
1. Introduction
The Gondwana supercontinent is composed of Precambrian cratons sutured by Neoproterozoic orogenic belts 
(Cawood & Buchan, 2007) and surrounded by Paleozoic orogenic systems along its continental margins. The 
Terra Australis Orogen (ca. 570 to 300 Ma) and the Gondwanide Orogen (ca. 300 to 250 Ma) documented the 
Paleozoic evolution from Gondwana amalgamation to Pangea assembly times (Cawood, 2005). The Paleozoic 
orogenic growth of southwestern Gondwana is one of the most debated subjects in southern South America, 
since contrasting paleotectonic scenarios of continent collision against accretionary orogens have been proposed 
for both orogenies in the last decades (e.g., Dahlquist et al., 2021; Forsythe, 1982; González et al., 2018; Hervé 
et al., 2016; Oriolo et al., 2021, 2023; Pankhurst et al., 2006; Ramos, 2008). In any case, the combination of the 
magmatic, metamorphic, and structural record, along with geochronologic/thermochronologic and isotopic data, 
is crucial for deciphering the nature of orogenic growth and defining how their contractional and extensional 
stages evolved over time and space.

The Devonian to early Carboniferous igneous rocks are distributed into two major regions in southern South 
America. The northern segment is restricted between 27°30′ and 37°30′S and encompasses the Coastal Cordillera, 

Abstract In this contribution, we present new early middle Devonian igneous and metaigneous units with 
a major juvenile magmatic source input in the North Patagonian Massif, which were discovered through U-Pb 
and Lu-Hf zircon analyses. Afterward, we assessed their tectonic implications for northwestern Patagonia  and 
then for southern South America, combining our results with available database information consisting 
of igneous crystallization ages and isotopic data of the Devonian to early Carboniferous magmatic units, 
tectonic-metamorphic analyses, and thermochronologic record. This study allows for distinguishing retreating 
and advancing subduction switching in northwestern Patagonia (38°30′ to 44°S) and a contrasting coetaneous 
evolution for basement outcrops exposed further north (27°30′ and 37°30′S). The early middle Devonian 
(400–380 Ma) northwestern Patagonian magmatism is characterized by widespread magmatism and positive 
εHf–εNd linked to forearc and backarc magmatism that evolved within a retreating subduction stage. A tectonic 
switching toward advancing orogeny stage began in the late Devonian, evidenced by a lull in magmatic activity 
with a negative εHf–εNd trend, possibly contemporaneous with the first tectonic-metamorphic event in western 
Patagonia. An early Carboniferous magmatic gap, followed by the subsequent development of the main foliation 
in the basement during the Carboniferous-Permian period, denotes the acme of this contractional stage. In 
contrast, the Devonian period in the northern segment is characterized by mostly negative εHf–εNd values, 
reverse shear zone activity in the foreland, and an inboard magmatism migration, evidencing a compressive 
tectonic setting that changed to an extensional configuration in the early Carboniferous with widespread arc 
magmatism development.
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Principal Cordillera, Frontal Cordillera, Precordillera, Famatina Range, Pampean Ranges, and San Rafael Block 
(Figure 1a), while the exposures of the southern segment are mainly distributed in the northwestern Patagonia 
region (38°30′ to 44°S). In the latter, the Devonian-early Carboniferous basement crops out in the Coastal Cordil-
lera, North Patagonian Cordillera and the western part of the North Patagonian Massif (e.g., Oriolo et al., 2023), 
encompassing the northern part of the western magmatic arc proposed by Ramos (2008) (Figure 1a). In last years, 
the increase in the understanding of Devonian and Carboniferous magmatic processes in northwestern Patagonia 
has been mainly related to geologic, geochronologic, and isotopic contributions (e.g., Hervé et al., 2013; Oriolo 
et al., 2023; Pankhurst et al., 2006; Rapela et al., 2021). These contributions are, however, mainly restricted to 
the Coastal Cordillera and North Patagonian Cordillera, while the western North Patagonian Massif has not been 
widely explored, and thus, its geologic and geochronologic-isotopic records are unknown in many areas.

This contribution analyzes the igneous-metamorphic exposures located in two key areas of the western North 
Patagonian Massif (Figures 1c and 2), providing new U-Pb zircon crystallization ages and Lu-Hf isotopic analy-
sis. The Devonian magmatic record of these units have geodynamics implications for the northwestern Patagonia 
region. Therefore, we combined our results with available P-T, thermochronologic, and structural data from 
coeval metamorphic rocks to evaluate and characterize how the contractional and extensional stages evolved. 
Subsequently, we propose a Devonian-early Carboniferous geotectonic model for northwestern Patagonia. 
Furthermore, we compare these stages with their counterparts in the northern segment, highlighting contrasting 
settings and along-strike segmentation of the southwestern Gondwana margin during Devonian—early Carbon-
iferous times.

