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An extensive in situ Lu-Hf isotopic study of zircon from the Eastern Cordilleran batholiths of Peru using laser
ablation multi-collector inductively coupled mass spectrometry (LA-MC-ICPMS) reveals a systematic
covariance between granitoid magma sources and tectonic regimes which shaped the proto-Andean margin
of central Western Amazonia since >1.15 Ga. The Hf isotope systematics are characterised by a range in initial
76Hf/Y77Hf compositions for a given intrusive event suggesting mixing of material derived from the
Paleoproterozoic crustal substrate and variable addition of juvenile sources from Neoproterozoic to Cenozoic
Keywords: time. Intrusives associated with phases of regional compressive tectonism correspond to mean initial eHf
Hf values of -6.73, -2.43, -1.57 for the Ordovician (Famatinian), Carboniferous-Permian and Late Triassic
zircon respectively, suggesting a minimum crustal contribution between 40% and 74% by mass. The average initial
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granitoids Hf systematics from granitoids associated with periods of regional extension such as the middle
Peru . . . . . . .

crust Neoproterozoic, Permian-Triassic and Cenozoic Andean back arc plutonism are consistently shifted towards
growth positive values (mean initial eHf=-0.7 to +8.0) indicating systematically larger inputs of juvenile magma

(25% to 38% of ancient crust by mass). In the absence of evidence for significant lateral accretion of exotic
crust, the time integrated Hf record from the central proto-Andean margin of western Amazonia suggests
crustal reworking was the dominant process during episodes of arc magmatism, implying that most crustal
growth took place vertically via crustal underplating of isotopically juvenile, mantle derived melts during
intervals of crustal extension.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Accounting for the origin of continental crust is a challenging task
due to: i) the complexity of petrogenetic processes that are required for
the differentiation of primary basaltic magmas to produce bulk
quartzofeldspathic compositions of average continental lithologies
(Hildreth and Moorbath, 1988; Annen et al., 2006), ii) uncertainty in
mass fluxes across the Mohorovici¢ discontinuity, including the path-
ways of primitive melts towards mid-upper crustal reservoirs (Reymer
and Schubert, 1984), (Davidson et al., 2005), and iii) scant exposure and
consequently limited knowledge of the composition and extent of the
lowermost continental crust (Behn and Kelemen, 2006),(Rudnick and
Gao, 2003). Despite these obstacles, the broad similarity in trace element
budgets between bulk continental crust and island arc andesites (Nb, Ta,
Ti anomalies and Ba, Rb, U, Th, K, and Pb enrichment) has led to the
“island arc” or andesite” model for the origin of continental crust (Taylor,
1977). Indeed, the rate (~200 km?3/km arc length/Ma), and nature of
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mechanisms proposed to operate along modern intra-oceanic arcs,
namely two-stage melting, ascent and differentiation of underplated,
asthenospheric mantle-derived melts above subducting oceanic litho-
sphere, followed by delamination of ultramafic cumulates from the
overriding plate, have been largely successful in explaining both the
volumes, and geochemistry of continental crust generated, at least
during the Phanerozoic (Davidson and Arculus, 2005). Current models
for the origin and stabilisation of cratons include orthogonal accretion of
allochthonous crustal blocks along convergent plate margins (Bowring
and Karlstrom, 1990), (Abbott and Mooney, 1995), coupled with the
emplacement of granitoid batholiths that are, at least in part, composed
of mantle-derived magmas (Rudnick, 1995). The extent to which this
juvenile addition takes place in long-lived orogens is difficult to estimate
by elemental abundances alone because sedimentary systems are
efficient mixers of crustal detritus (i.e. sialic end-member), while
melting to produce emblematic granitic batholiths tends to vertically
average large domains of middle to lower crust and uppermost mantle
(basaltic end-member) (Patchett and Samson, 2003). On the other hand,
attempts at assessing juvenile additions by conventional Sr-Nd-Pb
isotope systematics are only successful if sufficient isotopic contrasts
exist between invading magmas and the country rock (Hildreth et al.,
1991). Moreover, the contribution of mantle-derived melts to the
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Fig. 1. Generalised tectonic map of the central Andes of South America showing the extent of the Eastern Cordilleran plutonism within the context of morphogeological belts of Peru.
Intrusive colour scheme: Carboniferous-Permian (light grey); Permian-Triassic (dark grey); Late Triassic-Carabaya (hatched); Mesoproterozoic and Neoproterozoic (black). The
index map shows tectonic provinces of Amazonia and the complex early Paleozoic accretionary assembly of the Chilean continental margin. Modified after Ramos and Aleman

(2000), and Cordani and Sato (2000).

enlargement of continental crust along orogenic margins during episodes
of extension is even less clear and has only recently received due attention
(Albaréde, 1998; Frost et al., 2001; Hollister and Andronicos, 2006).

The granitoid intrusives of the Peruvian proto-Andes however,
intrude the ancient (1.1-2.5 Ga) continental crust of Western Amazonia,

display a range of isotopic signatures (Miskovic et al., 2005), and are
fortuitously situated along a segment of the cratonic margin that
remained non-collisional, thus providing an ideal setting for a study of
the importance of arc versus intra-plate magmatism in the formation of
continental crust over an extended time period. We build upon the

Fig. 2. Cumulative zircon 2°°Pb/?*8U age histograms summarising the known intrusive episodes of the Peruvian Eastern Cordillera granitoid. Inset displays the volumetrically most
dominant plutonism of Gondwanide age (350-160 Ma). Empty bins represent crystallisation ages; black boxes correspond to the ages of inherited zircon cores.
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results of an extensive geochemical characterisation and an in situ U-Pb
geochronological study of igneous zircon from granitoid batholiths that
form the backbone of the Eastern Cordillera of Peru (Miskovic et al.,
2009), and combine them with Lu-Hf isotopic tracing of dated zircon
grains to identify the sources of consecutive magma pulses, and track
crustal evolution of the proto-Andean margin of Western Amazonia
during >1.0 G.y. Relating the secular changes in magma sources to the
tectono-magmatic cycles of continental assembly and breakup along the
Earth's longest lived active continental margin enables us to quantita-
tively constrain the relative magmatic contributions of six distinct
Neoproterozoic and Phanerozoic tectono-magmatic episodes to the
crustal architecture of a cratonic edge.

2. Regional setting

The Peruvian Eastern Cordillera (PEC) constitutes one of the five
morphogeological belts of the central Andes. To the east, it is
separated from west-dipping, Late Permian to Paleogene, continent-
derived sedimentary rocks of the Sub-Andean fold-and-thrust belt by
high-angle reverse faults, while to the west, it borders a 50 km wide,
intra-cordilleran “High Plateau” composed of thick Mesozoic marine
deposits north of 12°S, with the thickened Paleozoic to Mesozoic
basement of the Altiplano to the southwest (Fig. 1). The Eastern
Cordillera forms a wide anticline of early Paleozoic basal paraschists
and phyllites belonging to, or contemporaneous with the poly-
deformed Marafién Complex that was metamorphosed up to greens-
chist facies in four successive stages of deformation (Mégard, 1978).
Although the ~110 Ma old Andean orogeny dominates the present
form and lithologies of the Peruvian Western Cordillera (Ramos and
Aleman, 2000), a majority of orogenic activity for at least 900 Ma has
been focused along the Eastern Cordillera as the leading continental
edge of Western Amazonia that preserved mineral relicts from
basement lithologies as old as 1.67 Ga (Miskovic et al., 2009).

