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Since the onset of plate tectonics, continents have evolved through a balance between crustal growth, 
reworking, and recycling at convergent plate margins. The term “reworking” involves the re-insertion 
of crustal material into pre-existing crustal volumes, while crustal growth and recycling respectively 
represent gains from and losses to the mantle. Reworking that occurs in the mantle wedge (“source” 
contamination from slab material) or within the upper plate (“path” contamination), will have contrasting 
effects on crustal evolution. However, due to limited access to deep crustal and mantle rocks, quantifying 
source vs. path contamination remains challenging. Based on the 4-dimensional record of the fossil 
(Ordovician) Famatinian continental arc (Argentina), we demonstrate that source contamination plays 
a dominant role in imprinting mafic to granitic rocks with crustal oxygen-hafnium (O-Hf) isotopic 
compositions. We argue that source contamination at convergent plate margins significantly increased 
the diversity of O-Hf isotopic signatures of continents over geologic time. Our interpretation implies that 
crustal evolution models attributing this isotopic diversity dominantly to intra-crustal reworking may be 
over-simplistic and may underestimate continental growth in the last 2.5 billion years.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The evolution of the volume of continental crust depends on 
the balance between three mass fluxes (Plank and Langmuir, 1998; 
Roberts and Spencer, 2015; Stern and Scholl, 2010): (i) crustal 
growth by addition of mantle-derived magmas; (ii) crustal re-
working, i.e. mass redistribution within the crust; and (iii) crustal 
recycling to the mantle via subduction-related processes and/or 
delamination. Therefore, understanding the evolution of the conti-
nental crust requires quantification of their relative contributions 
at all spatial and temporal scales (Korenaga, 2018). Convergent 
margin (“arc”) magmatism has been modulating these fluxes since 
the onset of plate tectonics, i.e. at least for three billion years 
(Hawkesworth et al., 2020; Rudnick and Gao, 2003). Specifically, 
three main reservoirs contribute to the production of arc mag-
mas (Hawkesworth et al., 2020; Tatsumi and Kogiso, 2003): (1) 
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the mantle wedge, whose melting results in crustal growth; (2) 
the slab, including a hydrated oceanic crust and some amount of 
continent-derived sediments, the latter of which, depending on 
whether they are incorporated in arc magmas or not, contribute 
to either recycling or crustal reworking in the form of “source” 
contamination; and (3) the overriding crust, whose melting con-
tributes to crustal reworking in the form of “path” contamination.

The chemical and isotopic compositions of arc magmas may 
thus reflect both source contamination of the mantle wedge by 
slab-derived material; and path contamination of mantle-derived 
magmas by melting of the overriding crust. These two mecha-
nisms have fundamentally different predictions in terms of the 
mass and energy balance for the long-term evolution of continents. 
For a given volume of magma, source contamination is expected 
to need less crustal material than path contamination to reach a 
given chemical and isotopic signature (Hawkesworth et al., 1993); 
and an increase in source contamination also entails a concomitant 
decrease in crustal recycling (into the mantle) as slab material is 
re-incorporated to the crust. Distinguishing between the two pro-
cesses, therefore, is essential for quantifying the balance between 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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crustal growth, recycling and reworking in arcs and in turn, the 
interpretation of isotopic proxies used to upscale regional obser-
vations to the global scale, such as oxygen (O) and hafnium (Hf) 
isotopic compositions of detrital zircon (Hawkesworth and Kemp, 
2006; Korenaga, 2018; Roberts and Spencer, 2015).

Quantifying the relative importance of source and path contam-
ination in a given arc requires detailed knowledge of end-member 
compositions for each reservoir, their spatial variations, and the 
way they may interact in the lower crust and mantle wedge (Jacob 
et al., 2021; Jagoutz and Klein, 2018). However, such knowledge 
is generally lacking, as exposure bias skews the study of arc mag-
matism towards its end products (i.e., upper crustal intermediate 
to silicic plutons and volcanic rocks). Even in rare areas where arc 
crustal sections are thoroughly studied, these are represented by 
former oceanic arcs (e.g., Talkeetna and Kohistan arc, Greene et al., 
2006; Jagoutz and Klein, 2018), which, by definition, lack large pre-
existing crustal volumes susceptible to interact with the mantle 
magmas, so that the relative impact of source and path contami-
nation remains poorly understood.

In this paper, we address the problem by focusing on an excep-
tional natural laboratory, the Famatinian continental arc section. 
This arc has exposures of large volumes of lower crustal mafic, 
mid-crustal intermediate, upper crustal silicic plutonic rocks and 
their host crustal rocks, and the paleogeography of the differ-
ent magmatic units is well reconstructed (Otamendi et al., 2020; 
Rapela et al., 2018). Altogether, the Famatinian arc offers the 
unique opportunity to evaluate the role of source vs. path con-
tamination in a continental arc. We combine bulk-rock petrological 
data, with an extensive database of high-precision U/Pb ages and 
in-situ Hf-O isotopic ratios on zircon from all available rock types 
in the Famatinian system to decipher the contributions of source 
and path contamination during this Ordovician magmatic episode.

2. Methods

2.1. Major, trace and Ca isotopes bulk rock measurements

We present here bulk-rock data from 73 samples collected from 
this study that is added to a pre-existing compilation of 310 sam-
ples for the Famatinian arc (Camilletti et al., 2020; Walker et al., 
2015). Bulk rock major and trace element analyses were collected 
using XRF methods and are provided in Supplementary Material 
1. We also present radiogenic Ca isotope measurements performed 
on 4 endmember samples that span the entire compositional range 
observed in our collection (Antonelli and Simon, 2020; Supplemen-
tary material 6).