2. Geologic Setting
The igneous-metamorphic basement in northern Patagonia is distributed across the North Patagonian Massif, 
North Patagonian Cordillera, and Coastal Cordillera (Figure 1b). The Huincul Fault is an intracratonic strike-
slip fault system that behaves as the subsurface northern basement boundary at approximately 38° S (Figure 1a; 

Figure 1. (a) Sketch map showing the Devonian—early Carboniferous igneous units in South America and its tectonostratigraphic regions and terrane blocks 
boundaries (compiled and modified from Hervé et al. (2016), Mosquera and Ramos (2006), Ramos (2008), Dahlquist et al. (2021), and Oriolo et al. (2023)). (b) 
Geologic sketch map showing the Paleozoic units of the north Patagonia (modified from Marcos et al. (2020)). Locations of study areas (Figures 2a and 2c) are 
shown by yellow-filled rectangles. The zircon crystallization ages of the Devonian - early Carboniferous igneous units follow the 2022 chronostratigraphic chart of 
Cohen et al. (2013) and the data are from: Duhart et al. (2001, 2009), Hervé et al. (2013, 2016, 2018), and Rapela et al. (2021) for the Coastal Cordillera; and Varela 
et al. (2005), Pankhurst et al. (2006), Serra-Varela et al. (2021), Rapela et al. (2021, 2022), Renda et al. (2022), and Oriolo et al. (2023), and this work (*) for North 
Patagonian Cordillera and North Patagonian Massif (Table S1 in Supporting Information S1).
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e.g., Chernicoff & Zappettini,  2004; Mosquera & Ramos,  2006; Gregori 
et  al.,  2008). On the other hand, geophysical studies and borehole data 
(e.g., Renda et  al.,  2019) denote the continuity of the Patagonia western 
magmatic arc (Ramos,  2008) toward southeastern direction under the San 
Jorge Basin, which then crops out in the Deseado Massif (Figure 1a; Ramos 
& Naipauer, 2014). However, Devonian igneous geochronologic and isotopic 
data are scarce in the latter, and its outcrops are far away from the northern 
Patagonia (Figure 1a; Pankhurst et al., 2003; Ballivián Justiniano et al., 2023; 
de Barrio et al., 2023). Therefore, the regional study area of this work was 
limited to latitudes between 38°30′ and 44°S.

The early Cambrian metamorphic and igneous units of the eastern North 
Patagonian Massif are the oldest chronostratigraphic record in northern Pata-
gonia (Greco et al., 2015, 2017; Pankhurst et al., 2006; Rapalini et al., 2013). 
Low to high-grade metamorphism was subsequently developed during 
late Cambrian-early Ordovician (González et al., 2018), whereas a syn- to 
post-orogenic middle Ordovician magmatic event took place afterward 
(Figure 1b; Pankhurst et al., 2006). The Cambrian to Ordovician tectonomag-
matic record is mainly restricted to northeastern Patagonia (González 
et al., 2021).

The tectonomagmatic and metamorphic evolution shifted toward the south-
west during Devonian-Carboniferous times, encompassing the western North 
Patagonian Massif, the North Patagonian Cordillera and several sectors of the 
Coastal Cordillera (Figure 1b; e.g., Varela et al., 2005; Marcos et al., 2018; 
Suárez et al., 2019, 2021). The oldest Devonian igneous rocks have crystal-
lization ages close to 400 Ma and crop out in the North Patagonian Cordil-
lera (Figure 1b; Pankhurst et al., 2006). Widespread magmatism developed 
subsequently (395–383 Ma), whereas minor igneous activity occurred close 
to the Devonian - Carboniferous limit (Oriolo et al., 2023).

The P-T and thermochronologic database reveals medium- to high-grade 
metamorphism primarily constrained from late Devonian to early Permian 
times (e.g., Duhart et al., 2001; Kato et al., 2008, 2009; Lucassen et al., 2004; 
Martin et  al.,  1999; Oriolo et  al.,  2019; Renda et  al.,  2021; Urraza 
et al., 2019; Willner et al., 2004). Exceptions were identified in the North 
Patagonian Cordillera, associated with Silurian migmatization (430 ± 5 Ma; 
Serra-Varela et  al.,  2019) and an early middle Devonian high-grade meta-
morphism (5 Kbar; 600°C) recorded in a migmatite paragneiss (392 ± 4 Ma; 
Martínez et al., 2012).

An earlier metamorphic stage, possibly developed in the late Devonian (Kato 
et al., 2008; Plissart et al., 2019; Renda et al., 2021), was subsequently over-
printed by the NW-SE regional foliation during the Carboniferous and early 
Permian periods (Duhart et al., 2001; García-Sansegundo et al., 2009; Gregori 
et  al.,  2020; Marcos et  al.,  2020; Oriolo et  al.,  2019; Palape et  al.,  2022; 
Richter et al., 2007). The oldest metamorphic foliation is preserved as inclu-
sions in porphyroblasts in certain areas of the North Patagonian Massif (e.g., 
López de Luchi et al., 2010), while late Devonian metamorphism has been 

documented in blueschists boulders (Kato et al., 2008) and suggested for ultramafic rocks (Plissart et al., 2019) 
in the Coastal Cordillera.

Afterward, the regional late Carboniferous - early Permian tectonometamorphic event associated with the main 
foliation of the basement reached amphibolite facies in many areas of the western North Patagonian Massif 
and the North Patagonian Cordillera, while greenschist-blueschist facies were developed in the Coastal Cordil-
lera (Duhart et al., 2001; Marcos et al., 2020; Oriolo et al., 2019; Palape et al., 2022). However, it should be 
noted that several studies proposed that both the earlier and main foliations were developed exclusively during 

