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ABSTRACT

The origin of the continental crust and the tectonic significance of Paleozoic magmatic rocks of Patagonia
(southernmost South America) remain one of the main enigmas in the history of the Gondwana super-
continent. Here, new whole-rock geochemistry together with coupled zircon U-Pb and Lu-Hf isotopic
data of Devonian to Permian intrusive rocks of northern Patagonia are integrated with a revised geo-
chemical and isotopic database of the region, providing a novel model for the tectonomagmatic evolution
and related crustal growth mechanisms. The development of a Devonian retreating accretionary orogen
associated with crustal thinning was succeeded by a late Carboniferous to Permian advancing orogen and
crustal shortening, resulting from slab shallowing. The latter was related to the Gondwanide Orogeny, a
major transpressional tectonic event that led to the maturation and stabilization of the continental crust
of Patagonia due to widespread magmatism and crustal thickening, which culminated with Permian-
Triassic slab break-off. Addition of juvenile mantle-derived magmas is more significant during the
Devonian, whereas a progressively increase in crustal reworking is documented from the late
Carboniferous to the Permian due to crustal thickening. Therefore, this non-collisional model favors an
in situ middle to late Paleozoic crustal growth of Patagonia during changing dynamics of accretionary oro-
gens at the proto-Pacific margin of southwestern Gondwana.

© 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

facilitate incorporation of juvenile material in advancing orogens
(e.g., Cawood et al., 2009). Besides in situ and ex situ mechanisms,

Assessing the geodynamic evolution of accretionary orogens is
crucial to understand continental crustal growth (Condie, 2007).
Accretionary orogens result from subduction along convergent
margins and can be subdivided into advancing and retreating
types, depending on whether they are associated with compres-
sion/transpression  or  extension/transtension, respectively
(Cawood et al., 2009). Crustal addition is dominant in retreating-
mode accretionary orogens, where crustal extension/transtension
favors the in situ emplacement of juvenile mantle-derived magmas
(Collins, 2002; Cawood et al., 2009; Kemp et al., 2009). Neverthe-
less, ex situ mechanisms, such as the accretion of oceanic rocks
(e.g., island arc complexes, oceanic plateaus, aseismic ridges), also
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incorporation of mantle-derived magmas occurs in all continental
magmatic arcs to some extent, independently of their association
with advancing- or retreating-type accretionary orogens (Kemp
et al., 2009). These magmas ultimately result in widespread calc-
alkaline, dominantly intermediate magmatic suites in continental
arcs, achieved by a complex interaction of fractionation, melting
and assimilation processes (Ducea et al.,, 2015; Moyen et al.,
2017). Fractionation gives rise to emplacement of nearly juvenile
intrusions and, therefore, addition of newly formed crust, whereas
melting and assimilation imply partial reworking of pre-existing
crust (Moyen et al., 2017).

In the last years, geochemical proxies such as Sr/Y, Lay/Yby and
Eu/Eu* have arisen as powerful tools to identify periods of crustal
thickening and thinning in orogens (Chapman et al, 2015;
Chiaradia, 2015; Profeta et al.,, 2015; Tang et al.,, 2021). These
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parameters are essentially based on differential element partition-
ing among key minerals, whose presence in the magma source is
controlled by depth and, consequently, by crustal thickness. For
instance, plagioclase incorporates Sr from evolving magmatic
melts over its wide stability field at relatively low crustal pres-
sures, whereas Y shows an incompatible behavior at such condi-
tions (e.g., Profeta et al. 2015). Therefore, plagioclase
fractionation in shallow sources is commonly documented by both
low Sr/Y and negative Eu/Eu* (Eu anomaly) values (e.g., Dessimoz
et al. 2012). As pressure increases, however, plagioclase becomes
unstable and Sr is storaged in the melt. In turn, fractionation of
both amphibole and garnet partitions Y (Gaetani et al.,, 2003;
Nandedkar et al., 2016), thus leading to increasing Sr/Y in melts.
La/Yb also increases at increasing pressures, mainly due to the
compatible behavior of Yb during garnet fractionation (Gaetani
et al., 2003, and references therein).

Comparably, Lu-Hf isotopic trends of zircons also provide
robust evidence of orogenic evolution, allowing the discrimination
between juvenile mantle-derived magmas and those dominated by
crustal reworking, which can in turn be linked to periods of crustal
thinning and thickening, respectively (e.g., Collins et al., 2011;
Spencer et al., 2019). Juvenile mantle-derived magmas are gov-
erned by suprachondritic isotopic compositions. However, the iso-
topic fingerprint tends towards subchondritic €y values with
increasing proportions of recycled continental crust, which is in
turn favored by thicker continental crust (e.g., Chapman et al,
2017).

On the other hand, spatial and temporal variations in arc
dynamics are critical for the growth and stabilization of the conti-
nental crust. Protracted subduction along accretionary orogens
leads to a progressive growth of the continental crust, which is
finally stabilized during compression/transpression, resulting in
crustal thickening and significant magma addition (e.g., Cawood
et al.,, 2009). Therefore, the final architecture of subduction-
related orogens is mainly a consequence of alternating periods of
crustal thickening and thinning related to episodic flare-up events
and variable magmatic addition rates (Haschke and Gunther, 2003;
Paterson and Ducea, 2015).