2.2. O-Hf isotopes, U-Pb dating and trace elements in zircon

We have investigated a total of 62 samples for zircon geochem-
istry. Zircon were separated from other phases using a high voltage 
selective fragmentation apparatus (SelFrag) followed by heavy liq-
uids, magnetic separation and hand picking. Zircon were annealed 
at 900 ◦C for 48 h in a muffle furnace before being placed on epoxy 
mounts together with two reference materials (91500 and Mud-
Tank, Ávila et al., 2020; Wiedenbeck et al., 2004) that underwent 
the same annealing protocol. Zircon grains were imaged using a 
Deben Centaurus panchromatic cathodoluminescence (CL) detec-
tor mounted on a Jeol JSM-6390LA Secondary Electron Microscope 
(SEM) in ETH Zurich (images available in Supplementary Mate-
rial 2). The images were used to identify potential inherited cores, 
metamict zones and inclusions. In chronological order, we used 
Secondary Ion Mass Spectrometry (SIMS) for O isotopes, Laser Ab-
lation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
for preliminary U-Pb dating and trace element concentrations, and 
2

LA-Multi Collector-ICPMS (LA-MC-ICPMS) for Hf isotopes. A selec-
tion of 21 representative samples based on the lack of inherited 
cores, geographical relevance and data quality from other analyt-
ical measurements (e.g., close to average 1 s.d. or, in the case of 
LA-ICPMS dates, 1 propagated errors) were analyzed for high preci-
sion U-Pb geochronology using chemical abrasion - isotope dilution 
thermal ionization mass spectrometry techniques (CA-ID-TIMS) at 
ETH Zurich (Wotzlaw et al., 2017). Details about the analytical 
methods are provided in the supplementary materials. Supplemen-
tary Tables 1 to 6 contain the data presented hereafter and the CL 
images.

3. The anatomy and construction of the Famatinian arc

3.1. Geological background

The activity of the Famatinian arc in Argentina started during 
the late Cambrian, at ca. 490 Ma, due to the protracted conver-
gence between Gondwana and Laurentia that began during the 
Pre-Cambrian (Otamendi et al., 2020; Rapela et al., 2018). The 
Famatinian magmatism was responsible for thickening the crust to 
25-30 km with coeval formation of volcano-sedimentary deposits 
from sub-aerial volcanoes locally named the Suri formation (Ar-
mas et al., 2020). The arc magmas intruded into a thin continental 
crust (ca. 15 km) mainly composed of Cambrian, siliciclastic meta-
sedimentary rocks locally named, from bottom to top, the Negro 
Peinado formation and the Achavil formation (Fig. 1, Collo et al., 
2009). These pre-existing crustal components of the upper plate 
are characterized by a monotonous lithological association at the 
crustal-scale along the arc axis at the time of formation of the 
Famatinian arc, dominated by turbiditic sequences (Otamendi et 
al., 2020; Rapela et al., 2018). The Famatinian arc ended with the 
collision of the Cuyania terrane around 460 Ma ago. This terrane, 
lying west of the suture zone, is composed of a Proterozoic base-
ment overlain by early Paleozoic sedimentary rocks (Ramacciotti et 
al., 2015; Thomas and Astini, 2003; Ramos, 2004). These sediments 
were accreted along the margin of Gondwana in the Ordovician 
(Ramos, 2004) and partly subducted under the Famatinian arc, as 
indicated by high-pressure and high-temperature metamorphism 
(12 kbar, 780 ◦C, e.g., Mulcahy et al., 2014) and structural evidence 
of slab entrainment (Ramos, 2004; van Staal et al., 2011).

The most voluminous magmas of the Ordovician Famatinian arc 
are grouped in three locality types along a ∼600 km N-S tran-
sect with each of them representing different crustal levels: (1) 
the lower crust in Valle Fértil (between 30 and 31.5◦S) subdivided 
as a mafic (Walker et al., 2015) and intermediate zone (Camilletti 
et al., 2020), (2) the intermediate crust in the Sierra de Famatina 
(between 28.5 and 30◦S; Dahlquist et al., 2008), and (3) the up-
per crust with the Ordovician sub-surface in the Chaschuil belt 
(between 27 and 28◦S; Armas et al., 2020) (Fig. 1). The Valle 
Fértil area shows a large range of mafic to intermediate plutonic 
rocks that intruded and metamorphosed the local crust at pres-
sure estimated from 8 to 5 kbar by typical mineral assemblages 
(e.g., garnet-cordierite-sillimanite bearing migmatites, Tibaldi et al., 
2013). The Sierra de Famatina batholith grew at pressures equiv-
alent of ca. 5 kbar, which was derived from geological evidence 
of contacts with both the Negro Peinado and the Achavil forma-
tion (Dahlquist et al., 2008), the occurrence of magmatic epidote 
in plutonic samples and mineral assemblages in the metamor-
phosed host rock (cordierite-garnet bearing migmatites; Alasino 
et al., 2014). The Chaschuil belt settled at a pressure lower than 
2 kbar, as inferred from the intrusive contact with the overlying 
sub-surficial volcano-clastic series locally named the Suri forma-
tion (Armas et al., 2020). The Chaschuil belt as well as the Sierra 
de Famatina are marked by the presence of granodioritic periph-
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Fig. 1. (a) Geometry of the Famatinian paleo-arc in NW Argentina modified from Otamendi et al. (2020) showing the location of the three magmatic centers, the remnants 
of subducted sediments from the Cuyania terrane, and the paleo pressures revealing the various crustal depths of exposure for the different magmatic centers. (b) Simplified 
lithostratigraphic columns resuming the 3D geometry of the different outcrops along the N-S axis that shows that each magmatic center is an individual magmatic column.
eral units outcropping on the edges of the main magmatic centers 
(Fig. 1).