Figure 2. Geologic maps of Cañadón Bonito (a, b) and Cañadon de la 
Bañadera (c, d) in the western North Patagonian Massif. (a) Location of 
the study area showing the distribution of the Paleozoic basement and 
volcano-sedimentary rocks (modified from Marcos, 2020). (b) Detailed 
map and cross section of the Cañadon Bonito. (c) Location of the study area 
showing the distribution of the igneous-metamorphic basement and younger 
volcanic-sedimentary outcrops (modified from Escosteguy et al., 2013). (d) 
Detailed map and cross section of the Cañadon de La Bañadera. Locations of 
maps of (a, c) are shown in Figure 1b. Locations of samples of Figures 3a, 3b, 
and 3c–3e are inserted in profiles to (b, d), respectively.
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the Carboniferous-early Permian periods, as the result of progressive transpressional deformation (e.g., von 
Gosen, 2009; Oriolo et al., 2019; Palape et al., 2022). This last period marked the final stage of the Terra Austra-
lis Orogen and the beginning of the Gondwanide Orogen in western Patagonia after the early Carboniferous 
magmatic gap (Renda et al., 2021; Yoya et al., 2023).

Figure 3. Images and photomicrographs of the basement in the Cañadón Bonito (a, b, f, g, h) and Cañadon de la Bañadera 
(c, d, e, i). (a) Metadiorite-metagabbro dike intrusion into the amphibolite unit. (b) Orthogneiss outcrop showing a 
metadiorite-metagabbro enclave. (c) Diorite pluton intruded by aplite dike. (d) Diorite enclave within tonalite-granodiorite 
orthogneiss. (e) Migmatite outcrop showing a diorite resister. (f–g) Crossed polarized photomicrographs of the diorite sample 
(CC66B) showing equigranular fine grain texture (f), deformation evidences like plagioclase twin migration and quartz 
subgrain boundary migration (g). (h) Polarized photomicrograph of the sample CC66B showing greenschist metamorphism 
overprint related to chlorite pseudomorphic replacement of clinoamphibole and biotite (h). (i) Crossed polarized 
photomicrograph of the diorite sample (PMB1) showing equigranular medium grain terxture. Locations of samples (a, b) and 
(c–e) are shown in profiles to Figures 2b and 2d, respectively. Mineral abbreviations follow Whitney and Evans (2010).
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3. Paleozoic Geotectonic Models
The Patagonian region has been interpreted in the context of contrasting Paleozoic geotectonic models that can 
be differentiated into allochthonous, parautochthonous and autochthonous with respect to southwestern Gond-
wana. In this section, we attempt to summarize the most contrasting models proposed for the north and western 
magmatic arcs of Patagonia, following the subdivision outlined by Ramos (2008).

An early collisional stage between East Antarctica and Patagonia (middle-late Cambrian; Ramos & Naipauer, 2014) 
followed by their collision against the southwestern Gondwana margin during the late Paleozoic has been 
proposed for the northern magmatic arc (e.g., Ramos, 1984; Ramos et al., 2020; Rapalini et al., 2010). Instead, 
González et al.  (2018) proposed an early Paleozoic (Cambrian-Ordovician) accretion of Patagonia-Antarctica 
along southwestern Gondwana. On the other hand, Rapalini et al. (2013) suggested a possible continuation of the 
early Paleozoic record from the Pampean Ranges to the northeastern North Patagonian Massif, and then proposed 
an autochthonous origin for the Patagonia region.

The western magmatic arc comprises Devonian to Permian igneous and metamorphic rocks. Three main evolutionary 
models have been proposed for this region. The allochthonous continental collision reconstructions exhibit signifi-
cant differences among different proposals. One collisional model suggests the southward extension of the Chilenia 
terrane and its Devonian collision with the Gondwana margin (Martínez et al., 2012), following northern exposures 
of this terrane in the Frontal Cordillera that record a collisional event with the Cuyania terrane (Precordillera), as 
indicated by several contributions (e.g., Boedo et al., 2016; Willner et al., 2011). Alternatively, a Carboniferous conti-
nental collision in the western belt of Patagonia resulting from the docking of the Deseado Massif against the North 
Patagonian Massif was proposed by Pankhurst et al. (2006). However, the extension of the basement into the San 
Jorge Basin and the Deseado Massif led to a redefinition of the Carboniferous suture position, suggesting the colli-
sion of the Antarctic Peninsula with Patagonia as the most probable tectonic scenario, as suggested by Ramos (2008).

On the other hand, an accretionary orogen configuration has been proposed for the western magmatic arc devel-
opment. According to this hypothesis, some contributions proposed the accretion of the Chaitenia island arc 
to the southwestern Gondwana (e.g., Hervé et al., 2016; Quezada Pozo, 2015; Rojo et al., 2021), while others 
suggest that variations in the dynamics of subduction between the proto-Pacific and Gondwana plates were the 
main mechanisms that triggered the tectonometamorphic and magmatic processes in western Patagonia during 
the late Devonian to early Carboniferous times (e.g., Marcos et al., 2020; Oriolo et al., 2023).

4. Analytical Procedures
Key areas of poorly studied igneous-metamorphic basement of the North Patagonian Massif were selected, 
namely, Cañadón Bonito and Cañadón de la Bañadera (Figures 1b and 2). A metadiorite sample (CC66B) from 
the Cañadón Bonito area and a diorite sample (PMB1) from the Cañadón de la Bañadera region were collected for 
zircon U-Pb and Lu-Hf analysis. Both samples were crushed and milled using a jaw crusher and then heavy miner-
als were separated by heavy liquids before concentration by handpicking. The zircon grains were mounted in epoxy 
and polished until obtaining the zircon grains exposure. Afterward, cathodoluminescence images were obtained 
with a scanning electron microscope (SEM-Quanta 250). Mineral separation, and U-Pb and Lu-Hf analysis of 
zircons, were performed at the Laboratory of Geochronology and Radiogenic Isotopes (MultiLab) of the Univer-
sidade do Estado do Rio de Janeiro (UERJ—Brazil) (see Text S1 in Supporting Information S1 for more details).