The Paleozoic orogenic evolution of Patagonia (southernmost
South America) is one of the most controversial topics in the geo-
dynamic context of Western Gondwana. The construction of this
crustal segment has alternatively been interpreted as the result
of either collisional or accretionary processes. Collisional models
have postulated the Paleozoic assembly of one or more crustal
blocks (e.g., North Patagonian Massif, Deseado Massif, Antarctic
Peninsula) to the proto-Pacific margin of western Gondwana
(Pankhurst et al., 2006; Ramos, 2008; Martinez et al., 2012;
Gonzalez et al., 2018; Heredia et al., 2018). In contrast, accretionary
models have inferred diverse mechanisms, involving subduction
under changing geodynamic conditions and associated accretion
of forearc sequences, oceanic rocks and/or island arc complexes
(Forsythe, 1982; Hervé et al., 2016; Oriolo et al., 2019; Marcos
et al.,, 2020; Rapela et al., 2021). In any case, the magmatic evolu-
tion of Devonian to Permian arc-related intrusions is a key element
to assess middle to late Paleozoic tectonic processes of Patagonia,
which are particularly well-recorded between the North Patago-
nian Andes (NPA) and the North Patagonian Massif (NPM) (Fig. 1;
Varela et al., 2005, 2015; Pankhurst et al., 2006; Rapela et al.,
2021; Serra-Varela et al., 2021).

In this contribution, new whole-rock geochemical and coupled
U-Pb and Lu-Hf zircon isotopic data of arc-related Devonian to Per-
mian intrusions of northern Patagonia are provided and integrated
with geochemical and isotopic data from the literature. Results are
evaluated to analyze spatial and temporal variations in the Devo-
nian to Permian tectonomagmatic evolution of Patagonia. In partic-
ular, the role of changing tectonic regimes of Paleozoic
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accretionary orogens and resulting large-scale magmatic arc
dynamics are revised. A model of incremental continental crustal
growth during protracted accretionary processes is finally pre-
sented for Patagonia, thus challenging collisional models for the
region.

2. Geologic setting

Devonian to Permian intrusions, mainly corresponding to arc-
related magmatism, are widespread in northern Patagonia
(Fig. 1). Remarkably, both Devonian and late Carboniferous-early
Permian magmatic systems are mainly exposed in a similar posi-
tion between the NPA and the western NPM, though middle to late
Permian intrusions are widespread further east (Fig. 1; e.g.,
Pankhurst et al., 2006; Martinez Dopico et al., 2017; Renda et al.,
2019; Gregori et al., 2021; Serra-Varela et al., 2021). A period of
ca. 20 My of magmatic quiescence separates the Devonian magma-
tism from a protracted late Carboniferous-Permian magmatic cycle
related to the Gondwanide Orogeny (Renda et al., 2021), thus indi-
cating that they represent two different pulses (Varela et al., 2005,
2015; Pankhurst et al., 2006; Rapela et al., 2021; Renda et al., 2021;
Serra-Varela et al., 2021). A singular expression of Devonian mag-
matism, however, occurs further southwest in the Pacific Domain
(PD) of southern Chile, which shows a distinct geochemical and
isotopic signature in close association with oceanic metamorphic
rocks (Hervé et al., 2016; Rapela et al., 2021).

Devonian intrusions in the NPA are associated with coeval
regional medium- to high-grade metamorphism, typically under
low-pressure conditions up to ca. 4-5 kbar (Martinez et al.,
2012; Serra-Varela et al., 2019). In contrast, medium- to high-
pressure peak conditions (ca. 6-11 kbar) characterize late
Carboniferous-early Permian medium- to high-grade metamor-
phism and deformation, well-documented in the wall rock of coe-
val intrusions between the NPA and the western NPM (Marcos
et al., 2020; Oriolo et al.,, 2019; Renda et al., 2021; von Gosen,
2009).

In a similar way to the igneous record, regional metamorphism
and deformation are younger to the east, with middle to late Per-
mian ages in the eastern NPM (e.g., von Gosen, 2003; Martinez
Dopico et al., 2017). Permian low-grade metamorphism and defor-
mation, together with coeval volcaniclastic sequences, are also
well-documented further northeast in the Sierras Australes (e.g.,
von Gosen, 2003; Ballivian Justiniano et al., 2023). In addition,
the eastern NPM hosts relics of Cambrian to Ordovician tectono-
magmatic and metamorphic processes (Pankhurst et al., 2006,
2014; Gonzalez et al., 2018, 2021).