3.2. Geochemical connections

3.2.1. Bulk rocks
In the Mg# [molarMg2+/(Mg2+ + Fe2+) with Fe2+ as total 

Fe] vs. SiO2 diagram, the most mafic rocks (<55 wt.% SiO2) dis-
play a Z-shaped pattern mimicking the composition of cumu-
lates from the fractional crystallization of hydrous and oxidized, 
primitive arc magmas (Fig. 2a; Jagoutz and Klein, 2018; Mün-
tener and Ulmer, 2018). The more silicic rocks define a metalumi-
nous series (Aluminium Saturation Index [ASI] < 1), at the excep-
tion of the peripheral units (see below), consistent with olivine-
orthopyroxene/clinopyroxene-Fe-Ti oxides-amphibole fractionation 
in the deep crust and an amphibole-plagioclase dominated differ-
entiation in the mid crust (Camilletti et al., 2020; Otamendi et 
al., 2020; Walker et al., 2015). The existence of Ordovician per-
aluminous rocks (ASI > 1; Fig. 2b) in the Famatinian arc, likely 
formed by local anatexis of pre-existing sedimentary rocks (Ota-
mendi et al., 2008; Tibaldi et al., 2013), raises the question of the 
contribution of crustal melts to the magmatic suite. However, these 
anatectic granites represent small outcrops in the Valle Fértil lower 
crustal section that are geographically limited to near hybridization 
zones between mafic intrusions and pre-existing overriding crust 
(Otamendi et al., 2008). The compositions of these granites define 
a trend of increasing ASI with decreasing SiO2, typical of “S-type” 
granites (Jacob et al., 2021), opposite to the main trend of meta-
luminous samples (Fig. 2b). Nevertheless, the volumetrically minor 
rocks of the peripheral units in Chaschuil and Sierra de Famatina 
3

seem to fill the gap between the two metaluminous vs. peralumi-
nous trends at ca. 70 wt.% SiO2 (Fig. 2b).

3.2.2. Zircon trace elements
Because plutonic rocks rarely represent liquids, for mafic com-

positions but also for silicic ones (Cornet et al., 2022 and refer-
ence therein), the trace element composition of evolving melts in 
a differentiating magma is better observed through the trace el-
ement composition of minerals (e.g., zircon). We show here that 
trace element compositions of zircons capture the differentiation 
of parental mafic magmas across the different crustal levels of the 
Famatinian arc (Fig. 3). The Eu/Eu* vs. Ti plot (Fig. 3a) shows a 
trend of continuously decreasing Ti concentrations with increas-
ingly negative Eu anomalies from gabbro to granite/rhyolite, re-
flecting crystallization from progressively cooler, more plagioclase-
fractionated melts. The zircon Eu anomaly may partly result from 
low oxygen fugacity during zircon crystallization (Trail et al., 2012) 
but if this was the only control, the very low Eu*/EuN (<0.1) ob-
served in zircon from intermediate/felsic rocks would correspond 
to unrealistically low f O2 (�NNO < −4; Trail et al., 2012) com-
pared to what is expected for arc magmas (Kelley and Cottrell, 
2009). For other elements, such as U, Th, Y, Lu, Dy, and Hf (Fig. 3b-
d), the trends mark the increasing control of accessory phases 
(including zircon) on the incompatible element budget and the 
increase of the zircon/melt partition coefficients with decreasing 
temperature as the melts evolve towards more silicic compositions 
(Claiborne et al., 2017). The Dy vs. Yb/Dy trend reveals that, upon 
cooling, zircon was a key phase controlling the budget of these ele-
ments as zircon preferentially capture heavy rare earth (HREE) over 
Mid-REE (MREE), which blurs the potential effect of MREE captur-
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Fig. 2. Bulk-rock geochemical data for the Famatinian Arc samples along the N-S transect. (a) Plot of Mg# [molar Mg/(Mg+Fe)] vs. SiO2 (wt%) highlighting the continuity 
between deep-seated mafic cumulates and granites/rhyolites in the Famatinian arc. The data are compared to the general evolution trend (gray arrow) of experimental 
cumulates from the crystallization of a primary hydrous arc basalt (Müntener and Ulmer, 2018). (b) Plot of Aluminum Saturation Index (ASI) vs. SiO2 (wt%) highlighting 
the two different, metaluminous and per-aluminous series occurring within the Famatinian arc. The Mg# and the ASI are calculated using the formulation described in
Supplementary Table 1.
ing phases such as titanite or amphibole and clinopyroxene on the 
differentiation.

3.3. Geochronological connections

Based on geochronological data, previous studies (Rapela et 
al., 2018 and references therein) recognized three main magmatic 
stages in the Famatinian arc: (1) build-up between 491 and 474 
Ma; (2) peak magmatism between 474 and 466 Ma; and (3) de-
cline between 466 and 455 Ma. In particular, the peak magmatic 
stage is well documented from a high-precision (ID-TIMS) U-Pb 
dataset on a series of samples from the Valle Fértil mafic zone 
(Ducea et al., 2017). However, there is currently no published high-
precision geochronological dataset from samples representing all 
domains and crustal levels, which prevents a detailed understand-
ing of magmatism at the scale of the entire arc.