2.1. Peruvian Eastern Cordilleran intrusives

The Eastern Cordilleran plutonic rocks emplaced into basement
metasedimentary sequences between 6°S and 10°S belong to the
diorite-tonalite-granodiorite-granite suite. They form a continuous
20-50 km wide intrusive belt with ages straddling the Carboniferous—
Permian transition (336-285 Ma; Fig. 2) (Miskovic et al., 2005). The
granitoid intrusions are characterised by variable proportions of
modal amphibole and biotite, and exhibit widespread textural
evidence for the coexistence and mingling of compositionally
contrasting magmas such as microgranular mafic enclaves, partially
resorbed host feldspars and magmatic flame structures.

Voluminous, partially migmatised granitoids within the south-
central segment of the Eastern Cordillera of Peru between 10°S and
13°S are Permian and Triassic in age (285-223 Ma; Fig. 2). This ~70 km
wide intrusive belt is composed of K-feldspar megacrystic, biotite and
subordinate amphibole bearing granodiorites that exhibit overall
uniform silica enrichment compared to the northeastern Peruvian
batholiths. The interior granitoid facies of each plutonic body includes
mica-rich restites and subordinate mafic microgranular enclaves,
whereas volumetrically minor biotite quartz monzonites occur along
the margins of individual plutonic bodies. A unique feature of the
central segment of the PEC is the existence of concordant Precambrian
ages from two disparate localities. The emplacement of massive,
biotite, quartz monzonites and alkali feldspar granites has been
constrained to 752-691 Ma (Fig. 2). Closely associated with the
Neoproterozoic granitoids are partially foliated, Late Mesoproterozoic
to early Neoproterozoic tonalites and alkali feldspar granites, yielding
ages from 1123 to 985 Ma, with a significant component of zircon
inheritance between 1668 and 1305 Ma (Fig. 2) (Miskovic et al., 2009).
Triassic sinistral offset along an ENE-WSW trending transform fault
system at 12.5 °S, known as the Abancay deflection, is responsible for a
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Fig. 3. Major and trace element chemistry of intrusive rocks of the Peruvian Eastern
Cordillera; a) Alumina saturation index (mol. propr. Al,03/(Ca0+Na,0+K,0)) plotted
against silica enrichment as a rough proxy for the crustal source. Compositional trends
generated by various petrogenetic processes are represented by arrows; AFC -
assimilation-fractional crystallization or magma contamination by the basement,
Marafién-type metasediments; PM - partial melting of the Ordovician granodioritic
basement; Mixing - magma mixing with primitive dioritic melts; HMM - haplogranitic
minimum melt; b) and c) Tectonic discrimination diagrams for the Peruvian Eastern
Cordilleran granitoids based on chemically conservative HFS elements after Harris et al.
(1986) and Pearce et al. (1984) respectively.

change in strike of the Eastern Cordillera and the resultant displace-
ment of the intrusive belt by 200 km eastward (Carlotto et al., 2006;
Fig. 1). At this latitude, two, medium grained, biotite-bearing, leuco-
granodiorite stocks were dated at 29.4 Ma and 31.4 Ma.

South of the orocline, Late Triassic—Early Jurassic (216-190 Ma)
batholiths are composed of texturally homogeneous, medium-
grained, biotite, alkali feldspar granites with a gradual increase in
the proportion of modal mica southwards, and the first appearance of
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Fig. 4. Hf isotopic composition of zircon grains from the Peruvian Eastern Cordillera combined with trace element normalized patterns from Middle Cenozoic (a) to Mesoproterozoic
(h). Left: Relative probability plots of crustal Hf model ages, where distance from the vertical bar representing the DM model ages correlates with an increase in source maturity.
Centre: Ocean ridge granite (ORG)-normalised, selected trace element patterns for the Eastern Cordilleran intrusives. Normalising values taken from Pearce et al. (1984). Right:
cumulative probability plots of eHf data with the vertical bar representing chondritic uniform reservoir (CHUR). Shaded areas correspond to plutonic pulses (Early Jurassic) and
zircon inheritance (Early Mesoproterozoic) from the northern segment of Peruvian Eastern Cordillera.

muscovite in the monzo-granitoid assemblages of the southernmost eastern Cuzco batholith. However, a coeval pulse of Early Paleozoic
Cordillera de Carabaya (Fig. 1). A single Late Ordovician concordia age plutonism was also identified within the northeastern Peruvian Andes
of 446.5 Ma is recorded by a marginal, alkali feldspar granite of the near 6°S, where partially metamorphosed Sitabamba granodiorites
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yielded ages between 442 Ma and 445 Ma (Chew et al., 2007).
Volumetrically minor but genetically important Jurassic peralkaline
intrusives such as coarse grained, nepheline syenites of the Allincapac
complex at 14 °S were intruded between 184 and 195 Ma in the
Cordillera de Carabaya region, but also as 173 Ma, quartz-bearing
syenites near the margins of the northern Carboniferous Pataz
batholith at 8°S.

2.2. Geochemical constraints

Tabulated whole rock major, minor and trace element data are
provided in the on-line supplementary material. The Early Jurassic
Allincapac nepheline monzosyenites are the only sampled intrusives
from the Eastern Peruvian Andes which are silica undersaturated and
lack normative quartz. The Carboniferous-Permian, Ordovician and
Late Triassic granitoids are all magnesian, but transgress boundaries
between the calcic, calc-alkaline and alkali-calcic differentiation
trends respectively (Miskovic et al., 2009). They span a wider
compositional spectrum (60 to 77 wt.% SiO,) than the predominantly
alkali-calcic, magnesian to ferroan Neoproterozoic and Permo-Triassic
plutons (70-78 wt.% SiO,). In terms of aluminum saturation, the
Eastern Peruvian granitoids are peraluminous to mildly metalumi-
nous (molar Al203/Ca0+Na,0+K,0; A/CNK=0.95 to 1.13). The
exceptions are the strongly peraluminous Late Triassic Carabaya
suite (A/CNK=0.98-1.42); volumetrically minor Oligocene metalumi-
nous stocks (A/CNK=0.91-0.97), and the metaluminous to peralkaline
Early Jurassic Allincapac nepheline bearing (alkali feldspar) syenites
(Fig. 3a). Although primarily dependent on the differentiation history
of silicic melts, trace element compositions of granitoids have long
been used as first-order tectonic discriminators for granitoid sources
(Barbarin, 1999). Trace element data from the Eastern Peruvian
intrusives broadly corroborate genetic trends inferred from their
major element chemistry. Multi-element, genetic classification plots
(Harris et al., 1986; Pearce et al., 1984) clearly demarcate the arc
affinities of the Carboniferous-Permian, Late Mesoproterozoic, and
somewhat less convincingly, Ordovician granites of Peru (Fig. 3b,c).
The Middle Neoproterozoic Permian-Triassic, Late Triassic and the
southern Early Jurassic intrusives however, are classified as within-
plate or syn-to-post tectonic suites, whereas the northern Jurassic and
Oligocene plutons show mixed associations between intra-plate and
continental arc-related granites. The oceanic plagiogranite normal-
ised, multi-trace element plots (Pearce et al., 1984) for the Peruvian
granitoids reveal a lack of heavy rare-earth element (HREE)
fractionation characteristic of a garnet dominated source, and display
an overall positive correlation between the extent of the large ion
lithophile element enrichment (LILE/HFSE) and known episodes of
subduction related magmatism. Negative Nb-Ta anomalies are
observed in both the Late Mesoproterozoic plutons and within the
Carboniferous-Permian suite, but are also mildly present in the Late
Ordovician and Oligocene intrusive rocks (Fig. 4a, e, f, and h). In
contrast, the Permo-Triassic, Early Ordovician quartz monzonite, and
especially Neoproterozoic (monzo)granitoids, exhibit strong Ba/Th
and Ba/Rb anomalies characteristic of anorogenic magmatism, in
addition to the lack of a typical high LILE/HFSE trace element pattern
associated with subduction (Fig. 4d, f, and g). However, such time-
dependent, tectonic classification is occasionally complicated by the
regional variability within coeval intrusive suites along the proto-
Andean margin. For example, uniformly elevated high field strength
(HFSE) elements that are characteristic of rift- or back arc-related
plutonism displayed by the southern, Early Jurassic peralkaline
nepheline syenites are markedly different from a mild subduction-
zone trace element signature of the contemporaneous quartz syenites
from the northern Pataz region (Fig. 4b). This may explain, the genetic
ambiguity displayed by the Early Jurassic rocks in the tectono-
discriminative, trace element plots in Fig. 3a and b. On a more local
scale, the Early Mississippian, northern Balsas-Callangate pluton