The cathodoluminescence images show many zircons with oscillatory zoning patterns related to magmatic crys-
tallization (Figures 4a and 5a; Corfu et al., 2003; Kemp et al., 2006). On the other hand, few zircons have resorp-
tion textures (e.g., patches and lobes), which are possibly linked to a late magmatic or metamorphic stage (Corfu 
et al., 2003; Hoskin & Black, 2000; Kinny & Maas, 2003). Considering these textures, resorption zones were 
avoided during measurement, in order to obtain the magmatic crystallization age and its isotopic signal (Figures 4 
and 5). The Lu-Hf isotopes were measured only in zircon spots with concordant U-Pb age results, and the corre-
sponding U-Pb age was used to obtain zircon depleted mantle and crustal Hf model ages (TDM and T CDM) (Text 
S1, Tables S4, and S5 in Supporting Information S1).

5. Results
The study areas belong to the northwestern part of the North Patagonian Massif and are located near the boundary 
with the North Patagonian Cordillera (Figure 1b). The geologic knowledge of both areas is limited, and only the 
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Cañadón de la Bañadera region has some geochronologic data that suggests 
a possible connection with the Devonian and Carboniferous magmatic arcs 
(Figure  1b; Varela et  al.,  2005; Rapela et  al.,  2022). Both areas could be 
linked to the northwestern part of the western magmatic arc proposed by 
Ramos (2008) and are situated inland with respect to the main outcrops of 
the Foreland Domain proposed by Rapela et al.  (2021). However, we used 
only the names of each region (Coastal Cordillera, North Patagonian Cordil-
lera, and western North Patagonian Massif) to refer to the location of any 
geologic, geochronologic, and/or isotopic information.

5.1. Cañadón Bonito

The Paleozoic basement crops out in creeks and low hills, and is covered by 
Mesozoic and Cenozoic volcanic-sedimentary deposits in surrounding areas 
near the Comallo locality (Figures 1b and 2a; Barros et al., 2020; Benedini 
et at.  2021,  2022). The Cañadón Bonito basement comprises quartz-mica 
schists, amphibolites, metadiorites-metagabbros dikes, orthogneisses, and 
leucocratic dikes (Figure 2b).

The biotite-quartz schists are scarce and develop lepidoblastic texture with 
a few plagioclase porphyroblasts. A foliated amphibolite is concordant with 
the quartz-mica schist, and shows lepidoblastic-nematoblastic (Bt, Chl, Amp, 
Ep) and granoblastic (Qz, Pl, Grt) bands. Metadiorite and metagabbro dikes 
intruded the quartz-mica schist and amphibolites (Figure 3a). These metaig-
neous dikes are equigranular fine-medium grain and have subhedral Pl + A
mp ± Bt ± Cz ± Prh ± Qz ± Cal, and accessory minerals (Zrn, Rt, Ttn, Opq, 
Ap). Solid-state deformation and recrystallization evidence in these dikes is: 
(a) plagioclase twin boundary migration and quartz subgrain tiltwalls; (b) 
replacement of clinoamphibole and biotite by chlorite, and plagioclase by 
clinozoisite. Orthogneisses are medium-grained foliated rocks defined by 
granoblastic (Pl-Qz) and lepidoblastic (Bt-Chl-Grt-Ep) discontinuous bands, 
and have metadiorite-metagabbro enclaves (Figure  3b). In summary, the 
petrologic and structural features of all these lithofacies denote a greenschist 
- amphibolite facies metamorphism associated with a well-developed meta-
morphic foliation of 310°/65° SW. After this regional event, leucocratic dikes 
intrude mostly concordant to the main foliation (Figure 2b).

The CC66B sample belongs to the metaigneous dike unit and intrudes the foli-
ated amphibolite in the middle section of the Cañadón Bonito (Figure 2b). This 
rock is an equigranular fine-grained metadiorite constituted by plagioclase 
(65%; An45-50), clinoamphibole (30%), biotite (5%), opaque minerals (2%), 
quartz (∼1%) and accessory minerals (Ap, Zr) (Figure 3f). Plagioclase twin 
migration, quartz subgrain boundaries migration (Figure 3g), and biotite and 
clinoamphibole pseudomorphic replacement by chlorite (Figure  3h), shows 
the solid-state and metamorphic overprint, respectively. This sample contains 
zircons crystals with size between 80 and 250 μm and elongation ratios (width/
length) of 1:4 (9%), 1:3 (28%), 1:2 (52%), and 1:1 (11%). The elongated zircon 

groups are prismatic, euhedral to subhedral and have single or by-pyramidal development, while most of the short-
est zircons develop subhedral and equidimensional crystals (Figure 4a). The results show Th/U ratios between 0.1 
and 0.82, which are consistent with magmatic origin (Table S2 in Supporting Information S1; Rubatto, 2002), 
and individual U-Pb crystallization ages are between 438 and 340 Ma (Figure 4b). A few older zircon ages are 
discordant, whereas five concordant ages could be inherited xenocrysts (Figures 4a and 4b; Table S2 in Supporting 
Information S1). Most of the younger age groups yield imprecise U-Pb ages that might be linked to radiogenic Pb 
loss. Twelve concordant analyses were plotted on the Concordia diagram (Figure 4c and Table S2 in Supporting 
Information S1), indicating an early middle Devonian age of 390.5 ± 3.8 Ma (n = 12; MSWD = 0.52) for the zircon 
crystallization age of the metadiorite.