We filled this gap by obtaining additional LA-ICP-MS U-Pb dates 
and isotope dilution thermal ionization mass spectrometry (ID-
TIMS) uranium-lead data on 120 single zircon crystals from 21 
samples (Supplementary Table 2-3). Hereafter, we only discuss 
magmatic zircon dates. Inherited zircons were absent from the 
Chaschuil and Sierra de Famatina samples, and only sparsely found 
in samples from the Valle Fertil area (48 grains out of 194 analyzed
by LA-ICP-MS, and 7 out of 18 samples) collected near hybridiza-
tion zones with the local host rocks (Otamendi et al., 2008). These 
cores show dominant U-Pb age populations at 1.1–0.9 and 0.6–0.5 
Ga, which are typical of detrital zircon from the Negro Peinado for-
mation (Collo et al., 2009).

Zircon dates were used to define estimated probability densities 
of crystallization ages for each crustal level (Fig. 4). Most zircon of 
the Chaschuil belt and the Sierra de Famatina show ages between 
473 and 467 Ma, overlapping the peak magmatic stage defined 
at 470 ± 3 Ma for Valle Fértil (from this study and Ducea et al., 
2017). This shows that the largest magma volumes from ultramafic 
to highly silicic compositions, along the arc axis and across the 
exposed transcrustal magmatic column, must have formed in a rel-
atively short magmatic accretion event of 6 million years or less. 
4

Importantly, the additional peak at ca. 482 Ma at Chaschuil and 
samples dated at 478 Ma in the Sierra de Famatina all belong to 
the peripheral units. We also expect enhanced preservation of zir-
con from the build-up period in the colder upper and mid-crustal 
environments relative to the lower crust.

4. Zircon O-Hf systematics

Oxygen (O) and hafnium (Hf) isotopic data for Famatinian arc 
zircon that crystallized during the peak magmatic event show a 
counter-intuitive trend. Deep crustal mafic- and cumulate rocks 
have markedly crustal zircon isotopic compositions with εHf in 
the range 0 to −5 and δ18OZircon between 6.5 and 11.5� (cor-
responding to δ18OMelt between 8 to 13� based on the correction 
of Bindeman and Valley, 2003). In contrast, mid-/upper crustal 
intermediate to silicic rocks (both volcanic and plutonic, in the 
center and north part of the arc) show mantle-like zircon iso-
topic compositions with εHf in the range 0 to +7 and δ18OZircon
between 4 and 6.5� (corresponding to δ18OMelt between 5.5 to 
8�) (Fig. 5a, Supplementary Table 4). This observation reflects a 
first-order petrogenetic control on magma production, as it applies 
to the entire arc and concerns most of the magma volumes pro-
duced over its lifetime. The trend could be interpreted in two ways 
(not mutually exclusive): (i) different amounts of crustal assimila-
tion along the arc (e.g. path contamination/AFC); or (ii) different 
signatures and/or amounts of crustal components in the mantle 
source (e.g., source contamination). The respective importance of 
both processes is discussed in hereafter, notably based on geo-
chemical modeling.

4.1. “Path” contamination and AFC modeling

To perform AFC calculations, we investigated different end-
members representing the local host rocks. First, we obtained in-
situ O-Hf isotopic analyses directly from Ordovician zircon rims in 
samples of metasedimentary migmatites embedded in the Valle 
Fértil mafic zone, representative of partial melts from the local 
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Fig. 3. Zircon trace element geochemistry of the Famatinian plutonic arc samples along the N-S transect excluding the peripheral units. (a) Eu/Eu*N vs. Ti highlighting the 
effect of plagioclase accumulation in a cooling magma prior to zircon saturation. Eu/Eu*N normalized to the depleted mantle (Salters and Stracke, 2004), (b) Dy vs. Yb/Dy 
shows the evolution of mid-Rare Earth (MREE) against Heavy-REE (HREE) and the control of zircon upon the REE budget as the melt temperature decreases and composition 
evolves towards more silicic. (c) and (d), displaying linear trends of Y vs. U and Lu/Hf vs. Th respectively, show the dominating control of zircon on the budget of these 
elements and the increase of zircon/melt partition coefficients owing to decreasing temperature and evolving melt composition towards more silicic.
host rocks that interacted with the mafic magmas. Additionally, we 
have also used bulk-rock Nd isotopic compositions from samples 
of the Negro Peinado and the Achávil formation obtained in the 
vicinity of the Valle Fértil and Sierra de Famatina localities to esti-
mate Hf isotopic ratios. The measure εNd range from −7 and −10
(Collo et al., 2009), which translates to εHf = −9.6 to −14.3 (aver-
age of −12 used here) using the equation based on the terrestrial 
array of Vervoort et al. (2011). For oxygen isotopes, we have used 
δ18O between 10 and 15� which are typical values for paragneiss 
and pelitic schist (Eiler, 2001) and encompass the δ18O values we 
directly obtained on Ordovician zircon rims from the Valle Fér-
til migmatites (+11 to +13�). Other possible end-members such 
as the Puncoviscana formation (Otamendi et al., 2017; Rapela et 
al., 2018) and other low grade phyllites and schists have isotopic 
compositions falling in the compositional range used in our calcu-
lations. Various DHf values (from 0.1 to 0.3 as proposed by Kemp et 
al., 2007) and Mcrust/Mmagma values (r-values = 0.2–0.7) are used. 
5

We selected the Valle Fértil primitive basalt used by Walker et al. 
(2015) to estimate the initial Hf concentration of the melt (CHf
= 1.66 ppm). The results of our AFC calculations are shown in
Fig. 5b.