shows considerably higher Rb/Ba values than the rest the Carbonifer-
ous-Permian plutonic belt (Fig. 4e). Given that the ratio of Rb/Ba
decreases with increasing whole rock SiO, content, this trend cannot
be explained by simple fractional crystallisation, but likely reflects an
increased proportion of K-bearing phases in the source. The most
recent (Oligocene) intrusive pulse is uniquely LILE enriched, with
mildly depressed Nb-Ta concentrations indicative of a contaminated
I-type magma that was emplaced marginally inboard of the principal
arc batholiths (Walawender et al., 1990).

Taken together, major and trace element signatures allow for
tectono-magmatic classification of the Eastern Cordilleran plutons
into: i) Neoproterozoic anorogenic and transitional late- to post-
orogenic granitoids of Permo-Triassic age; ii) Cordilleran-type, con-
tinental arc related intrusives from the Carboniferous to Permian, and
Late Ordovician and Late Mesoproterozoic periods, iii) Late Triassic
syn-collisional plutons and an Early Ordovician post-collisional
intrusive, and iv) Early Jurassic within-plate, peralkaline plutons
forming the cores of alkaline volcanic complexes, which are usually
located in back-arc settings. The metaluminous granite porphyries of
the modern Andean orogenic cycle that were emplaced in the
Oligocene are magnesian, calcic and exhibit cationic ratios that
overlap with those associated with continental arc settings.

3. Methodology
3.1. Hf systematics of zircon

As a common accessory mineral in granitoid rocks, zircon is readily
used in studies of long-term magmatic evolution and orogen
development (Kinny, 1986; Andersen and Griffin, 2004; Hawkesworth
and Kemp, 2006). Its chemical and physical durability make it a robust
repository for a range of radioactive nuclides and their radiogenic
products (Finch and Hanchar, 2003). In addition to the three U-Th
decay schemes utilised in zircon geochronology, a number of studies
have since exploited complimentary '"®Lu-'7Hf and '¥’Sm-'4*Nd
parent-daughter ratios as geochemical tracers (Patchett and Tatsu-
moto, 1981; Corfu and Noble, 1992; Hanchar and Rudnick, 1995;
Griffin et al., 2002). The strong affinity for Hf invariably produces very
low Lu/Hf ratios in zircon (Lu/Hf ~0.005) regardless of coexisting
mineral phases or environments. As such, the Lu-Hf systematics in
zircon are comparable to those of the whole rock Sm-Nd system with
both, the increased sensitivity to the juvenile magmatic component
due to approximately twice the amount of the daughter element
accumulated in the depleted mantle over similar geological times, and
the ability to separate magmatic from inherited isotopic signals (Kinny
and Maas, 2003). The introduction of multiple collector arrays to
inductively coupled plasma source mass spectrometry (LA ICPMS)
presently allows for a high degree of internal precision in Hf isotopic
analyses. When coupled with in situ U-Pb geochronology of selected
zircon domains by laser ablation ICPMS, this technique provides an
unprecedented view into the timing and sources of magma
generation.

3.2. Analytical techniques

Zircon was extracted from 58 intrusive samples using gravimetric
and magnetic methods. Non-magnetic, euhedral and inclusion free
grains between 50 and 200 pm in length were handpicked and a
representative set was mounted in 1 cm thick epoxy blocks. The
crystals were polished to reveal internal surfaces, and subsequently
carbon coated. Cathodoluminescence (CL) imaging was done by the
CamScan MV 2300 scanning electron micro-analyzer at the University
of Lausanne under the operating conditions of 15 kV of accelerating
potential and 15-20 nA beam current. The sample mounts were
ultrasonically cleansed in a 5 vol.% HNOs.
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In situ measurements of Hf isotopes in zircon grains were carried
out using a New Wave UP-213 Nd: YAG laser coupled to a Finnigan
Neptune multi-collector ICP-MS at the University of Bergen. A laser
with beam diameter of 20-28 mm was used at a rate of 10 Hz
corresponding to energy densities between 5.56 and 3.56 J/cm?. The
laser beam was repeatedly scanned across the zircon surface confined
to growth zones of uniform CL brightness, which were previously
analysed for U-Pb geochronology, to ablate 100 pm long linear rasters
to maintain signal stability. Gas blank was acquired for 35 s followed
by 200 s of laser ablation. The typical signal intensities of '®°Hf varied
between 0.40 and 0.65 V over 150-200 integration cycles, depending
on duration. The '"®Hf/'”7Hf, '7°Lu/176mass and 7>Yb/176mass data
were corrected for gas blank and normalised to 7°Hf/"7Hf=0.7325
(Patchett and Tatsumoto, 1981), using an exponential correction for
mass bias (Slama et al., 2008). Then, isobaric interferences of mass bias
corrected '7°Lu and 76Yb on 7Hf, and '°W on '8°Hf were corrected
by measuring the intensity of the interference free 7°Lu, 7>Yb and
182y isotopes, using the recommended values of 7Lu/>Lu=0.02668
(de Laeter and Bukilic, 2006), "7Yb/'73Yb=0.7952 (Lapen et al., 2004),
and "8°W/182\W=0.00452 (De Biévre and Taylor, 1993) respectively, to
calculate true 7SHf/'”7Hf ratios. The PleSovice natural zircon standard
(Slama et al., 2008) was periodically analysed during this study and
data were corrected for instrumental drift relative to the reference
76Hf/"7Hf value of 0.282481+0.000013 (2 SD). The N'7°Lu decay
constant of 1.930-10""" (Sguigna et al., 1982), and present CHUR
values of "7SHf/"77Hf=0.282772 and '"°Lu/"7’Hf=0.0332 (de Laeter and
Bukilic, 2006) together with the 2°°Pb/?33U ages obtained from the LA
ICP-MS zircon analyses were used to calculate the initial Hf and eHf
values (Supplement Table 1). Depleted mantle model ages (Tpv) were
calculated based on a model mantle source similar to average MORB
with present-day 7®Hf/"/7Hf=0.283251 (Nowell et al., 1998) and
7614/177Hf=0.0384 (Griffin et al, 2000). As they only represent
minimum ages for the source of the host magmas, Hf Tpy ages are
complemented by more realistic estimates of the protolith crustal
residence in terms of the crustal model ages (Tpy), calculated by
projecting the initial value of ®Hf/"7Hf of a zircon to the depleted
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mantle growth curve along a mean crustal ratio of 7°Lu/”’Hf=0.015
(Griffin et al., 2002).