3. Materials and methods

Five new samples of key basement intrusions were analyzed
using whole-rock geochemistry and coupled zircon U-Pb and Lu-
Hf LA-ICP-MS isotopic analysis (Fig. 1). For the geochemical charac-
terization, whole-rock analyses were carried out at Acmelabs,
Canada (https://acmelab.com/), using Lithoborate fusion and ICP-
ES (major and minor elements) and ICP-MS (trace and rare earth
elements) methods. All geochemical data were analyzed using
the GCDkit 4.1 software (Janousek et al., 2006, 2016). On the other
hand, zircon U-Pb and Lu-Hf isotopic analyses were carried out at
the Geochronological Research Centre of the University of Sdo
Paulo (Brazil) using a Thermo Fisher Scientific Neptune multicol-
lector inductively coupled plasma - mass spectrometer (ICP-MS).
Analytical protocols and results are included in Supplementary
Data (File S1, and Tables S1 and S2).
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Fig. 1. Sketch map showing distribution of igneous and metamorphic basement rocks of northern Patagonia (modified after Pankhurst et al., 2006; Ramos, 2008; Hervé et al.,
2016; Gonzalez et al., 2018; Renda et al., 2019; Serra-Varela et al., 2021). The inset indicates location of the study area and simplified Late Paleozoic paleogeography of
Gondwana. NPM: North Patagonian Massif, NPA: North Patagonian Andes, DM: Deseado Massif, AP: Antarctic Peninsula, MFP: Malvinas/Falkland Plateau, MEB: Maurice
Ewing Bank. Representative zircon U-Pb SHRIMP and LA-ICP-MS ages of Devonian to Permian intrusions are also shown (1: this work, 2: Pankhurst et al., 2006; 3: Romero
et al.,, 2020; 4: Deckart et al., 2014; 5: Hervé et al., 2016; 6: Rapela et al., 2021; 7: Pankhurst et al., 2014; 8: Martinez Dopico et al., 2017; 9: Chernicoff et al., 2013; 10: Gregori

et al.,, 2021).

4. Results
4.1. Geochronology

Sample RA 5-18 (39°24'37.5"’S, 70°48'14.2""W) corresponds to
an equigranular granodiorite that intrudes metasedimentary
sequences yielding Ordovician maximum deposition ages at Cuesta
de Rahue (Hervé et al., 2018; Oriolo et al., 2023). This intrusion is
composed of quartz, plagioclase, K-feldspar and biotite, and yields
a concordia age of 300 £ 4 Ma (25, 11 out of 24 spots, MSWD = 0.61;
Supplementary Data, Table S2), in line with the age of 306 + 2 Ma
reported for an associated dyke (Hervé et al., 2018). Immediately
further west, sample RA 10-18 (39°22/'08.4"'S, 70°55'49.9”W) was
collected at the Rahue locality. This equigranular quartz diorite
comprises plagioclase, quartz, biotite, hornblende and clinopirox-
ene. The obtained concordia age of 305 + 2 Ma (205, 19 out of 24
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zircons, MSWD = 0.81; Supplementary Data, Table S2) is compara-
ble with previous Rb-Sr isochrones ages of ca. 300 Ma (Lucassen
et al., 2004).

Further southwest, two samples (BA 33-17 and SE 8-19) of
quartz diorites intercalated with subordinate gabbros were obtained.
Sample BA 33-17 was collected at the margin of Guillelmo lake
(41°22'19.1"S, 71°30'40.2"W), whereas SE-8-19 (41°56'51.9"S,
71°23'30.5”"W) corresponds to rocks exposed at Morro de Sheffield
(Yoya et al., 2023). These diorites are made up of plagioclase, horn-
blende, quartz and scarce biotite, and yield within-error undistin-
guishable concordia ages of 325 + 4 (BA 33-17, 2o, 14 out 24
spots, MSWD = 0.84) and 324 + 2 (SE 8-19A, 20, 13 out 24 spots,
MSWD = 1.60) Ma (Supplementary Data, Table S2). Comparable zir-
con U-Pb SHRIMP ages of 323 * 3 (Cafiadén de la Mosca) and 330 + 4
(Cordén del Serrucho) Ma were previously reported for spatially
associated intrusions (Pankhurst et al., 2006; Yoya et al., 2023).



S. Oriolo, P.D. Gonzdlez, E.M. Renda et al.

Finally, sample RA 48-18 (39°20'40.4"’S, 70°39'12.3”"W) com-
prises a porphyritic granite constituted by quartz, K-feldspar, pla-
gioclase and very minor biotite, which intrudes metasedimentary
rocks of the Piedra Santa Complex at the Catan Lil creek
(Franzese, 1995). A concordia age of 358 + 2 Ma was obtained for
this sample (2G, 9 out of 24 spots, MSWD = 0.39; Supplementary
Data, Table S2).

4.2. Geochemical characterization of the magmatic source

New geochemical and geochronologic data (Supplementary
Data, Files S1 and Tables S1 and S2) were integrated with pub-
lished data of northern Patagonian Devonian to Permian intru-
sions. Since Devonian and late Carboniferous-Permian magmatic
pulses are separated by a period of ca. 20 My of magmatic quies-
cence, these age groups are separated for the analysis. In addition,
Devonian rocks of the PD are also discriminated due to their singu-
lar geochemical and isotopic affinity in close association with ocea-
nic rocks (see below). The database comprises a total of n = 95
samples, including five samples from this study, from which a
low-silica subset (SiO, < 60 wt% and #Mg = 40-70, with #Mg = 1
00.MgO/MgO + FeO based on molar contents) was selected for
detailed analysis. These gabbroic to dioritic rocks match primitive
arc magma compositions (Schmidt and Jagoutz, 2017), which are
more representative of the mantle and deep crustal sources. This
aspect is particularly relevant since the studied plutons intrude
Paleozoic metasedimentary sequences (Varela et al., 2005, 2015;
Pankhurst et al., 2006; Serra-Varela et al., 2021), which are likely
to have affected the geochemical fingerprint due to assimilation
and/or anatexis. For this reason, rocks with a clear anatectic origin
were not included in the database.