Deep seated mafic rocks have melt isotopic ratios (δ18O =
8–10�, εHf(t) = −5.0 ± 0.5) that are very close to metasedimen-
tary migmatites within the local crust (δ18O = +11–13�, εHf(t) =
−5.5 ± 0.5). Hence, amounts of assimilation are predicted to be 
unreasonably high to reach the observed values. In addition, based 
on AFC modeling (DePaolo, 1981), neither of the selected end-
members representing the system (Fig. 5b) nor other possible pre-
existing crustal end-members (see Methods; Supplementary Table 
5) show a reasonable fit for the Valle Fértil mafic rocks. Regard-
less, the closest fitting model would require 25 to 50% fractional 
crystallization of a Valle Fértil basalt and a high mass ratio of as-
similated to crystallized material (“R”) of at least ∼0.7 (Fig. 5b, 
Supplementary Table 5). Again, the latter is unrealistic in terms 
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Fig. 4. Summary of geochronological data from the Famatinian arc samples. (a) Individual high-resolution TIMS206Pb/238U zircon dates in Ma measured in this study compiled 
with the analyses of Ducea et al. (2017) showing the most represented 470 ± 3 Ma ages along the N-S transect. (b) Compilation of estimated probability densities (KDE) 
for each magmatic center (color coded) and peripheral units (blue). Individual LA-ICP-MS (dashed gray lines) and ID-TIMS (colored lines) dates are reported. The KDEs of 
individual ID-TIMS dates define the tempo of magma crystallization at the scale of the entire reconstructed crustal column of the Famatinian arc and notably a peak magmatic 
event at 470 ± 3 Ma (Supplementary Table 2-3). KDE of LA-ICP-MS individual dates should be interpreted bearing in mind that the standard error uncertainties are typically 
8–15 Ma (2σ ) and that the zircon were not chemically abraded prior to analyses. As such, the peak offset and tailing towards younger ages defined by the LA-ICP-MS dates 
may be a result of significant lead loss.
6
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Fig. 5. Crustal signatures in deep mafic rocks, mantle signatures in shallow silicic rocks: the counter-intuitive zircon O-Hf isotopic trend of the Famatinian arc. (a) In-situ O-Hf 
isotope zircon data for all coeval magmatic samples throughout the peak magmatic event of the Famatinian arc (between 473–467 Ma, Supplementary Table 4). Ordovician 
rims in zircon from metapelite and gneiss constrain the range of compositions for the reworked upper plate. O isotopic compositions are recalculated as those of the zircon-
forming melt using the correction factor of Bindeman and Valley (2003) (1.5�). DM stands for depleted mantle. (b) The range of AFC models used to test the possibility 
of path contamination to explain the isotopic characteristics of the Famatinian magmas (r = 0.2–0.7, see text). Primitive basalts (PB) differs from the DM because primitive 
basalts have higher initial Hf concentrations (starting C P B

H f = 1.66 ppm, Walker et al., 2015). (c) Mixing models to test source contamination as an explanation for the various 
isotopic characteristics of Famatinian magmas (see text). Two end-members for εHf are tested: one representing the averaged εHf of the three types of sediments measured 
(e.g., εHfsubsed1) by Ramacciotti et al. (2015) and one representing the highest εHf measured in sample SPP-22013 (e.g., εHfsubsed2) of Ramacciotti et al. (2015). Additional 
models and model conditions can be found in Supplementary Table 5.
of major element compositions of the end products (Walker et al., 
2015). An andesitic melt produced by 35% fractionation of a prim-
itive arc basalt (ca. 55 wt.% SiO2; Ulmer et al., 2018) assimilating 
a crust-derived granitic melt with >70 wt.% SiO2 (Otamendi et al., 
2009) would result in bulk SiO2 > 60 wt.% and K2O of >4 wt.%, 
rarely observed in the Valle Fértil lower crustal section (Fig. 2). 
Moreover, the AFC models fail to fit the Sierra de Famatina and 
Chaschuil isotopic composition, and, as the isotopic trend is in-
versed to what would be expected from conventional AFC, the 
7

closest fitting model would create compositions too mafic com-
pared to those observed (e.g., between 65 to 75% of SiO2, Fig. 2).

4.2. “Source” contamination

The sediments of the Cuyania terrane (Ramacciotti et al., 2015), 
lying west of the suture front with Gondwana (Fig. 1), offer the 
most representative approximation of the εHf(t) of the actual sed-
iment package that subducted underneath the Valle Fértil mag-
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matic column, estimated here from bulk-rock εNd data (van Staal 
et al., 2011) and the equation of Vervoort et al. (2011). Although 
no O isotopic data exists on these rocks, two distinct δ18O values 
(+18 and +30 �) covering the global range of subducted lime-
stone and schists were used as end-member isotopic compositions 
(Eiler, 2001; Supplementary Table 5). Altogether, these O-Hf iso-
topic compositions are the most representative end-members of 
a crustal component that could have interacted with the paleo-
mantle wedge at the regional scale. For the mantle end-member, 
we selected a depleted mantle peridotite with a CHf = 0.199 ppm, 
δ18O = 5.5� and εHf = 16.