Major, minor and selected trace element concentrations were
determined by X-ray fluorescence (Supplement Table 2) on pressed
powder pellets using a Phillips PW 2400 sequential spectrometer
equipped with a rhodium tube at the University of Lausanne,
Switzerland. A protocol developed by J. Michael Rhodes (University
of Massachusetts, USA) and based on modified procedures of Norrish
and Chappel (1967) and Reynolds (1967) was used for correction of
non-linear background, inter-element interferences and variations in
mass absorption (« coefficients and/or Compton scatter). The trace
elements accuracy by the XRF method is +5%. Fragments of the
Li;B40-diluted and fused glass discs were analysed for additional
trace elements by laser ablation inductively coupled plasma mass
spectrometry (LA ICPMS) at the University of Lausanne. The assembly
consisted of a Perkin-Elmer ELAN 6100 quadrupole ICP mass spectro-
meter equipped with a dynamic reaction cell and coupled to a Lambda
Physik 193 nm EXCIMER (ArF) laser that was fired at a frequency of
10 Hz delivering beam energies between 140 and 200 m)]. The trace
element data were acquired by averaging three 80-120 mm analyses
per disc (sample) over time intervals of 40-50 s on the peak transient
signal and were repeatedly normalised to the NIST SRM 612 standard
glass. Off-line data reduction of time-resolved signals was performed
on a Lotus 123 macro (LAMTRACE) based spreadsheet package written
by Simon Jackson of Macquarie University, Australia. The LA ICPMS
REE data are accurate to within+1% (La) or+6% (Lu) on the basis of
duplicate analyses. We have chosen to use Y, Zr, Nb, Sr, Rb, Ni, Cr, V, Ga,
Co and Sc obtained by XRF, and the ICP-MS values for Ba, Ta, Hf, Cs,
REE, Pb, Th, and U.

4. Results

Lu-Hf isotope data (eHf;) from a total of 212 zircon grains are
plotted relative to latitude of provenance in Fig. 5. The Hf isotopic
ranges and source model ages calculated for different intrusive
periods through time are presented in chronological order in Fig. 6.
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Fig. 5. Initial eHf values from the Peruvian Eastern Cordilleran batholiths plotted along oro;
DM) is shown for reference. The Hf crustal model ages (Hf T5y;) are calculated using a "7®Lu
(Griffin et al., 2002). See Fig. 3 for the legend.

genic strike. The Hf isotopic composition of mid-oceanic ridge basalts (i.e. depleted mantle —
decay constant 0f 1.93-10" "' a~ !, Model ages assume an average crustal value of Lu/Hf=0.015
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Fig. 6. Initial Hf isotopic composition of Eastern Peruvian intrusive zircon at times of crystallisation. The minimum limit of 1.75 Ga crust is defined by the growth curve with an
average crustal '75Lu/"7”Hf of 0.015 projected from the most isotopically primitive Carboniferous-Permian zircon back to the Depleted Mantle (DM) evolutionary line. The maximum
model age of the crustal end member that corresponds to the Ventuari tectonic province of north-central Amazonia is similarly defined relative to four Carboniferous-Permian
outliers between initial "7®Hf/"7”Hf ratios of 0.2822 and 0.2824. Likewise, the lower age limit of the crustal end member recorded by early Neoproterozoic and late Mesoproterozoic
zircon grains (2.57 Ga) is defined by the most primitive 1.1 Ga crystallisation age. This is broadly coeval with the latest Archean segments of the Central Amazonian tectonic province.
Possible single and multiple source models for the origin of the granitoids are shown in shaded areas and percentages respectively. 75Lu/"7Hf=0.010 represents the evolutionary
trend of a possible Neoproterozoic juvenile end-member involved in the petrogenesis of Permian-Triassic aged zircon, while the extremely high Lu/Hf ratio of 0.055 for a single
1.51 Ga inherited zircon from the late Mesoproterozoic intrusive pulse is indicative of a garnet bearing either lower crustal or upper mantle residue extracted from the mantle at
1.6 Ga. Boxed Lu/Hf ratios relate to the required variations in the single source model that are necessary to explain Ordovician and late Triassic Hf systematics by invoking realistic,
garnet-free crustal ratios of Lu/Hf <0.015. The percent values indicate mass contributions of crustal end members in the binary source model for each of the plutonic pulses calculated
at averaged emplacement times of 30, 175, 200, 245, 315, 455, 520, 715, 990, and 1075 Ma.

As is the case with zircon, the parent-daughter ratios of analysed
grains from intrusives along the Eastern Cordillera were very low
(76Lu/7Hf<0.0038; Table 1). The Hf isotopic compositions at the
time of crystallisation were nonetheless corrected for Lu decay, and
span an overall ¢Hf range of +8 to —-9. Three Late Carboniferous
xenocrystic zircon crystals and two analyses from the Late Ordovician
intrusive episode plot significantly below the dominant, time-
corrected zircon populations thus suggesting derivation from a
substantially less enriched source (eHf initial=-11 to —15) than that
of the bulk of coeval zircon grains. On the other hand, only one
inherited grain from Mesoproterozoic in the Sunsas age Querobamba
granite exhibits a depleted mantle composition with the initial 76Hf/

177Hf=0.282134, corresponding to eHf (initial)=+12 (Fig. 4). Despite
the general uniformity of the Hf arrays relative to the CHUR evolution
line, a closer examination reveals two dominant trends. There is a
general decrease in the initial "”®Hf/'””Hf ratios relative to CHUR with
time during the Precambrian from ¢Hf of 7.0 £1.5 to -6.7+ 1.1 (Fig. 4),
which is followed by a systematic increase in radiogenic Hf through
the Phanerozoic up to eHf=+3.7+1.9, recorded by Oligocene plutons.
Furthermore, alternating averages of eHf values that are observed
throughout the sampled time span of 1.2 Ga show a systematic
variation such that the Ordovician, Carboniferous-Permian, Late
Triassic as well as the northern Early Jurassic intrusive pulses are
shifted towards negative eHf initial values (-9 to +4), while the

Table 1

Mean magmatic Hf isotope signature of major orogenic events along the Peruvian Eastern Cordillera since 1.1 Ga