Devonian to Permian intrusions comprise a calc-alkaline suite
that encompasses gabbroic to granitic with dominantly magnesian,
calcic to calc-alkalic, and meta- to peraluminous compositions
(Figs. 2, 3). As a whole, this geochemical fingerprint documents a
magmatic arc signature (Pankhurst et al., 2006; Ramos, 2008;
Varela et al., 2015; Hervé et al., 2016; Rapela et al., 2021; Serra-
Varela et al., 2021). In the Nb/Yb vs Th/Yb diagram, the composi-
tion of low-silica igneous rocks lies between the MORB and the vol-
canic arc array, indicating a weak subduction zone signal (Fig. 4a).
The latter is compatible with geochemical features similar to those
of calc-alkaline primitive arc magmas (Schmidt and Jagoutz, 2017,
and references therein), as indicated for intrusions of the North
Patagonian Andes yielding ages of ca. 330-323 Ma (Yoya et al,,
2023). The dominance of depleted mantle sources is further sup-
ported by La/Yb vs Tb/Yb, Lan/Smy vs Tbn/Yby and Gdn/Ybn vs
Lan/Yby plots (Fig. 4b,c, d), which point to a depleted spinel peri-
dotite with only very limited contribution of a more fertile,
garnet-bearing source. In the northern PD, Devonian depleted
spinel-bearing peridotites were reported by Plissart et al. (2019).
The relatively low Nb/La values also reinforce this interpretation,
whereas low Ba/Th contents mainly suggest slab-derived melts
(Fig. 4e).

Both Dy/Yb and Nb/Ta vs SiO, plots reveal the dominance of
amphibole fractionation in the source (Fig. 4f, g; Moyen, 2009; Li
et al.,, 2017). Nevertheless, primitive arc compositions show a clear
difference in the Eu/Eu* vs Sr/Y plot: Devonian intrusions exhibit
negative Eu anomalies and low Sr/Y ratios, whereas
Carboniferous-Permian plutons yield negligible to slightly positive
Eu anomalies and higher Sr/Y values (Fig. 4h). This distinction
highlights the role of plagioclase during crystal fractionation in
Devonian plutons (Dessimoz et al., 2012). Early crystallization of
plagioclase in the Devonian plutonic suite is further supported by
the presence of plagioclase + amphibole cumulate rocks in the
Pacific Domain (Rapela et al., 2021). Contrasting partition coeffi-
cients of Sr and Y in plagioclase and amphibole in hydrous mafic
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melts explain the increasing Sr/Y ratio from the Devonian to the
Carboniferous-Permian as the result of increasing proportion of
amphibole over plagioclase fractionation as residual magmatic
phases (Dessimoz et al., 2012; Nielsen et al., 2017; Shimizu et al.,
2017).

On the other hand, the temporal variations of Sr/Y, Lan/Yby and
Eu/Eu* (chondrite-normalized) constrained by U-Pb zircon data of
plutonic rocks are used to evaluate the evolution of arc crustal
thickness related to subduction zone dynamics (Fig. 5). Whole-
rock Sm-Nd and zircon Lu-Hf isotopic data were also included in
the analysis to filter the possible influence of metasedimentary
wall rocks in the geochemical signal due to assimilation/anatexis
(Fig. 6), as documented by field evidence, zircon xenocrysts and
isotopic data (Supplementary Data, Table S2; Pankhurst et al,
2006; Hervé et al., 2016; Serra-Varela et al., 2021). The temporal
evolution of both Sr/Y and Lay/Yby show an increase from the
Devonian to the Permian, though this trend is particularly
well-defined for the former (Fig. 5). In contrast, Eu/Eu* values are
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typically below 1, except for late Carboniferous intrusions, which
yield negligible Eu anomalies.

Neither eng nor ey¢ values correlate with Sr/Y (Fig. 6a, b), reflect-
ing that crustal assimilation had a very subordinate influence on
the Sr/Y ratios, which is further supported by the lack of correlation
with A/CNK values (Fig. 7a). Likewise, Sr/Y of supracrustal rocks,
represented by mean Upper Continental Crust (UCC) and Post-
Archean Australian Shale (PAAS) compositions, are relatively low
compared to most plutonic rocks, particularly those of late Car-
boniferous to Permian age. Therefore, Sr/Y seems to be a valid
proxy documenting progressive late Carboniferous-Permian crus-
tal thickening. The increase of Sr/Y may arise mainly from a pro-
gressive decrease in the proportion of plagioclase fractionation,
which is dominant in the Devonian, and the relative increasing
dominance of amphibole fractionation in the source (see also
Fig. 5).

In contrast, Lay/Yby ratios are well-correlated with isotopic
data, with higher Lay/Yby values associated with more negative
subchondritic compositions (Fig. 6¢, d). Furthermore, intrusions
yielding relatively high Lan/Yby ratios show typical peraluminous
compositions (Fig. 7b), indicating a correlation of Lay/Yby with
crustal recycling processes. Since Lan/Yby of upper crustal rocks
is typically low (Fig. 5b), the most likely explanation seems to be
residual garnet fractionation. However, this process might not have
taken place in the magmatic arc roots but, instead, at shallower
depths during intracrustal differentiation, favored by aluminous
crustal sources that allow garnet fractionation at relatively low
pressures (Moyen, 2009). Consequently, the typical assumption
of increasing magma source depth monitored by increasing Lay/
Yby is not valid in this case.