For the mafic rocks of Valle Fértil, the results of our mixing cal-
culations (Fig. 5c) show that the lowest δ18O crustal end-member 
implies high proportions of sediments in the mixture (up to 40 
wt%). However, with the high δ18O end-member, only 15 to 25 
wt% of subducted sediment are needed to reproduce the isotopic 
compositions of Valle Fértil mafic rocks. Given that the Cuyania se-
quence represents deep-sea sediments (Thomas and Astini, 2003) 
that have typical δ18O close to or above +30 � (Muehlenbachs, 
1998), it is likely that the sediments subducted in this part of 
the arc had similarly high values. This interpretation is consistent 
with the results of Spencer et al. (2017) who showed that melt-
ing of subducted sediments in the mantle can produce igneous 
rocks with extremely high δ18O, up to +28�. Interestingly, the re-
sulting mixing curves also fit well the higher εHf and lower δ18O 
of zircon-forming melts in Sierra de Famatina and Chaschuil. The 
proportions, averaging 10% and less than 5% respectively for the 
two zones exposing shallow crustal Famatinian magmatism, reflect 
a smaller contribution from sediments than for the deep-seated 
Valle Fértil magmatism.

5. Discussion

5.1. Building the Famatinian arc magmatic columns from slab to surface

The Famatinian arc is marked by the coeval formation of large 
granitic batholiths and co-genetic rhyolites (e.g., the Chaschuil belt 
and parts of the Sierra de Famatina) having mantle-like isotopic 
signature and a lower crustal magmatic refinery (e.g., Valle Fér-
til) with crust-like isotopic compositions along a ∼600 km N-S arc 
strike. Such isotopic trends have been interpreted to result from 
the mixing between mantle basalts and the pre-existing host rocks, 
especially for the Valle Fértil area, based notably on whole-rock 
Sm-Nd, Rb-Sr and zircon Lu-Hf isotopes (Otamendi et al., 2017). 
However, we show here that Valle Fértil mafic rocks have zir-
con δ18O values similar to those of the host rocks (e.g., zircon 
rims from the local migmatites and metapelites; literature values 
of pristine host rocks, Fig. 5). Considering a scenario of mixing 
between mantle-derived basalts and melts from the pre-existing 
crust, these δ18O values of the zircons in the mafic rock imply that 
zircons would have crystallized almost entirely from the crustal 
melts. Such scenario seems highly unlikely as keeping at the same 
time the bulk rock composition mafic (e.g., analyzed samples are 
from norites to tonalites, see Supplementary Table 1) and having 
zircons formed only from small proportions of incorporated crustal 
melt would imply that this incorporation took place late during 
crystallization, at crystallinities much above the rheological lock-
up threshold (preventing any possible mixing with silicic magmas). 
Furthermore, the zircon trace element contents in the Valle Fértil 
samples are typical of those of mafic magmas and belong to a co-
herent differentiation trend from mafic to silicic magmas, ruling 
out abundant path contamination as a controlling process (Fig. 2). 
Therefore, we argue here for the contamination of the mantle 
source by subducting sediments as the main process controlling 
the isotopic compositions of magmas (and zircon) in Valle Fértil. 
This source contamination can be traced up to the more silicic 
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lithologies sitting on top of the Valle Fértil mafic zone (Otamendi 
et al., 2017). Although it was suggested that these evolved rocks 
were formed through mixing host rock melts and mantle magmas, 
they have εHf ranging between −8 and −1 which are indiscernible 
from the Hf signature of the deeper mafic samples.

Assuming that the zircon O-Hf isotopic variation observed at 
the scale of the entire arc results only from path contamination, 
the observed trend would require a drastic change of the pro-
portion of assimilated to crystallized material along the arc axis. 
However, the Famatinian arc magmas were emplaced in compo-
sitionally monotonous country rocks along the entire arc segment 
(Fig. 1), follow a similar liquid line of descent (Figs. 2–3), and were 
emplaced over a relatively short time interval (Fig. 4), precluding 
significant lateral variations in path contamination. Additionally, 
mantle-like initial radiogenic 40Ca isotope values measured for a 
small suite of samples (n = 4) spanning the range of composi-
tions found in the 3 magmatic localities also indicate that the host 
rock did not play a major role in the building of the main mag-
matic pulse (see supplementary Table 6, and Antonelli and Simon, 
2020). We stress that our case for source contamination does not 
preclude some path contamination, particularly for the older pe-
ripheral units dated at ca. 480 Ma in Chaschuil and the Sierra de 
Famatina (Figs. 2–4); and some magmas from Valle Fertil contain-
ing a few inherited zircons (Fig. 4, Supplementary Material 4). We 
note that the older plutonic samples from the peripheral units in 
Chaschuil and the Sierra de Famatina fall on an alternate trend 
in the Mg# and ASI vs. SiO2 diagram (Fig. 2), potentially indicat-
ing more significant interactions with the pre-existing host rocks. 
As such, we argue that this slightly older pulse may have partially 
shielded the mantle-derived magmas of the subsequent peak event 
from further interactions with pre-existing host rock (Storck et al., 
2020).