Orogenic episode  Tectonic regime Age (Ma) '7°Lu/'”’Hf '76Yb/"7’Hf '7Hf/"/’Hf 2 SE 7Hf/7THE(i) +(20)  eHf(i) *(10) Tpw (Ma) %(10) Thw (Ma) %(10)
Late Andean Continent. arc 30.4 0.00134 0.07092 0.28286 0.00005 0.28286 0.00005 3.76 0.94 545 37 842 58
Early Andean Cont. arc (N) 171.0 0.00083 0.04587 0.28259 0.00005 0.28258 0.00005 -2.82 0.81 910 31 1356 50
Early Andean Extensive (S) 180.5 0.00127 0.07554 0.28279 0.00006 0.28279 0.00006 4.68 1.01 636 39 904 63
L. Gondwanide Anatexis-rift 2021 0.00223 0.13563 0.28260 0.00006 0.28259 0.00006 -1.96 2.17 932 43 1328 67
Gondwanide Extensive-rift 2481 0.00162 0.08341 0.28262 0.00004 0.28261 0.00004 0.02 0.77 880 30 1243 98
E. Gondwanide Continent. arc 316.3 0.00161 0.08678 0.28250 0.00005 0.28249 0.00005 -2.73 0.88 1046 34 1464 111
Famatinian Orogen Continent. arc 453.9 0.00081 0.04166 0.28233 0.00006 0.28233 0.00006 -5.46 2.04 1251 78 1739 127
Pampean Orogen  Continent. arc 508.5 0.00193 0.10305 0.28232 0.00004 0.28230 0.00004 -5.19 136 1311 53 1765 93
pre-Braziliano Extensive-rift 712.6 0.00085 0.05339 0.28230 0.00007 0.28229 0.00007 -0.69 239 1290 45 1648 167
Sunsas Collisional 985.5 0.00141 0.06330 0.28206 0.00004 0.28203 0.00004 -3.61 141 1643 54 2040 109
Early Sunsas Cont. arc (N) 1116.6 0.00162 0.08396 0.28197 0.00004 0.28194 0.00004 -396 132 1770 51 2163 107
Early Sunsas Cont. arc (S) 10771 0.00145 0.07536 0.28219 0.00004 0.28216 0.00004 2.89 144 1472 55 1711 147
San Ignacio Arc (N) inherit.  1296.3 0.00144 0.06612 0.28183 0.00004 0.28179 0.00004 -4.87 140 1955 27 2358 166
San Ignacio Arc (S) inherit.  1305.7 0.00162 0.09224 0.28217 0.00006 0.28213 0.00006 725 199 1500 38 1619 159
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Table 2

Average major element compositions of the Peruvian Eastern Cordillera intrusives relative to the (bulk) crustal elemental budgets

Age group  Oligocene E. Jurassic (N) E. Jurassic (S) L. Triassic Permo-Triassic Carbo-Permian Ordovician Neoproterozoic Mesoproterozoic Wght. mean UC BC

n (samples) 3 3 23 26 48 86 5 3 5 202

Si0, 67.11 70.82 56.51 71.64 69.43 66.05 70.35 70.78 66.52 66.76 6797 642
TiO, 0.44 0.33 0.90 0.50 0.49 0.65 0.59 0.30 0.67 0.61 0.67 0.8
Al,03 16.46 14.99 19.80 14.36 14.81 15.80 14.81 14.17 14.87 15.76 1540 14.1
FeO* 3.63 2.66 5.76 2.60 337 4.73 422 3.79 515 419 504 6.8
MnO 0.11 0.05 0.16 0.06 0.07 0.11 0.07 0.09 0.09 0.09 010 012
MgO 114 0.78 1.20 1.04 1.39 2.02 1.36 0.25 2.25 1.58 248 35
Ca0 425 2.43 2.91 2.16 2.36 3.80 1.53 1.05 2.99 3.02 359 49
Na,O 4.04 3.40 6.17 3.60 4.06 3.53 2.57 3.00 3.65 3.94 327 31
K;0 2.48 4.36 5.94 3.77 3.72 2.99 420 6.34 3.50 3.70 280 23
P,05 0.19 0.08 0.28 0.17 0.13 0.17 0.15 0.04 0.10 0.17 015 0.18
Mg # 46.4 339 52.3 48.5 52.0 471 475 19.9 43.0 483 46.7 483
Hf (ppm) 5 8 9 4 6 5 4 21 17 7 512 471

Major elements are shown in weight percent oxide recast to 100% anhydrous.
Total FeO*=FeO+(Fe,03-0.8998).
Molar Mg #=[MgO] | [MgO]+[FeO*].

Crustal estimates from Gao et al. (1998). UC=Upper continental crust; BC=Bulk continental crust.

Permian-Triassic, southern Jurassic, Oligocene and to a lesser extent
Neoproterozoic granitoids exhibit a more juvenile character (eHf
initial=-5.5 to +8).

The calculated crustal Hf model ages from the eastern Peruvian
granitoids (Thy) span two distinct Proterozoic time periods (Table 1;
Fig. 4). The south-central, pre-Carboniferous intrusives of the PEC
define a spectrum from 1.5 Ga to 2.1 Ga with five inherited zircon
grains exhibiting Tpy ages of 2.2 Ga to 2.5 Ga, while the plutons
emplaced during the Carboniferous to Jurassic show a population peak
which temporally overlaps with the broadly defined Sunsas orogenic
cycle (1.4-1.0 Ga). Moreover, the Hf isotopic record is spatially variable
from north to south along more than 1200 km of orogenic strike, with
the least enriched Hf values from the six transects varying from gHf=—
13 to -1 between latitudes of 7°S and 14.5°S (Fig. 5). Excluding data
outliers, zircon grains with the lowest radiogenic Hf isotopic
compositions correspond to a difference of ~0.5 Ga in the minimum
source crustal residence times of basement from the northern Balsas
pluton (1.6-1.7 Ga) to the southernmost Limbani stock near the
Bolivian border (1.0-1.05 Ga), possibly reflecting the intrinsic age
heterogeneity of the underlying crust. The shift towards more juvenile
basement appears to be localised north of the Abancay deflection at
12.5 °S with a substantial decrease in minimum crustal residence
times between 12°S and 13°S from 1.5 to 1.0 Ga. The Abancay orocline
appears to regionally truncate the baseline trend of 1.5 Ga source
residence times for the south-central PEC intrusives with a moderate
increase in source residence times of 0.3 Ga to ~1.25 Ga south towards
the Cordillera de Carabaya (Fig. 5).

5. Discussion

Jaillard et al. (2000) have shown that the tectonic history of the
central Andes is simpler than the dominantly accretionary tectonics of
both the northern Andes of Ecuador and Colombia (Spikings et al.,
2001; Vallejo et al., 2006) and the Chilean orogenic extension (Miller
and Sollner, 2005; Rapalini, 2005). Indeed, notwithstanding the brief
episode of accretion and removal of the Paracas block in the
Ordovician, central Western Amazonia is unique in having persisted
as an active continent-ocean margin without significant lateral
addition of crust for at least 700 Ma. Considering that the PEC
intrusives represent time averaged equivalents of the upper con-
tinental crust (Table 2), and closely approach the bulk crustal
composition (Gao et al., 1998), assessing the involvement of crust
and mantle derived magmas in the petrogenesis of Peruvian
granitoids implicitly measures their relative contributions to crustal
growth along a non-collisional cratonic margin.

5.1. Isotopic models

Two genetic models are employed to replicate the observed isotopic
variations, and quantify the involvement of the ancient basement. Our
single source scenario assumes partial melting of isotopically hetero-
geneous (lower) crustal reservoirs with uniform age extracted from a
depleted mantle source at times of known juvenile magmatism
(Andersen et al., 2007). By allowing for the Hf isotopic evolution of
such crust along variable, yet realistic '7Lu/'””Hf ratios, it is possible to
replicate isotopic arrays that are characterised by relatively restricted
76Hf/177Hf ratios (Fig. 6). Alternatively, the Hf isotopic ratios recorded
by suites exhibiting wider zircon spectra can be expressed in terms of
two-component mixing of melts between an (upper) crustal reservoir
and depleted mantle. We consider the global depleted mantle (DM) as
a juvenile end-member (mean Hf=2.31 ppm; Kelemen et al., 2003),
and allow for progressively younger crustal reservoirs during the Late
Mesoproterozoic (2.57 Ga), Neoproterozoic (2.06 Ga), and post-
Devonian plutonism (1.75 Ga). These ages (Thw) are defined by the
intersection of the DM line with the '"®Lu/'”’Hf vector of 0.015
projected from the least enriched zircon of each of the three pulses.
Given the geochemical evidence for derivation from a lower crustal
protolith however, the two anorogenic to post-orogenic plutonic
pulses in the middle Neoproterozoic and Permo-Triassic time are
modeled relative to lower crustal end members. In the absence of
garnet, such lower crustal sources would evolve along mildly lower Lu/
Hf ratios of 0.01 since the separation from the source at 750 Ma and
1.1 Ga respectively (hatched rectangles in Fig. 6). Mean crustal con-
tributions to each magmatic event are computed by averaging the
76Hf/"7Hf spectra in Fig. 6, using the formalism above, and assuming
upper crustal Hf concentrations (Hf=5.12 ppm; Gao et al., 1998).
Although being dependent on the choice of end-members, and based
on globally averaged elemental concentrations of the continental crust,
this model provides first-order quantitative estimates of the relative
participation of crust and mantle in the petrogenesis of continental
margin granitoids since the Mesoproterozoic.