In the case of Eu/Eu*, temporal variations exhibit a complex
pattern. Devonian plutonic rocks typically have negative Eu
anomalies and correlate with the Sr/Y ratio (Fig. 4h, 5c). Though
no clear trend is observed when compared with isotopic data
(possibly due to the low number of samples; Fig. 6e, f),
Fig. 7c clearly demonstrates that these negative Eu anomalies
occur in both meta- and peraluminous intrusions. On the other
hand, a different situation is observed for the Gondwanide mag-
matism. Late Carboniferous intrusions yield the highest values
(i.e., negligible to slightly positive Eu anomalies), whereas gen-
erally lower Eu/Eu* values characterize Permian rocks (Fig. 5c).
Since negative Eu anomalies are typical of subchondritic and
peraluminous compositions (Fig. 6e, 6f, 7c), Eu/Eu* ratios may
reflect the incorporation of crustal material to some extent
(e.g., Sawyer, 1998). Therefore, the Eu/Eu* fingerprint may result
from a mixture of both source depth and upper crustal
reworking.

Low Eu/Eu* values are present in all Devonian intrusions,
independently of their meta- or peraluminous compositions
(Fig. 7c), thus revealing plagioclase fractionation and shallow
sources. This interpretation is supported by the presence of
plagioclase-bearing cumulates that evidence early plagioclase
crystallization in the PD (Fig. 8; Rapela et al., 2021). In contrast,
Eu/Eu* values may only be representative of the source in the
oldest Gondwanide plutons (ca. 330-320 Ma), nearly lacking
in plagioclase fractionation. In contrast, Permian magmatic rocks
show Eu/Eu* < 1 (i.e., negative Eu anomalies) that result mainly
from crustal components, thus reaching Eu/Eu* compositions
comparable to those of upper crustal rocks. Though crustal
reworking seems to be a key process controlling Eu anomalies,
it is also likely that plagioclase fractionation might have played
a role.
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references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. The U-Pb and Lu-Hf zircon archive of tectonomagmatic processes

Lu-Hf zircon data of magmatic plutons show a clear correlation
with age, from variable subchondritic to suprachondritic ey¢
between ca. —10 and + 15 in the Devonian to very negative values
from ca. —5 to —15 in the late Permian (Fig. 9a). Devonian magma-
tism in the PD shows dominantly suprachondritic compositions
that decrease to the late Devonian-Early Carboniferous. However,
there is evidence of magmatism with a subchondritic fingerprint
comparable to that recorded by coeval plutons in the NPA and
the western NPM. After an early Carboniferous magmatic gap
(Renda et al., 2021), well-documented by compiled U-Pb zircon
data of Devonian to Permian magmatism in the study area
(Fig. 9b) and also by detrital zircon data (e.g., Kirsch et al., 2016),
late Carboniferous magmatism records slightly suprachondritic to
slightly subchondritic €y values. This composition is not restricted
to rocks of the NPA and the NPM, but is also shared by the Coastal

Batholith in the northern segment of the Pacific Domain (Fig. 1;
Deckart et al., 2014). To the late Permian, a progressively increas-
ing subchondritic fingerprint is observed (Fig. 9a).

The widespread occurrence of suprachondritic magmas in the
Devonian indicates a significant addition of juvenile mantle-
derived crust (Hervé et al., 2016; Rapela et al., 2021). However, this
process is related to local assimilation and anatexis, particularly in
the magmatic arc exposures of the NPA and NPM (Fig. 1), which
result in subchondritic compositions. In contrast, the negative
trend depicted by late Carboniferous to Permian intrusions, even
in the Pacific Domain, is mainly related to increasing crustal com-
ponents due to enhanced crustal reworking, also supported by the
temporal variation of Lay/Yby and Eu/Eu* ratios (Fig. 6). Neverthe-
less, the primary source of Gondwanide magmatism seems to be a
MORB-like source, as indicated by geochemical data and isotopic
compositions of the primitive arc melts, mainly of late Carbonifer-
ous age (Figs. 5, 9).
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5. Discussion

5.1. Paleozoic accretionary orogens: The growth and stabilization of
Patagonia

Dynamics of convergent margins and resulting accretionary
orogens are primary controls on tectonomagmatic processes
occurring in associated arc magmas, being particularly relevant
for source depth and subsequent intracrustal differentiation mech-
anisms. However, arc dynamics and alternating periods of mag-
matic flare-ups and lulls are not solely influenced by external
drivers such as large-scale tectonics but also by internal cyclic pro-
cesses (e.g., Ducea et al., 2015; Kirsch et al., 2016; Chapman et al.,
2017, 2021).

In the case of Patagonia, the geochemical fingerprint of Devo-
nian and late Carboniferous-Permian intrusions shows no major
differences in terms of their dominant mantle source (Fig. 4a to
e). Therefore, most differences seem to be related to intracrustal
fractionation processes (Fig. 4f to h; Section 4), which are likely
to be related to regional tectonic controls (see below).