In lights of our results, we argue for an alternative to the com-
mon view that considers assimilation of pre-existing crust en-route 
to the surface (i.e., path contamination) as the primary origin of 
chemical and isotopic diversity in arc magmas, (Hawkesworth and 
Kemp, 2006; Kemp et al., 2007; Spencer et al., 2022). Instead, we 
consider as equally likely the view of a magmatic column built 
from distilling mantle magmas, whereby the involvement of older 
crust, if any, happens through contamination of the mantle source, 
i.e., source contamination. These magmas evolve within a lower 
crustal mafic mush reservoir (e.g., the Valle Fértil mafic zone,
Figs. 2–3) where from the residual andesitic liquids rise upwards 
to form mid- to upper crustal reservoirs (e.g., the Valle Fértil inter-
mediate zone and Sierra de Famatina) (Bachmann and Huber, 2016
and reference therein). Depending on the thermal regime of the 
system that is tied to the mantle flux (Karakas et al., 2017), upper 
crustal granites and rhyolites may form (e.g., the Chaschuil belt) by 
extraction of highly differentiated liquids (Cornet et al., 2022 and 
reference therein).

The proposed dominant role of source contamination in shap-
ing the zircon O-Hf isotopic trend of the Famatinian arc implies 
significant variations in along-arc-strike proportions of subducted 
sediments contaminating the mantle source (Fig. 5c). This means 
that either the amount of subducted sediments or their contribu-
tion to mantle contamination changed along strike of the paleo-
subduction zone, owing to different thermo-mechanical regimes 
along the slab. Paleogeographical models of Otamendi et al. (2020
and references therein) propose that the Cuyania terrane sedi-
ments (representative of the paleo-subducted sediments) thin to-
wards the North, and virtually disappear at 28.3◦S (Ramos, 2004). 
This would possibly indicate that the slab below the Chaschuil 
belt (Fig. 1) was practically devoid of sediments. At this north-
ern location, the slab end-member would be dominated by fluids 
from altered mafic rocks with δ18O much closer to mantle values 
(+3.5–+6.0�; e.g., Miller et al., 2001). Altogether, the variation in 
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Fig. 6. (a) Median O-Hf isotopic database (Puetz et al., 2021; Spencer et al., 2022) color-coded by age plotted with the range of compositions of the Famatinian arc shown as 
±1 standard deviation (s.d.) on the δ18O and εHf datasets. A median was calculated for every 10 Ma to allow plotting of the O and Hf isotopic signal against one another. 
δ18O shows uncorrected for melt zircon data. εHf medians are shown as the distance from the variable depleted mantle Hf value over time (Vervoort and Blichert-Toft, 1999) 
and is written as εHfDM(t) – εHfmedian(t) . The dark gray box indicates the possible range of “mantle zircon” through time (CHUR < possible mantle zircon < DM(t)). The inset 
displays the evolution of the s.d. on the δ18O and εHf databases showing the coherent increase of the scatter, and so the isotopic diversity, through time. (b) Kernel Density 
Estimations on the probability of occurrence (%) of each δ18O and εHf compositions on the databases and the Famatinian dataset. The two KDE reveal the similarity between 
our dataset and the database suggesting that source contamination controls the isotopic diversification of continental materials through processes resumed in Fig. 7.
subducted sediment thickness from south to north is a plausible 
explanation for the observed counter-intuitive O-Hf isotopic trend.

The process of how slab and subducting sediments fluids/melts 
enrich the overlying mantle wedge, and the proportion in which it 
varies along the arc strike, remains elusive. In an arc context, en-
riching a mantle source could take two forms: either (i) by partial 
melting of metasedimentary diapirs rising through the astheno-
spheric wedge (Marschall and Schumacher, 2012) or (ii) by desta-
bilizing the hydrothermally altered layer of the subducting oceanic 
crust and the overlying sediments at >5 GPa, inducing the release 
of supercritical fluids (Ni et al., 2017). The maximum amount of 
contamination to keep the composition of an arc basalt should 
not exceed 20–25%, which are the maximum values inferred from 
our results on Valle Fértil (Fig. 5c). Therefore, supercritical fluids 
could have played a role as they resemble a melt enriched with 
volatile elements (30–70 wt% H2O, Ni et al., 2017) that are able 
to scavenge large quantities of usually immobile elements (such as 
hafnium, Kessel et al., 2005). Therefore, it can be speculated that 
the source magmas of Valle Fértil could have been contaminated 
by supercritical fluids, able to change the isotopic composition of 
the primary arc magmas without drastically changing its major el-
ement composition.

5.2. Implications for the global O-Hf record and continental crust 
evolution

The global zircon record is characterized by an increasing di-
versity of O-Hf isotopic compositions with time. Specifically, after 
the onset of plate tectonics and the emergence of subaerial land-
masses exposed to erosion ca. 3.0 to 2.5 Ga ago (Bindeman et al., 
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2018; Hawkesworth et al., 2020; Laurent et al., 2014), zircon shows 
both more scattered O-Hf isotopic compositions and, on average, 
higher δ18O and lower εHf than Hadean-Archean zircon (Fig. 6a 
and inset). As newly grown crust is thought to show strongly posi-
tive, DM-like Hf isotopic compositions (Dhuime et al., 2011), zircon 
with lower εHf would reflect a contribution of pre-existing crust, 
possibly sediment-bearing whenever zircon shows elevated δ18O 
(Hawkesworth and Kemp, 2006). Therefore, these secular trends 
in zircon O-Hf isotopic composition have been commonly inter-
preted to reflect an increasingly important role of crustal melting 
over time, i.e. magma production via melting of sediment-bearing, 
thickened crust in collisional orogenic systems (Hawkesworth et 
al., 2010; Lackey et al., 2008). This served as a basis for models 
of crustal evolution, in which the timing of crustal growth is con-
strained by zircon Hf model ages (Belousova et al., 2010; Dhuime 
et al., 2012; Korenaga, 2018).

