

A Grenville-aged basement is likely to have unradio-
genic, negative eHf values, as shown by projecting the
eHf(zircon) values obtained for the Proterozoic cores to the
Cenozoic (Fig. 5), and high d18O values reflecting a sedimen-
tary origin. Bulk mixing suggests that contamination of
mantle-derived melts with up to 15% Proterozoic aged, sed-
imentary crust can account for the observed isotopic array
displayed in zircons from the Late Oligocene – Late
Miocene arc rocks of the Argentinian Precordillera
(Fig. 6). This corroborates the work of Kay and Abbruzzi
(1996), who suggest that mixing between melts derived from
the mantle wedge and a Grenville-aged basement accounts
for the distinct geochemistry of the Miocene arc magmatic
rocks present in the Argentinean Precordillera. The presence
of inherited cores of Permian to Cretaceous age in these Late
Oligocene – Late Miocene arc rocks from the westernmost
extent of the Precordillera (Fig. 4) suggests that the
mantle-derived melts also assimilated Late Paleozoic –
Mesozoic crust en route to the surface. Hence the O and
Hf isotopic values are more likely to reflect three way mixing
processes between mantle-derived melts, a Grenville-aged
basement and Late Paleozoic – Mesozoic Andean crust.

The lower eHfT(zircon) values obtained for the youngest
volcanic arc samples in the study area, the Vacas Heladas
Ignimbrites (�6 Ma) located in the Frontal Cordillera, sug-
gests that these arc magmas may also have interacted with
an ancient portion of Andean continental crust in addition
to the Late Paleozoic – Early Mesozoic crust. Structural
models suggest that the Grenville-aged basement currently
underthrusts the Frontal Cordillera (e.g., Ramos et al.,
2004; Gilbert et al., 2006; Gans et al., 2011). Consequently
the eHfT(zircon) values obtained for the Vacas Heladas
Ignimbrites, which overlap those obtained for magmatic
rocks present in the Precordillera, may reflect the arrival
of the Grenville-aged basement under this region of the
Frontal Cordillera due to increased compression and crustal
shortening over the later part of the Miocene (e.g.,
Allmendinger et al., 1990; Kley and Monaldi, 1998;
Ramos et al., 2002 and references therein). A similar argu-
ment has been made to explain evolving eNd values to the
south of the study region in the southern volcanic zone
(SVZ) (e.g., Muñoz et al., 2013). The development of
enriched eNd values is also observed in the Pampean flat
slab segment; a eNd value of �2.0 has been obtained for
the Late Miocene, Vacas Heladas Ignimbrites compared
to eNd values of between +1.2 and �0.1 for the Late
Oligocene, Tilito Formation (Kay et al., 1991). This pro-
vides supporting evidence for the contamination of the
Late Miocene arc magmas erupted in the Frontal
Cordillera with the Grenville-aged basement.

During the Late Eocene to Late Miocene the products of
subduction erosion and sediments present in the Chilean
trench may well have entered and influenced the melt source
region in the asthenospheric mantle wedge, as is suggested
by high rates of subduction erosion (e.g., Stern, 2011) and
exhumation along the increasingly compressional Central
Andean margin (e.g., Kurtz et al., 1997; Maksaev et al.,
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2003; Spikings et al., 2008). However, any effect which this
subducted continental material had on the isotopic compo-
sition of the arc magmas in the melt source region appears
to have been overprinted by the assimilation of the overly-
ing crust en route to the surface, as is evidenced by the
across-arc O and Hf isotopic variations which reflect the
distinct basement terranes. Subduction erosion could
potentially move continental crust laterally, however, this
is still unlikely to generate the observed across-arc isotopic
array that correlates so well with the composition of the
Andean basement.
5.4. Punctuated versus steady state crustal evolution – an