5.1.1. Single source model

The single component model can be successfully applied to two
PEC intrusive pulses that exhibit most prominent zircon inheritance
thus suggesting their petrogenesis as dominantly crustal melts
(Miskovic et al., 2009). The Cambro-Ordovician intrusive episode
can be modeled by invoking a source with a minimum model age
equivalent to the middle Mesoproterozoic San Ignacio orogeny
(1.35-1.40 Ga; Boger et al., 2005). To obtain the total range of '7®Hf/
177Hf observed in these early Paleozoic zircon grains, a variation in
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Fig. 7. Event signature curve for the Peruvian segment of the proto-Andean margin of Western Amazonia based on Hf and U-Pb systematics in PEC plutonic zircons following the
TerraneChron methodology (Belousova et al., 2006). Mean crustal residence time of plutonic protoliths (Tom source = Tmagma crystatiisation) is Plotted versus the average °°Pb/**8U age of
each intrusive episode. An upward trend with decreasing age suggests juvenile input, while a downward trend implies reworking of older (basement) crust. Vertical bars show
variance of the Hf crustal residence times (Tpy max — Tom min) in Ma for each intrusive event. Shaded backgrounds correspond to a Wilson cycle interval since assembly of Rodinia at
~1.0 Ga and Pangea at 0.31 Ga. Open and filled symbols relate to periods of arc-related and extension-related magmatism respectively, while hatched circles represent inherited

magmatic signatures; (N) - northern PEC; (C) - central PEC; (S) - southern PEC.

176Lu/77Hf ratio 0of<0.01 is needed over a time span between 0.88
and 0.95 Ga. Similarly, the Hf isotopic composition of the Carabaya
intrusive zircon grains which crystallised during the Late Triassic
intrusive event can be replicated by assuming a minimum age of the
source to be coeval with the peak Sunsés orogenic activity at 1.05 Ga
ago, and allowing 850 Ma of isotopic evolution with 7®Lu/'"”Hf<
0.011. In both cases the maximum Lu/Hf ratios are well within the
average values for depleted continental crust devoid of garnet (Lu/
Hf>0.03). This observation further corroborates the uniformly flat
HREE patterns exhibited by granitoids from both intrusives episodes
that exclude garnet bearing sources. It is interesting to note that
minimum times of mantle extraction for the two magma sources
overlap in time with periods of orogenic climax that were charac-
terised by pervasive metamorphism and deformation. Conse-
quently, the 1320-1337 Ma high grade deformational event that
resulted in the Chiquitania para-gneisses of eastern Bolivia, and the
1020-1049 Ma Nova Brasilandia amphibolite facies metamorphism
of the western Brazilian Rondo6nia province could have isotopically
homogenised juvenile sources, which evolved isotopically for 800-
900 Ma and were subsequently tapped during Phanerozoic pluton-
ism (Geraldes et al., 2004; Wu et al., 2007). In the single component
model, the apparently shorter residence time of magma sources
which produced the southern Cordillera de Carabaya granitoids,
relative to the northerly Cambro-Ordovician zircon population,
confirms the south-younging trend of Andean crustal protoliths
inferred from the Hf model ages (Tpy; Fig. 5). The single source
basements are in fact located on opposite sides of the sharp tran-
sition in Hf crustal model ages from 1.7 Ga to 1.2 Ga, positioned
immediately north of the Abancay deflection. This further strength-
ens the argument that the region adjacent to this orocline may
represent a major tectonic boundary between crustal domains

underlying present Peru (Petford et al., 1996). Our Hf crustal model
ages suggest that this orogenic feature may date back to the Grenville—
Sunsas orogeny as the inherent western Amazonian structure dividing
crustal domains affected by San Ignacio and Sunsas tectonism
respectively. The presence of inherited Phanerozoic magmatic zircon
grains (NAM-27a and CAM-54; Table 1) that are characterised by
extremely unradiogenic 7®Hf/"7”Hf ratios, and hence characterised by
long Hf crustal model ages in the PEC plutons, point to the presence of
even older, middle to Late Paleoproterozoic crust below the western-
most margin of the craton; 850 to 1150 km away from the nearest Rio
Negro-Juruena (1.5-1.8 Ga) and the Central Amazonian (Ventuari-
Tapajos; 1.8-2.0 Ga) outcrops (Fig. 1; index map).

5.1.2. Binary source model

Intrusives emplaced during periods of extensional tectonism along
the Peruvian cratonic margin show systematic excursions towards
more enriched compositions in the two-component Hf isotopic space.
The Early Jurassic, Permo-Triassic and Neoproterozoic pulses indicate
between 25% and 38% of “mature” crustal input by mass while on the
other hand, magmatism during convergent episodes, in all cases but
the volumetrically trivial Oligocene stocks, carries a predominantly
crustal signature (40-74 mass %). The spread of isotopic arrays
observed in Fig. 6 indicates a progressive, but regionally realistic
increase in the age of crustal end-members from 1.75 Ga for post-
Devonian to ~2.5 Ga for the Sunsas-age plutons. Involvement of the
Paleoproterozoic crust with Hf Tpy between 1.7 and 2.1 Ga in the
genesis of the middle Neoproterozoic and the Phanerozoic Peruvian
intrusives agrees with documented cases of Proterozoic crustal
reworking elsewhere west of the Amazonian craton (Cordani and
Sato, 2000). Lucassen et al. (2004) calculated comparable amount of
assimilation of the metamorphosed Proterozoic basement in the
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source of Late Paleozoic granites between 36°S and 41°S of the
Chilean Pacific margin. Likewise, Nd isotope modeling of the Mis-
sissippian continental arc (Pataz) batholith in the northeastern
Peruvian Cordillera resulted in up to 70% addition of ancient crustal
material (1.43-2.06 Ga; Macfarlane et al., 1999). Given the evolved
chemical compositions, high LILE contents and crustally matured
whole-rock isotopic signatures, this would suggest that arc derived
plutonism along the central proto-Andes generally reworked, assi-
milated and mixed with the upper crustal lithologies by a combina-
tion of MASH (Hildreth and Moorbath, 1988), and AFC processes
(DePaolo, 1981), whereas the extension related magmas evolved from
their juvenile sources relatively uncontaminated. The isotopic differ-
ence seen in our in data could be fundamentally related to variations
in crustal thickness that characterise compressional versus exten-
sional tectonic regimes. In the former, compressed and thickened
crust impedes the ascent of mantle derived magmas to allow for more
hybridisation at the base, or within arc crust, which ultimately ren-
ders them isotopically evolved (Davidson and Arculus, 2005). None-
theless, a distinction must be made between the intervals of fully
developed continental arc plutonism such as the Carboniferous-
Permian phase, and mostly anatectic compressional events that pro-
duced volumetrically minor intrusions, as was the case during the
Ordovician and Late Triassic. Although predominantly “crustal”, the
plutons belonging to the former group occasionally show juvenile
inputs of up to +4 eHf units, whereas the former population is
entirely unradiogenic and lies below eHf=CHUR (Fig. 5).