Figure 4. Cathodoluminescence image and zircon U-Pb ages and εHf isotopes 
results for sample CC66B belong to the metadiorite dike of Cañadón Bonito. 
(a) Cathodoluminescence image showing the zircons used to calculate the 
diorite crystallization age (red spots). The yellow spots show ages of inherited 
zircons. (b) Concordia diagram zircon U-Pb plots defining a crystallization 
age of 390.5 ± 3.8 Ma. Gray ellipses correspond to inherited zircon ages. 
The weighted mean of the 12 zircon ages that define the crystallization age is 
detailed in the upper-left diagram by a Gy bar. Frequency histogram made by 
analyses that plot inside (red lines) and outside (blue lines) to the Concordia 
curve is detailed in the lower right sector. (d) Plots of εHf(t) versus U-Pb 
zircon crystallization age. Note that zircon crustal model ages belong to 
different lower, upper and bulk crust Lu/Hf ratio estimations.
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The results of the Lu-Hf zircons composition of the metadiorite sample 
(CC66B) are summarized in Table S3 (Supporting Information  S1). All 
the εHf(t) values are positive with an average of +6.3 and a variable range 
between +0.5 and  +  9.4 (Figure  4c). The hafnium model ages (TDM) are 
Precambrian, from 0.96  Ga to 0.61  Ga. On the other hand, zircon crustal 
model ages (T cDM) have a wide values range between 1.69 and 0.68  Ga. 
Considering the  176Lu/ 177Hf lower crust source composition, we obtained 
model ages (T cDM) between 1.69 and 0.9 Ga, whereas values from 1.17 Ga 
to 0.69  Ga were obtained by means of upper crust isotopic compositions. 
As could be expected, the crust bulk composition estimation yields interme-
diate crustal model ages with average values between 1.43 Ga and 0.8 Ga 
(Figure 4c; Tables S3 and S4 in Supporting Information S1).

5.2. Cañadón de la Bañadera

The igneous-metamorphic rock exposures are almost restricted to creeks 
and road tracks in the northwestern Patagonia region, since it is commonly 
covered by volcanic-sedimentary units (Figure 2c; Galli, 1969; Escosteguy 
et al., 2013; Dicaro et al., 2023). Plutons, dykes, and migmatites consti-
tute the basement of Cañadón de la Bañadera (Figure 2d). Based on field 
relationships, it is possible to suggest the relative timing of intrusions of 
dioritic to granitic compositions. The diorite unit corresponds to the oldest 
stratigraphic igneous facies cropping out in the western region of the stud-
ied profile (Figures 2d and 3c). This facies forms medium- to fine-grained 
(0.8–2  mm) equigranular bodies, and is mainly made up of plagioclase, 
clinoamphibole and biotite. Zircon, apatite, titanite, and opaque minerals 
are present as accessory minerals. Orthogneiss and migmatite are tran-
sitional between each other in the northeastern study area. Both units 
have metamorphic foliation of 300°/75° SW and their contact with the 
diorite unit was not found. However, diorite enclaves in the orthogneiss 
(Figure 3d) and diorite resisters in the migmatite (Figure 3e) evidence that 
both units are younger. The orthogneiss unit has a poorly defined banded 
structure, while migmatites have diverse paleosome-neosome ratios and 
morphologies transitional between metatexite-diatexite groups following 
the classification of Sawyer and Brown (2008). A late granitic pluton crops 
out in the middle of the study area showing equigranular and porphy-
ritic textures, while aplite and granitic dikes cross-cut the diorite facies 
(Figures 2d and 3c).

The PMB1 sample is an equigranular medium-grained diorite made up of 
plagioclase (55%; An50), clinoamphibole (30%), biotite (15%) and accessory 
minerals (Opq, Ap, Zr and Rt), that was selected from the plutonic outcrop 
placed at the western Cañadón de la Bañadera region (Figure  2d). This 
sample contains zircons crystals with size between 100 and 450 μm and elon-
gation ratios (width/length) of 1:4 (12%), 1:3 (56%), 1:2 (26%), and 1:1 (6%). 
The elongated zircon groups are primarily prismatic and subhedral, while a 
few of them preserve single- pyramid tips. The shortest zircons are subhedral 

and only a few develop equidimensional crystals (Figure 5a). The isotopes analyses yield Th-U ratios between 
0.6 and 1.34, compatible with a magmatic origin (Table S2 in Supporting Information  S1; Rubatto,  2002), 
and individual U-Pb concordia ages range calculations are between 416 and 342 Ma. The oldest concordant 
zircon could be inherited xenocrysts (Figures 5a and 5b; Table S2 in Supporting Information S1). Most of the 
younger groups yield discordant U-Pb ages that might be linked to radiogenic Pb loss. Fifteen analyses show a 
middle-upper Devonian magmatic crystallization age of 382.2 ± 3.1 Ma (n = 15; MSWD = 1.6) for the diorite 
sample (Figure 5b; Table S2 in Supporting Information S1).