unbiased record

Subduction zones are considered to be sites of continen-
tal growth (e.g., Rudnick, 1995). Net growth, however, may
be punctuated by periods of crustal loss due to tectonic ero-
sion (e.g., von Huene and Scholl, 1991b; Scholl and von
Huene, 2007, 2009), as is evident along the Andean margin
where mass flux, and hence rates of crustal recycling have
varied over time (e.g., Kay et al., 2005). It has been pro-
posed that the Andean margin has lost �250 km of crust
over the past 150 Ma, with 30 km of trench retreat at
33� S in the last 10 Ma (Laursen et al., 2002; Clift and
Hartley, 2007). If we assume an average crustal thickness
of �40 km over the study area, this equates to a loss of
2.4 � 106 km3 of crust in the past 150 Ma. If continuous
addition of crustal material to the mantle wedge occurred
at a rate of 3 km/Ma as estimated at 33� S, then implicitly
variable but recognizable signatures of crustal contamina-
tion should be observable. This is not the case for the sam-
ples analysed from the southern Central Andes. Intrusive
rocks dated from Late Cretaceous (�73 Ma) to Eocene
(�39 Ma) record a sustained period of upper crustal
growth, with very limited evidence of contamination by
older continental crust. From �36 Ma to 17 Ma however
there is good evidence for mixing of mantle-derived melts
with Late Palaeozoic – Early Mesozoic basement. This
could be the result of increased sediment flux to the trench
and ultimately the mantle wedge, or as a result of increased
subduction erosion of the margin. In the Late Oligocene
(�23 Ma) to Late Miocene (�6 Ma) at least two types of
basement that differ in age are required to generate the iso-
topic variability observed, i.e., a mixture of Grenville and
Palaeozoic basement. As no crust of Grenville age occurs
close to the margin it is indicative of crustal assimilation
and recycling. This is consistent with the conclusions of
Clift and Hartley (2007) that the forearc has eroded slowly
since �20 Ma and that subduction erosion is punctuated
over time. Interestingly the timing of episodes of high flux
do not correspond with those further north between 15
and 25� S which peaked at �80, 40 and <10 Ma ago
(DeCelles et al., 2009); suggesting considerable spatial vari-
ability in flux along the length of the margin.

Models for the growth of continental crust rely on know-
ing the balance between the generation of new crust and the
reworking of old crust. A number of studies (e.g., Kemp
et al., 2006; Belousova et al., 2010; Dhuime et al., 2012;
Wang et al., 2013) have used similar techniques to those
applied here to unravel the preserved sedimentary record,
which is just a snap shot of the overall signal. In this study,
where the spatial relationship between samples is well con-
strained, along and across margin variability in the zircon
record is revealed. Such spatial variability could be averaged
by sediment transport processes and thus be masked if only
using sediments to reveal the growth of continental crust
over geological time (Allègre and Rousseau, 1984).
6. CONCLUSIONS

It is evident that combining the in-situ analysis of the
oxygen and hafnium isotopic composition of magmatic zir-
con, with high resolution U–Pb dating, can be used to iden-
tify the spatial contamination of arc magmas with specific
portions of crust during one tectonic cycle. This has signif-
icant implications for models of continental growth, partic-
ularly in settings where the geodynamics and plate tectonics
are poorly understood, for example in the early Earth,
demonstrating that wide variations in d18O(zircon) and
eHf(zircon) values can be generated over relatively short dis-
tances (10’s kms). This approach demonstrates that as the
geodynamic setting of the southern Central Andean margin
changed (the subducting Nazca plate shallowed, the conti-
nental crust thickened, and the position of arc magmatism
migrated to the east), the Late Eocene to Late Miocene
mantle-derived magmas became contaminated (via assimi-
lation) with distinct basement domains. The age and com-
position of the pre-existing continental crust, which is
spatially variable over the Andean Cordillera, is shown to
play the dominant role (over the contamination of mantle
wedge with subducting components or the products of sub-
duction erosion) in modifying the isotopic composition of
the Late Eocene to Late Miocene mantle-derived melts.
In comparison to the early Cenozoic, which is shown to
represent a period of upper crustal growth with little recy-
cling of crustal material, the Late Eocene to Late
Miocene is identified as representing a sustained period of
crustal reworking in the southern Central Andes.
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Patria-El Maqui, Región de Coquimbo, Carta Geológica de
Chile, Serie Geologı́a Básica. Servicio Nacional de Geologı́a y
Minerı́a, Santiago.

Plank T. and Langmuir C. H. (1998) The chemical composition of
subducting sediment and its consequences for the crust and
mantle. Chem. Geol. 145, 325–394.

Ramos V. A. (2010) The Grenville-age basement of the Andes. J.

South Am. Earth Sci. 29, 77–91.
Ramos V. A., Cristallini E. and Pérez D. J. (2002) The Pampean
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