The negative excursions in ¢Hf during episodes of arc plutonism
leave open a possibility of source contamination by upper
crustal sediments associated with subduction erosion along the
proto-Peru-Chile trench. However, in the case of the well exposed
Carboniferous-Permian arc magmatism for example, it is difficult to
envisage how subducted sediments alone could have significantly
contributed to an overall non-radiogenic Hf isotopic signature of the
most voluminous magma flare-up along the central Andes since
Mesoproterozoic. Namely, low sediment input along the modern
Peru-Chile trench (6.18 km® Ma™.km™!; Rea and Ruff, 1996) reflects
an arid climate that might have locally prevailed for the last 150 Ma
(Hartley et al., 2005), albeit extensive forearc erosion is documented
below the Lima Basin offshore central Peru since middle Eocene at
the average rate of 109 km® Ma™'-km™! (Clift et al., 2003). If pro-
jected to proto-Andean episodes of arc magmatism, even such an
extensive crustal input from the subduction erosion as recorded
during Cenozoic would not significantly offset the source isotopic
signature of Phanerozoic arc granitoids given the absence of isoto-
pically mature cratonic material north of the Arequipa-Antofalla
terrane 14°S since middle Ordovician (Miskovic et al., 2009).
Moreover, most of the subducted sediments along the modern
Peru-Chile trench currently undergo low temperature dehydration
reactions while residing in the forearc position and not below the arc
axis sensu stricto, thus resulting in a thoroughly serpentinised forearc
mantle wedge (Graeber and Asch, 1999). Combined with the evidence
that incompatible trace element ratios of subducted continental
detritus do not correlate well with those of arc magmas at modern
low-flux margins (<0.32 Mg-a~*-cm™! or 12.8 km® Ma™-km™; Plank,
2005), it is safe to conclude that the bulk of the crustal signature
observed in the eastern Peruvian arc-derived plutonic rocks must have
been acquired by some means other than en masse source contamina-
tion (Ducea and Barton, 2007).

5.2. Implications for the crustal evolution of central Western Amazonia

A convenient way of viewing crustal evolution along Western
Amazonia, as recorded by the Eastern Cordilleran plutons of Peru, is
the event signature curve (Fig. 7; Belousova et al., 2006). The Late
Mesoproterozoic-Early Neoproterozoic history of the margin was
characterised by alternating phases of hybridisation of two reservoirs:

a more evolved, less enriched Hf crust in the north, and a more
juvenile reservoir in southern Peru. The bimodal Hf isotope composi-
tion of zircon grains older than 1.0 Ga contrasts with the relatively
homogeneous population in younger rocks, indicating that subse-
quent magmatism effectively homogenised initially contrasting
isotopic signals. Following juvenile additions during the middle
Cryogenian, a period of dominant crustal assimilation lasted until
the early Paleozoic (Pampean and Famatinian Orogeny). The continual
trend towards more juvenile isotopic compositions occurred through-
out the Phanerozoic except for 50 Ma of compressive tectonism
between the Late Triassic and Middle Jurassic. Here too a discrepancy
is noted between crustal reworking in the northern Peruvian back arc,
and the southern, isotopically juvenile nepheline syenites of the
Allincapac Complex, which in this case is probably more a consequence
of differential thickness of the lithosphere after Permo-Triassic rifting
than an intrinsic isotopic heterogeneity. The significance of the post-
180 Ma period lies in the fact that although operating in concert over
more than one Wilson cycle (break-up of Rodinia; assembly and break
up of Pangea), the relationship between the episodes of subduction-
related arc activity and a decrease in the juvenile magmatic component
breaks down during the modern Andean orogenic cycle. The increase in
the initial '"®Hf/'”’Hf record during the Mid-Cretaceous to Late
Paleogene period compared to the Proterozoic and Paleozoic plutons
must be viewed however, in the light of the spatial position of the PEC in
the middle to late Phanerozoic, with most of the arc plutonism
occurring along the Peruvian Coastal batholith (Atherton and Petford,
1996). The granitic stocks emplaced during the Andean orogeny along
the central Eastern Cordillera of Peru seem to represent relatively
sporadic and volumetrically negligible pulses of magmatism emplaced
inboard of a continental arc.

The long-term trend in crustal residence times agrees with the
findings from the northern Chilean segment of the western Amazo-
nian margin in that, although being a major site of magmatic activity
during the Sunsas cycle, and especially during the assembly and
breakup of Pangea, the central Andean margin of Amazonia did not
experience appreciable crustal growth during the last 1.0 Ga (Franz
et al., 2008). From the isotopic evidence, it appears that significant
juvenile inputs probably took place only when the temporarily
thinned continental margin was underplated by upwelling astheno-
spheric mantle and ponded basaltic melts. Haschke and Giinther
(2003) have documented ~2.6 km of basaltic underplating during
12 Ma of Late Cretaceous transpression in the northern Chilean Andes
that contributed ~50 vol.% to crustal thickening. Similarly, structurally
balanced cross-section in the northern and southern edges of the
Peruvian Altiplano-Puna plateau between 9°S and 12°S revealed a
relatively thick crust that coincides with foreland shortening of less than
30% (Kley and Monaldi, 1998), thus requiring additional processes to
thicken the lithosphere such as magmatic additions to the lower crust
(Lamb and Hoke, 1997). Considering that the central part of the PEC is
occupied by the isotopically juvenile Permo-Triassic granitoids, the
crustal thickness observed in this part of the orogen may correspond to
significant additions of relatively juvenile magmatic material to the
crustal budget. One of the reasons why neither the overall Phanerozoic
increase in source juvenility, nor protracted Permo-Triassic plutonism
resulted in net crustal growth may be due to the requirement that lower
crustal gabbroic cumulates and restites must be returned (“recycled”) to
the mantle via delamination, thus leaving behind the appropriate bulk
chemistry (Arndt and Goldstein, 1989; Jull and Kelemen, 2001). Seismic
reconstructions of the orogenic architecture in central Peru however,
place the Moho at 60 km below the Eastern Cordillera, and its ~15 km
thick upper crustal granitoid column (Dorbath, 1996). If the ultramafic
complement to the evolved upper crust remained intact, as appears to
be the case under the present Western Peruvian Andes (Coastal
Batholith and Cordillera Blanca; Couch et al, 1981; Polliand et al,
2005), it may account for the absence of the net lithospheric growth as
suggested by the Hf isotope systematics.
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5.3. Global perspective and comparisons