However, we demonstrate here that zircon from the peak mag-
matic event of a single arc, formed over less than 6 Ma, encom-
pass a zircon O-Hf isotopic variability comparable to that of the 
global zircon record in the last 2.5 billion years (Fig. 6b). In the 
case of the Famatinian arc, this isotopic diversity was generated 
mainly through source contamination and with limited (ca. 5–25%) 
amounts of sedimentary material mixed with the mantle source. 
The Famatinian arc is unlikely to represent an isolated case, as 
magmas from several other convergent margin systems, includ-
ing modern subduction zones (Lesser Antilles, e.g., Davidson, 1983; 
Sunda-Bunda arc; e.g., Gertisser et al., 2012; Aegean arc, Klaver 
et al., 2015) as well as older arcs (Roberts et al., 2013) orogenic 
belts (e.g., Couzinié et al., 2016) and even ophiolites (Spencer et 
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Fig. 7. Synoptic diagram the mechanisms of amplification of the O-Hf isotopic scatter by carrying heavier, “crust-like”, O and Hf isotopic compositions in each iteration of 
orogenic cycles.
al., 2017) also show variations in isotopic signatures that are con-
trolled by source contamination. All combined, this indicates that 
the isotopic diversity of the global <2.5 Ga-old zircon database 
must be significantly impacted by reworking of subducted sedi-
ments in the source of mantle-derived, convergent margin mag-
mas, i.e., source contamination.

This interpretation is supported by the amplification of the O-Hf 
scatter and a trend towards heavier averaged O isotope compo-
sitions since ∼2.5 Ga ago. Indeed, if arc magmas are the main 
building blocks of continents (Rudnick and Gao, 2003) and hence 
the main source of clastic sediments, these sediments (and in turn 
the magmas they contaminate during the subduction cycle) will 
lead to a progressive increase in δ18O of igneous rock samples over 
the course of geologic time (Fig. 7). Similarly, the radiogenic Hf 
isotopic record is expected to scatter more and more with time, 
as parts of the mantle become increasingly depleted (hence more 
positive in εHf), while in others, less radiogenic material can be 
assimilated (hence more negative in εHf), in variable proportions.

Overlooking the importance of source contamination has likely 
skewed global crust evolution models towards an under-estimation 
of crustal growth over the past 2.5 Ga, for two main reasons.

1. Some arc igneous rocks, contaminated at their mantle source 
by small amounts of sediments (as is the case for the Fama-
tinian arc) may show “non-DM-like” zircon O-Hf signatures 
(δ18O > +6.5�; εHf < εHfDM), although they represent net 
crustal growth at their crystallization age (i.e. formed by >80% 
of mantle-derived material by mass; see also Couzinié et al., 
2016). These would be typically attributed to crustal reworking 
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in global models, and in turn incorrectly assigned to “ancien-
t” crust formation (i.e. given by zircon Hf model ages) instead 
of “instantaneous” growth (i.e. given by zircon U-Pb ages) (Be-
lousova et al., 2010; Dhuime et al., 2012; Roberts and Spencer, 
2015).

2. Source contamination means that some fraction of reworked 
crust (in the form of sediments originating from weathering 
of arc magmas, Plank and Langmuir, 1998) is withdrawn from 
the slab and does not undergo recycling into the deeper man-
tle. This effect, generally not considered in the global balance 
between crustal growth and recycling (Scholl and von Huene, 
2009; Stern and Scholl, 2010), could be non-negligible. For ex-
ample, the Famatinian arc has between 5 and 25% by mass of 
sediment addition during the peak magmatic event, with a to-
tal magma flux of ca. 250–300 km3.km−1.Ma−1 (Otamendi et 
al., 2020; Ducea et al., 2017). This translates into a flux of sub-
ducted sediments returning to the continental crust of 13 to 
75 km3.km−1.Ma−1, clearly significant in light of the global, 
average subducted sediment flux (60 km3.km−1.Ma−1; Scholl 
and von Huene, 2009). Therefore, the interpretation that, in 
the context of modern plate tectonics, crustal growth being 
balanced or even outpaced by recycling (Scholl and von Huene, 
2009), should be reconsidered.

6. Conclusion

The geological processes recorded in 4-D in the Famatinian arc 
provides a unique window into the shaping of Earth’s continental 
crust. Our results, supported by the geological layout of the area, 
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provide compelling evidence for the building of continental arc 
magmatic columns from coeval fractionating mantle-derived mafic 
magmas. However, systematic variations in zircon O-Hf isotopic 
compositions of the Famatinian arc magmas are best explained by 
the variable incorporation of crustal material from subducted sed-
iments along the N-S arc strike, hence revealing the key role of 
source contamination. By comparing our zircon isotopic data with 
O-Hf databases, we suggest that the addition of subducted sedi-
ments in magmas of arcs has been playing a non-negligible role in 
the global, secular isotopic trends shown by the continental crust 
(Figs. 6–7). We do not exclude the role of other mechanisms, such 
as assimilation of the overriding plate (“path” contamination) and 
partial melting during collision and post-collisional stages (Moyen 
et al., 2021 and references therein). However, we emphasize here 
that the contribution of subducted sediments to arc magmas has 
the potential to (i) primarily generate the isotopic diversity typ-
ically attributed to path contamination; and (ii) conceal recent 
crustal growth, leading to overestimates of both crustal reworking 
and recycling through geologic time.
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