5.1.1. Devonian arc dynamics and slab roll-back

The evolution of Devonian magmatism was mainly controlled
by plagioclase + amphibole fractionation in the source, as docu-
mented by relics of cumulates (Fig. 8; Rapela et al., 2021). This evi-
dence is in line with low Sr/Y values and negative Eu anomalies of
intrusions (Section 4.2), which in turn indicate shallow sources
and, therefore, a relatively thin crust (e.g., Chapman et al., 2015;
Chiaradia, 2015; Ducea et al., 2015; Profeta et al., 2015). This is fur-
ther supported by the common occurrence of juvenile magmas,
which are particularly well-recorded in the PD by suprachondritic
isotopic compositions of arc intrusions (e.g., Fig. 9a) and are also
associated with metamafic and metaultramafic rocks, including
pillow metabasalts (Fig. 1; Hervé et al., 2016; Plissart et al,
2019; Rapela et al., 2021). In addition, a thin continental crust is
supported by high geothermal gradients documented by Devonian
regional metamorphism in the NPA, associated with low-pressure
(<ca. 4-5 kbar) medium- to high-grade conditions (Martinez
et al., 2012; Serra-Varela et al., 2019).

Retreating accretionary orogens are the common locus of juve-
nile arc magmatism, since they are associated with crustal exten-
sion/transtension that favors crustal thinning and mantle-derived
magma emplacement in the forearc to the back-arc regions
(Collins, 2002; Kemp et al., 2009; Ducea et al., 2015). Such a setting
could explain the dominance of shallow magmatic sources for
Devonian magmatism and the prevailing juvenile magmatism,
possibly as the result of slab roll-back (Fig. 10a, b; Rapela et al.,
2021). The trenchward migration of the arc, linked to a retreating
accretionary orogen, is in line with the presence of Ordovician
arc relics at the northeastern NPM (e.g., Pankhurst et al., 2014;
Gonzalez et al., 2021). The evidence of arc-related Silurian anatexis
at ca. 434 Ma in the NPA (Serra-Varela et al., 2019), spatially asso-
ciated with Devonian intrusions, may suggest a Silurian onset of
subduction in the region.

Previous proposals have postulated the existence of an island
arc in the PD, i.e. Chaitenia, which was accreted by the late
Devonian-early Carboniferous to a continental magmatic arc, rep-
resented by intrusions located in the NPA and the western NPM
that yield subchondritic Lu-Hf compositions (Hervé et al., 2016,
2018; Rapela et al., 2021). Nevertheless, the wall rock of PD Devo-
nian intrusions corresponds to metasedimentary sequences
derived from the continental margin (Hervé et al., 2018), implying
that both arc segments were relatively close to each other. The
existence of two adjacent subduction zones is thus highly unlikely.
Furthermore, felsic metaigneous rocks with subchondritic Lu-Hf
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isotopic fingerprint evidence the presence of continental crust in
the PD (Fig. 9a; Hervé et al., 2016; Rapela et al., 2021). Instead of
an island arc complex in the Pacific Domain, evidence points to a
simpler, yet more plausible mechanism of in situ juvenile addition.
The PD may thus represent relics of oceanic rocks and forearc mag-
matism. The dominance of suprachondritic Lu-Hf compositions, in
contrast to characteristic subchondritic values of intrusions located
to the east, might thus be the result of a progressively thinner Pale-
ozoic metasedimentary pile towards the forearc (e.g., Chapman
et al.,, 2017). More significant assimilation and/or anatexis in the
main arc domain (Rapela et al., 2021; Serra-Varela et al., 2021)
may explain the local presence of subchondritic magmas.

5.1.2. Early Carboniferous magmatic lull

The magmatic lull at ca. 350-330 Ma is well-documented by
igneous and detrital zircon U-Pb data (Fig. 8b; Kirsch et al., 2016;
Renda et al.,, 2021). Within this period, only one intrusion was
dated at 348 + 11 Ma at the northwesternmost NPM (U-Pb TIMS;
Varela et al., 2005), whereas no record of metamorphism has been
reported so far. The general decrease in the €yf values of Devonian
intrusions towards the Devonian-Carboniferous boundary suggests
a tectonometamorphic event (Rapela et al, 2021; Renda et al,,
2021), possibly related to a short-lived compressional/transpres-
sional pulse after protracted extension-related subduction.
Rapela et al. (2021) attributed this episode to the island arc colli-
sion, though this hypothesis seems unlikely (see Section 5.1.1).
Alternatively, a non-collisional mechanism linked to changing con-
ditions in the subduction zone may explain the observed magmatic
lull (e.g., Kirsch et al., 2016; Chapman et al., 2021).

Since no significant changes are observed in the mantle source
for magmatism pre- and post-dating the lull, mechanisms involv-
ing generation of slab windows and ascent of deep asthenospheric
mantle sources (e.g., Kirsch et al., 2016, Chapman et al., 2021) can-
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not be invoked. An alternative model considers subduction of a dry
lithospheric mantle linked to incorporation of hyperextended con-
tinental slivers in the subduction channel, as suggested for the pre-
collisional history of Alps (McCarthy et al., 2021, and references
therein). This mechanism might have played a role, considering
partial subduction of the previously extended Devonian forearc
basins during a late Devonian transpressional/compressional event
(Plissart et al., 2019; Rapela et al., 2021; Renda et al., 2021). How-
ever, the existence of a widespread Devonian magmatic arc marks
a significant difference with the Alpine case, since the dominance
of a hydrous mantle (e.g., Section 4.2, Fig. 9.1) contrasts signifi-
cantly with the anhydrous source of rift-related pre-collisional
Alpine basins.