Figure 5. Cathodoluminescence image and zircon ages for diorite sample 
(PMB1) of Cañadón de la Bañadera. (a) Cathodoluminescence image showing 
the zircon used to calculate the diorite pluton crystallization age (red spots). 
The yellow spot shows the age of inherited zircon. (b) Concordia diagram 
zircon U-Pb plots defining a crystallization age of 382.4 ± 3.1 Ma. Gray 
ellipse corresponds to the inherited zircon. The weighted mean of the 15 
zircon ages that define the crystallization age is detailed in the upper-left 
diagram by a Gy bar. Frequency histogram made by analyses that plot inside 
(red lines) and outside (blue lines) to the Concordia curve is also detailed. It 
is remarkable that most of the younger analysis plots outside the Concordia 
curve and produce a peak at ca. 360 Ma. (c) Plots of εHf(t) vs. U-Pb zircon 
crystallization age. Note that zircon crustal model ages belong to different 
lower, upper and bulk crust Lu/Hf ratio estimations.
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The Lu-Hf zircon results of the Devonian diorite sample (PMB1) have an initial epsilon Hf average value of 
+5.42 and most values are positive with a range between +1.94 and + 9.2, except for one negative value (−3.08). 
The zircon model ages (TDM) have a Mesoproterozoic to Neoproterozoic range from 1.1 Ga to 0.62 Ga, while 
the zircon crustal model ages (T cDM) yield a wider Precambrian interval. Considering the  176Lu/ 177Hf lower crust 
composition we obtained model ages (T cDM) between 2.0 Ga and 0.91 Ga. The crustal model ages have averages 
values between 1.36 Ga and 0.7 Ga considering upper crust isotopic ratios. On the other hand, intermediate crust 
bulk compositions yield average values between 1.64 Ga and 0.8 Ga (Figure 5c; Tables S3 and S5 in Supporting 
Information S1).

6. Discussion
6.1. The Devonian Magmatic Record in the Western North Patagonian Massif

At approximately 40°S, the Devonian magmatism is found mostly in the North Patagonian Cordillera, whereas 
records in the North Patagonian Massif are only documented further southeast at ∼ 42°S near to the Gastre local-
ity (Figure 1b; Pankhurst et al., 2006). In this context, previous proposals indicated Devonian magmatism along a 
NNW-SSE-striking belt (e.g., Marcos et al., 2018; Rapela et al., 2021), which is further reinforced by geochron-
ologic results in the Cañadón Bonito (∼41°S; Figure 1b). On the other hand, the middle Devonian diorite pluton 
in the Cañadón de la Bañadera shows a wider extension of the Devonian arc-related magmatism at 40°S (Rapela 
et al., 2021).

The Devonian metaigneous outcrops in Cañadón Bonito are one of the oldest igneous record of the North Patago-
nian Massif and contrast with the previously described granodioritic to granitic Permian plutons near the Comallo 
locality (Varela et al., 2005). The basement in Cañadón Bonito shows that the oldest chronostratigraphic stage 
is represented by schist and amphibolite units constrained to pre-middle Devonian times. Considering that the 
schists unit could has a sedimentary protolith, a maximum depositional age of ca. 440 Ma could be considered 
taking into account detrital zircon ages obtained in the western North Patagonian Massif (e.g., Dicaro et al., 2023; 
Hervé et al., 2018). The second stage is related to the emplacement of the early middle Devonian gabbro-diorite 
dikes (391 ± 4 Ma). Based on the structure of the orthogneiss and its field relationships, this unit could represent 
part of the Devonian magmatism stage previous to the emplacement of leucocratic dikes and Permian grani-
toids. This revised chronostratigraphic sequence challenges the interpretation of the results obtained by Marcos 
et al. (2020) a few kilometers southeast of the Cañadón Bonito. In this sense, the youngest zircon population age 
(∼369 Ma) of the metasedimentary sequences could belong to the first tectonometamorphic event. Nonetheless, 
it is also possible that the metamorphic basement shows a very heterogeneous record, with significant variations 
in P-T-D-t paths of different blocks located nearby, as documented in other regions of northern Patagonia (e.g., 
Martínez et al., 2012; Oriolo et al., 2019).

On the other hand, the diorite crystallization age of 382 ± 3 Ma in the Cañadón de la Bañadera is comparable with 
the U-Pb crystallization age of the granodioritic (389 ± 3; Rapela et al., 2022) and leucogranitic (386 ± 5; Varela 
et al., 2005) rocks placed at surrounding areas (Figures 1b and 2c). The subsequent tectono-magmatic events in 
Cañadón de La Bañadera followed by tonalite-granodiorite orthogneiss, migmatites and finally the emplacement 
of the granitic pluton and dikes are supported by field evidence (Figures 2d and 3c–3e). A late metamorphic over-
print might have taken place at around ∼361 Ma based on zircon ages provided by Varela et al. (2005) and Rapela 
et al. (2022). In both localities (Cañadón Bonito and Cañadón de La Bañadera), the late Devonian metamorphic 
ages may record the oldest tectonic-metamorphic event (see Section 6.4).