There is currently little consensus regarding the dominant pro-
cesses that are responsible for the enlargement and stabilisation of
cratons, with the debate becoming progressively speculative with
increasing ages of the crustal segments under scrutiny. The problem is
exacerbated in part by the lack of exposure of geochemically
comparable lithologies within the rock record, as well as comparisons
of disparate cratonic blocks with often markedly different tectonic
evolutions. While few studies challenge the importance of the genesis
of juvenile continental crust at modern Island arcs such as the Izu-
Bonin-Mariana system (Takahashi et al., 2007), it is less clear to what
extent these crustal tracts have contributed to continental growth
through time. Even if we ignore problems that spreading back arc
basins may create in the dynamics of intra-oceanic arc accretion, it has
been quantitatively shown that in some cases, crustal addition by
juvenile arc-related magmatism can be entirely balanced through
tectonic erosion or sediment loss to the trench (Scholl and von Huene,
2007). Moreover, solutions to terrestrial Pb paradoxes, where upper
crustal and mantle Pb isotopic compositions plot in the future along
the 207Pb/2%4Pb vs. 296Pb/?%4Pb growth curve, demand that crustal
recycling along subduction zones has been a dominant process since
the Middle Paleoproterozoic (Kramers and Tolstikhin, 1997). Despite
these difficulties, accretionary tectonics involving lateral addition of
juvenile island arc crust during the (Neo) Proterozoic is seen as the
principal contributor to the growth of most of western North America,
and the Arabian-Nubian Shield (Whitmeyer and Karlstrom, 2007;
Harris et al.,, 1993). Alternatively, the dominant style of growth along
the North China craton, the Linzizong segment of the Tibetan plateau
and the Central Asian Orogenic Belt (CAOB) during middle to late
Phanerozoic is attributed to either juvenile syncollisional felsic mag-
matism, or vertical accretion accomplished by underplating of basaltic
magma (Mo et al., 2008; Yang et al., 2008; Jahn, 2004). The Sr-Nd
isotopic trends from granitoids rocks in the CAOB, for example, yield
between 60 and 100% of a mantle component in their petrogenesis
(Jahn, 2004), and the Mesozoic granitoids of the North China craton
record a significant input of juvenile melt, resulting from the removal
of lithospheric mantle by asthenospheric upwelling during extension
that was possibly associated with rollback of the Pacific plate (Yang
et al., 2008).

The crustal residence times of granitoid protoliths from the PEC
suggest divergent modes of crustal evolution between the Phaner-
ozoic and Neoproterozoic. The event signature curve (Fig. 7) does not
imply net crustal growth along the Peruvian Gondwanan margin over
this time span because the effects of alternating arc and intra-cratonic
related magmatism largely cancel out, although there is an observable
positive slope to the trend of mean Hf residence time of granitoid
protoliths between ~700 Ma and 520 Ma, followed by a reversal up to
~250 Ma. It appears that crustal reworking of the 1.8 Ga old
Amazonian basement was a dominant process along this segment of
the proto-Andean margin of Western Gondwana during Neoproter-
ozoic, while juvenile magmatic additions seem prevalent in the
middle and late Phanerozoic. On a global scale, these results contrast
with the coeval juvenile Nd-Sr isotopic ratios obtained from the
Arabian Shield accretionary collage, which is thought to be respon-
sible for a significant proportion of global crustal budget generated
during the Pan-African orogeny (700-550 Ma; Harris et al., 1993). A
caveat to the apparent contradiction is the position of these cratonic
margins relative to the focal point of super-continental assembly in
the late Neoproterozoic. While Arabia witnessed repeated accretion of
island arcs during the closure of the Mozambique Ocean (640-
610 Ma), and eventual merger with African cratons into Eastern
Gondwana (Meert, 2003), western South America (i.e. Western
Gondwana) interacted with a gradually widening lapetus Ocean as
an active, yet non-collisional margin (Chew et al., 2008). Here, arc
magmatism largely reworked the crustal substrate of the overriding

plate margin between 650 and 550 Ma as seen in the steep positive
slope of the event signature curve (Fig. 7). The Permian-Triassic
juvenile plutonism and the mafic, isotopically primitive component of
the Carboniferous-Permian intrusives of the PEC however, are mostly
in accordance with isotopic trends from global Mesozoic granitoid
provinces such as the CAOB as well as the observed increase in
mantle-derived Pb isotopic component in W-bearing mineral occur-
rences worldwide (Chiaradia, 2003). Nonetheless, the importance of a
given granitoid pulse as a net contributor to crustal growth along a
cratonic margin must be judged against the competing mechanism of
juvenile accretion that may be operating regionally, and often
contemporaneously. Indeed, this was the case along much of the
neighboring Chilean margin of Gondwana in Phanerozoic. During the
Famatinian Orogenic Cycle (480-440) for example, the Peruvian
segment of the margin was characterised by the emplacement of
granitoids with isotopic signatures showing the highest proportions of
assimilated mature crust, while 1800 km southwards along orogenic
strike, the NW Argentinean Puna experienced considerable growth by
accretion of the Famatina Terrane, a composite island arc of
Ordovician age (Ramos and Aleman, 2000). Both the global Neopro-
terozoic and regional Phanerozoic examples from Western Gondwana
however, emphasise the combined importance of accretion of juvenile
crustal blocks (intra-oceanic arcs) and marginal intra-cratonic
magmatism over in situ arc magmatism during the enlargement of
continental crust.

6. Conclusions

The integrated major chemistry and Hf isotopic record of the
Peruvian Eastern Cordilleran batholiths indicate that both continental
arc magmatism and tectono-thermal events associated with compres-
sion reworked the pre-existing crust. Orogenic episodes partially
melted the predominantly Paleoproterozoic, mid-lower crustal sub-
strate equivalent to the Rio Negro-Juruena (1.5-1.8 Ga) and the
Ventuari-Tapajos (1.8-2.2 Ga) tectonic provinces of the western
Central Amazonian craton, which were subsequently assimilated or
mixed with successive batches of subduction derived magmas.
Consequently, the initially sharp boundaries between middle to late
Proterozoic tectonic domains, as indicated by Hf isotopic parochialism
over the orogenic strike, seem to have been obliterated by juvenile
magmatic inputs and crustal reworking. Our tectono-magmatic model
is a departure from a commonly held view of the importance of
subduction-related magmatism in the evolution of continental crust,
at least as it applies to continental arcs. It attributes crustal growth
along the proto-Andean accretionary margin of Peru to tectonic
phases dominated by regional extension, as the isotopically juvenile,
mantle derived magmas underplated previously attenuated conti-
nental crust, and gave rise to either A-type (Neoproterozoic), or post-
orogenic, transitional S-type granitoids (Permian-Triassic anatec-
tites). The long-term Hf isotopic record suggests that arc magmatism
along such non-accretionary cratonic margins may fundamentally be
a distillation process, whereby relatively primitive lower crustal and
mantle-derived melts mainly provide heat for extensive mid-to-upper
crustal anatexis. However, the absence of net crustal growth by
magmatism at PEC corroborates models that envisage addition of
allochthonous juvenile crust as the principal mechanism for cratonic
enlargement along long-lived orogens.
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Appendix A

Mass balance calculation in the binary source Hf isotopic mixing
model was formulated as follows:

176Hf
177HfDM

176Hf
177Hf

~ 176Hf

= . 1_ ;
]77Hf ( fcrust)

Jerust

zircon crust

where f is the mixing parameter expressing the abundance of the
crustal end member in the mixture.

To calculate the crustal mass contribution (m) to the melt from
which a zircon crystallised, the absolute Hf concentrations of both
reservoirs must be taken into account, yielding:

chrust ‘Merust
(chrust 'mcrust) + (HfDM 'mDM)

f crust 'HfDM
Merust = (—> ‘MpMm.-
chrust_fcrust 'chrust

ferust = , and by rearranging we obtain :

If we define k= % and let mpy=1, then the mass
crust Jerust Hf cryst

percentage of the crust in the melt is given by the expression
Ferust% = (7%4) -100.

1+k

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.eps1.2009.01.002.
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