On the other hand, paleogeographic reconstructions show a sig-
nificant change in global convergence parameters at ca. 350-
340 Ma (Young et al., 2019). For the Patagonian region, this transi-
tion implies a change from Devonian trenchward to late Carbonif-
erous inland migration of the subduction zone (Young et al., 2019),
which is compatible with the proposed tectonic model from
retreating to advancing accretionary orogens (Fig. 10). Slow obli-
que subduction leading to strike-slip-dominated deformation
along the proto-Pacific margin might have been likely during this
transitional stage and may explain the absence of arc magmatism,
also invoked to explain the lack of arc-related magmatism in the
Alps (e.g., Zanchetta et al., 2012). This process, intimately related
to a major plate reorganization due to the onset of convergence
leading to the final assembly of Pangea, culminates with the Gond-
wanide Orogeny in the study area (Section 5.1.3; Oriolo et al.,
2019).

In summary, the combination of both large-scale geodynamic
and arc-related intrinsic processes might have triggered the mag-
matic lull. A transient geodynamic context seems to have played
a major role, being possibly linked to the development of a rela-
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tively short-lived transcurrent margin with slow convergence
rates. However, further evidence is required to properly under-
stand the tectonic significance of this gap.

5.1.3. Late Carboniferous to Permian arc dynamics and the
Gondwanide Orogeny

Voluminous late Carboniferous to Permian magmatism is asso-
ciated with a magmatic flare-up linked to the transpressional
Gondwanide orogeny, a widespread tectonometamorphic event
in northern Patagonia (Fig. 9b, 10c, 10d; Martin et al., 1999;
Oriolo et al., 2019). Thermobarometric data of metasedimentary
rocks show regional high-temperature and medium- to high-
pressure conditions for late Carboniferous to early Permian meta-
morphism and deformation in the NPA and the western NPM,
pointing to significant crustal shortening and thickening (Marcos
et al., 2020; Oriolo et al., 2019; Renda et al., 2021; von Gosen,
2009).

The protracted duration of the Gondwanide magmatism
resulted from the spatio-temporal variations of the arc (Fig. 10d).
After the magmatic lull, magmatism resumed at ca. 330-320 Ma,
with emplacement of relatively juvenile, primitive arc magmas at
the NPA and the western NPM (Fig. 8). The primitive arc signature
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of Gondwanide magmatism is restricted to these early pulses
related to the onset of subduction (Yoya et al., 2023), whereas
younger intrusions are generally more evolved and show a more
significant crustal component, which is ubiquitous from the Pacific
Domain to the western North Patagonian Massif, suggesting a com-
mon evolution along the ca. NNW-SSE-striking magmatic arc
(Renda et al., 2019, and references therein). These early intrusions
show a contrasting, amphibole-dominated deeper source than
comparable Devonian primitive intrusions, which are character-
ized by plagioclase and amphibole fractionation (Fig. 4h, 5a;
Rapela et al., 2021; Yoya et al., 2023).

In general, late Carboniferous magmatism is synorogenic, as
documented by structural evidence, and is followed by early to
middle Permian post-orogenic magmatism (Pankhurst et al.,
2006; Renda et al., 2019, 2021). By the middle to late Permian,
the magmatic and deformation front migrated further east, reach-
ing the foreland region in the central and eastern NPM, and the
Ventania System (Figs. 1, 9b, 10d; von Gosen, 2003; Pankhurst
et al., 2006; Martinez Dopico et al., 2017; Gregori et al., 2020;
Renda, 2020; Ballivian Justiniano et al., 2023). In particular, defor-
mation and magmatism are well-constrained at ca. 260-250 Ma at
the northeastern NPM (Martinez-Dopico et al., 2017, and refer-
ences therein).

Crustal shortening and thickening driven by progressive trans-
pression (Oriolo et al., 2019; Marcos et al., 2020; Renda et al,,
2021) favored increasing depths of magma source (i.e., fractiona-
tion of amphibole > plagioclase) and increasing crustal reworking
documented by Lu-Hf isotopic data, and Lay/Yby and Eu/Eu* tem-
poral variations (Figs. 5, 8). A comparable trend is revealed by
decreasing Th/U ratios in late Carboniferous to Permian magmatic
zircons (Renda et al., 2021). Likewise, the shift towards highly sub-
chondritic eyf values of late Permian foreland magmatism (Fig. 9)
can be explained by the existence of a relatively thicker and maybe
older crust than in western domains (e.g., Chapman et al., 2017), as
the result of the previous late Cambrian to Ordovician
tectonometamorphic event in the northeastern NPM (Gonzilez
et al., 2021, and references therein).

The development of an advancing accretionary orogeny during
Gondwanide transpressional deformation and crustal thickening
is further supported by paleogeographic reconstructions (Oriolo
et al., 2019; Young et al., 2019), indicating an inland migration of
the paleo-Pacific trench. This reconstruction also reinforces the
relationship between the Gondwanide Orogeny with the global
plate reorganization during the Pangea assembly (Oriolo et al.,
2019), as proposed in other peripheral regions of Gondwana
(Cawood et al., 2021). On the other hand, the documented migra-
tion pattern of deformation and magmatism points to slab shal-
lowing as the most likely trigger, favoring increasing interplate
coupling and thus crustal shortening (e.g., Cawood et al., 2009).
By the Permian-Triassic transition, slab break-off led to the final
collapse of the Gondwanide Orogen and the flare-up documented
in northeastern Patagonia (Fig. 9b; Gianni and Navarrete, 2022;
Falco et al., 2022).