6.2. Isotopic Record

The Lu-Hf and Sm-Nd isotopic systems allow assessing the magmatic source and the associated geodynamic 
setting through time (Collins et al., 2011; Scherer et al., 2007; Wang et al., 2009). The arrangement between the 
oceanic and continental plates through the subduction evolution defines the advancing and retreating stages of 
accretionary orogens (e.g., Cawood et al., 2011; Collins, 2002). Contractional settings are linked to advancing 
orogen stages, which ultimately result from enhanced interplate coupling and are likely to result from shallow or 
flat-slab subduction of oceanic lithosphere. In these settings, continental arc magmatism tends to record inboard 
migration patterns, magmatic gaps/lulls, and crustal shortening and thickening. In turn, the latter favors increas-
ing crustal recycling processes that can be monitored by isotopic trends of igneous rocks toward negative εHf and 
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εNd values. In contrast, extensional regimes are linked to retreating orogen stages triggered by steeply dipping 
oceanic lithosphere subduction. In such a setting, continental arc magmatism record trenchwards migration, crus-
tal thinning and a significant mantle-derived juvenile magmatic input that produces εHf and εNd positive signa-
tures (e.g., Alasino et al., 2012; Collins et al., 2011; Du et al., 2021; Folguera & Ramos, 2011; Gianni et al., 2018; 
Kemp et al., 2009; Li et al., 2011; Nelson & Cottle, 2018; Oriolo et al., 2023; Wu et al., 2021). Throughout the 
subduction evolution, each regime can operate at different timescales, from ca. 10–30 My (Chapman et al., 2021).

In the North Patagonian Cordillera, the oldest tonalitic to granodioritic units (401 ± 3 to 390 ± 5 Ma) present 
relatively low εHf (t) values (+2.3 to −14) (Hervé et al., 2016; Rapela et al., 2021; Serra-Varela et al., 2021). In 
contrast, the Lu-Hf isotopic zircons results of both metadiorite (CC66B) and diorite (PMB1) samples show a mixed 
mantle-crust source for the magmatism in the North Patagonian Massif. This mixture is reflected by the follow-
ing εHf pattern (Figures 4c and 5c): (a) Vertical appearance of εHf (t) values against U-Pb zircon ages (Scherer 
et al., 2007); (b) Within a single sample differences in εHf (t) values close to 10 units (Hawkesworth et al., 2010; 
Kemp et al., 2007); (c) All Hf-isotopic results plot below the depleted mantle curve (Kröner et al., 2014; Wang 
et al., 2009). Although it is necessary to employ more isotopic data, our results in the North Patagonian Massif 
show mainly positive εHf values inboard the continent at around 390 and 380 Ma at 40–41°S. In addition, these 
results are partially overlapped with those of the Coastal Cordillera and exhibit a relatively significant juvenile input 
recorded by the εHf and εNd versus U-Pb crystallization age diagram (Figure 6a). Based on these regional patterns, 
it is possible to suggest a progressive increment of mantle source participation through the early middle Devonian 
magmatism evolution in the northwestern Patagonia region resulting from widespread crustal extension, not only in 
the Coastal Cordillera but also in the northwestern section of North Patagonian Massif. Although suprachondritic 
or nearly chondritic εHf values persist until late Devonian times, the isotopic trend shows a negative trend from 
the middle to late Devonian periods, indicating a gradual transition toward more crustal compositions (Figure 6a).

6.3. Hafnium Model Ages

Though Lu-Hf and Sm-Nd isotopes have been proved as a sensitive tool to define mantle and crust contributions 
in magmatic sources and their tectonic significance (e.g., Belousova et al., 2006; Hawkesworth et al., 2019; Iizuka 
et al., 2005, 2017), the quantification of mantellic and crustal inputs is a difficult task, mainly due to multiple processes 
that may lead to the same bulk isotopic signal. For instance, the crustal contribution may arise from crustal anatexis or 
assimilation after the emplacement of a mantle-derived magma. In turn, the latter may have incorporated subducted 
sediments, which may modify its juvenile depleted signal (e.g., Nebel et al., 2011; Roberts & Spencer, 2015). There-
fore, crustal model ages have to be considered only an approximation of the contribution of recycled continental crust, 
instead of an absolute crustal source age. In particular, some of the Devonian magmatic units show crustal recycling 
evidenced, for example, by the presence of inherited zircons (e.g., CC66B and PMB1 samples; Figures 4 and 5).

The lack of pre-Paleozoic crust outcrops in western Patagonia encourages us to assess the Hf model ages in detail. 
Therefore, we obtain Hf model ages employing different  176Lu/ 177Hf ratios (Amelin et al., 1999; Chauvel et al., 2014; 
Condie et al., 2011; Griffin et al., 2002; Pietranik et al., 2008) for Devonian magmatic samples (CC66B and PMB1; 
Tables S4 and S5 in Supporting Information S1), in order to avoid a bias induced by the selected  176Lu/ 177Hf ratio 
(e.g., bulk crust employed in most contributions). The Hf model age range obtained in this work is wider (Figures 4c 
and 5c) than previous model ages determined for the Devonian igneous northwestern Patagonian samples (Table S1 
in Supporting Information S1). Therefore, these results denote a wide range of Hf model ages that could be consid-
ered as an age crust estimation of the underlying, reworked basement of Devonian magmatism.