5.2. The roots of Patagonia

Collisional models of Patagonia have classically assumed that
crustal domains such as the North Patagonian and Deseado Massifs
behaved as wandering continents during the Paleozoic, thus imply-
ing the existence of Precambrian basement rocks and a relatively
thick continental crust. Though several contributions have sug-
gested the existence of possible Mesoproterozoic lower crustal
roots in Patagonia (e.g., Rapela and Pankhurst, 2020; Rapela
et al., 2021), no Precambrian rocks have been identified so far.
The zircon record of Patagonia and the Malvinas/Falkland Plateau
points to a juvenile late Mesoproterozoic source, possibly corre-
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web version of this article.)
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Fig. 11. Lu-Hf zircon isotopic data of Paleozoic magmatic and metasedimentary rocks of northern Patagonia, late Paleozoic metasedimentary rocks of southern Patagonia,
Paleozoic sedimentary rocks of the Malvinas/Falkland Plateau and Mesoproterozoic basement rocks of the Maurice Ewing Bank in the South Atlantic Offshore (see references
in Supplementary Data 1; Augustsson et al., 2006; Ramos et al., 2017; Chemale et al., 2018). All data recalculated using parameters of Supplementary Table 2. The zircon
record of Patagonia suggests reworking of a juvenile late Mesoproterozoic source, possibly corresponding to the Mesoproterozoic basement of the Malvinas/Falkland Plateau,
though rocks such as those of the Maurice Ewing Bank might also have contributed to some extent. Nevertheless, even if such Mesoproterozoic relics were present in the
Patagonian basement, they were significantly reworked during Paleozoic orogenic events, which also contributed to crustal addition.
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sponding to Mesoproterozoic basement rocks of the latter (Ramos
et al., 2017). Despite basement rocks of the Maurice Ewing Bank
show a slightly more subchondritic trend (Chemale et al., 2018),
they might have contributed to some extent as well (Fig. 11). Nev-
ertheless, Lu-Hf isotopic trends demonstrate that, even if Mesopro-
terozoic relics were present in the Patagonian crust, they were
significantly reworked during Paleozoic orogenic events (Fig. 11).
This is particularly well-documented by Precambrian to early Pale-
ozoic zircon xenocrysts in Paleozoic intrusions that are comparable
to detrital zircons of Paleozoic metasedimentary sequences (e.g.,
Pankhurst et al., 2006), which are ubiquitous in the Patagonian
basement. Reworked, mainly metasedimentary continental crust
was thus mixed with juvenile mantle-derived magmas during
Paleozoic arc magmatism, which contributed to addition of juve-
nile crust to some extent. Consequently, Paleozoic accretionary
orogens played a major role in the generation of the continental
crust of Patagonia, implying protracted recycling of (meta)sedi-
mentary sequences, crustal reworking due to assimilation and ana-
texis, and juvenile magma addition. The Gondwanide Orogeny was
particularly crucial for maturing and stabilizing the continental
margin, since widespread crustal thickening resulting from trans-
pression and magmatic addition favored the maturation and
subsequent relative stabilization of an otherwise thin crust
(Oriolo et al., 2019).

The proposed model of in situ Paleozoic growth of Patagonia is
also reinforced by well-established correlations with southern
Patagonia and the Antarctic Peninsula, and a common tectonomag-
matic evolution during the Paleozoic (Bastias et al., 2020, and ref-
erences therein), as shown by similarities in the Lu-Hf isotopic
record as well (Fig. 9a; Nelson and Cottle, 2018, and references
therein). Several Triassic to Jurassic accretionary complexes are
documented in southwestern Patagonia (e.g., Hervé et al., 2008;
Suarez et al., 2019) and indicate a protracted Paleozoic to Mesozoic
accretionary growth towards the southwest (present coordinates).
Likewise, a comparable in situ Paleozoic crustal growth model
related to Paleozoic accretionary orogens was proposed for the
Antarctic Peninsula (Burton-Johnson and Riley, 2015), being thus
also compatible with accretionary processes documented further
north (Capaldi et al., 2021, and references therein).

6. Conclusions

Late Paleozoic dynamics of accretionary orogens in northern
Patagonia are intimately linked with tectonomagmatic processes
that evolved significantly between the Devonian and the
Carboniferous-Permian. Thus, the genesis of the continental crust
of Patagonia is largely dominated by in situ crustal growth mecha-
nisms related to Paleozoic accretionary orogens, challenging classi-
cal collisional models for the region. The Devonian arc evolved as
part of a retreating accretionary orogen, leading to crustal exten-
sion/transtension and a relatively thin crust that favored wide-
spread emplacement of juvenile magmas derived from shallow
sources. In contrast, the late Carboniferous-Permian Gondwanide
Orogeny was related to transpressional deformation, and crustal
shortening and thickening, which forced a progressively deepening
of primary magma sources and increasing contribution of crustal
sources. Widespread magmatism and crustal thickening during
this flare-up magmatic event resulted in a relative maturation
and subsequent stabilization of the Patagonian continental crust.
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