The dominance of subchondritic compositions and Mesoproterozoic Hf model ages of North Patagonian Cordil-
lera samples reinforce the significant role of recycled crust during Devonian magmatism, generally attributed to 
Mesoproterozoic lower crustal rocks (Rapela et al., 2021). There is, however, a general scatter of Paleo- to Meso-
proterozoic model ages, that may point to the presence of a complex late Mesoproterozoic basement, compris-
ing both metaigneous and metasedimentary rocks with variable isotopic compositions, that was significantly 
reworked during the middle-late Paleozoic (Oriolo et al., 2023). The latter is particularly evident by metased-
imentary wall rocks of Devonian intrusions, that underwent assimilation and/or anatexis (Hervé et  al.,  2018; 
Serra-Varela et al., 2019). In contrast, suprachondritic compositions and younger Hf model ages obtained for 
the Coastal Cordillera samples denote a large input of juvenile Devonian mantle-derived magmatism (Rapela 
et al., 2021). Though previously reported Lu-Hf data in the North Patagonian Massif revealed isotopic composi-
tions similar to those of the North Patagonian Cordillera (Rapela et al., 2021), samples CC66B and PMB1 also 
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show relatively juvenile contributions inboard and rather young Hf model ages with minor crustal reworking 
(Figure 6b).

6.4. Devonian to Early Carboniferous Tectonic-Magmatic Evolution in Northwestern Patagonia

Accretionary orogens along the southwestern Gondwana margin were simultaneously active with Eastern Gond-
wana counterparts during the Paleozoic development of the Terra Australis orogen (Cawood & Buchan, 2007). 

Figure 6. Devonian-early Carboniferous geochronologic and isotopic record of northwestern Patagonia. (a) Plots of εHf and εNd versus U-Pb zircon age showing 
positive isotopic trends during early middle Devonian (400-380 Ma) and negative during late Devonian times (ca. 380–360 Ma). (b) Bulk crustal model ages (T cDM) 
against U-Pb zircon ages showing primarily Mesopreterozoic crustal model ages for the NPC, NPM and Neoproterozoic for the CC. (c) Crystallization igneous 
ages against outcrops distribution within west-east relative distances. Widespread magmatism for the early middle Devonian times linked to extensional regime is 
distinguishable from the late Devonian magmatic lull and early Carboniferous magmatic gap belonging to a contractional regime. This contactional regime was 
coetaneous with HP-MT metamorphism in the CC and MP-HT metamorphism in the NPC and NPM. The metamorphism thermochronological data (Table S1 in 
Supporting Information S1) are from: Linares et al. (1988), Dalla Salda et al. (1991), Varela et al. (1991), Franzese (1995), Duhart et al. (2001), Ostera et al. (2001), 
Lucassen et al. (2004), Varela et al. (2005), Pankhurst et al. (2006), Kato et al. (2008), López de Luchi et al. (2010), Martínez et al. (2012), Urraza et al. (2019), Renda 
et al. (2021), González and Giacosa (2022), and Rapela et al. (2022).
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The igneous-metamorphic basement of northwestern Patagonia shows a set of geologic features that might have 
evolved within advancing/contractional and retreating/extensional subduction tectonic settings during Devo-
nian to early Carboniferous times. Crystallization ages against the orthogonal distance from the trench offers 
an interesting tool to analyze the oceanic-continental crust evolution through time and space (e.g., Gianni & 
Pérez, 2021). Nevertheless, choosing a confident arc-trench distance in an ancient Paleozoic arc setting, as in the 
case of northwestern Patagonia, is a challenge. To employ a suitable paleogeographic framework, we thus eval-
uated the time-space evolution of the Devonian-early Carboniferous magmatism considering west-east relative 
distances between igneous outcrops to avoid arc-trench distance estimations. On the other hand, the εHf–εNd 
evolutionary trends were employed to differentiate and characterize contractional and extensional regime stages 
(Section 6.2). Furthermore, a comprehensive analysis incorporating P-T conditions, thermochronologic ages and 
a compiled structural database was employed to define coeval tectonometamorphic events (Figure 6c). This inte-
gral analysis shows two major stages.

The oldest stage is constrained to early middle Devonian times (∼400–380 Ma) and is likely characterized by 
an earlier normal subduction (ca. 400  Ma) that switched to a retreating subduction regime during the early 
middle Devonian (ca. 395–380 Ma). The earliest Devonian magmatism record in Patagonia belongs to tonalites 
of the North Patagonian Cordillera (401 ± 3 Ma; Pankhurst et al., 2006), which have an εHf range close to zero 
(Figures 1b, 6a, and 6c). Widespread magmatism encompassing several plutons distributed along ∼75,000 Km 2 
was subsequently developed (Figures 6c and 7a). This magmatic event (∼395–380 Ma) has variable isotopic 
signatures that correspond to specific arc segments (Figure 7a). Most of the Coastal Cordillera samples have 
very positive εHf values that indicate magmatism in an extensional forearc (Rapela et  al.,  2021). The other 
segment with dominantly positive εHf values corresponds to the northwestern area of the North Patagonian 
Massif, possibly corresponding to a back-arc segment. In contrast, the continental arc axis likely extended from 
the North Patagonian Cordillera to the southwestern extreme of the North Patagonian Massif region (e.g., Rapela 
et al., 2021; Serra-Varela et al., 2021). This last segment has mostly negative εHf values and hence denotes a 
larger contribution of crustal recycling than the aforementioned areas. The isotopic signature of the early middle 
Devonian tectonic segments thus indicates an extensional/retreating orogen stage, where thinned continental 
crust and mantle upwelling in forearc and backarc areas were triggered by steeply proto-Pacific slab subduction 
from early to middle Devonian times (∼395–380 Ma; Figure 7a).

The link between arc and back-arc magmatism and sedimentary record in northwestern Patagonia allow to 
consider at least two tectonic evolution scenarios. A Silurian passive margin sedimentation followed by an active 
continental margin evidenced by arc/back-arc Devonian magmatism is one possible tectonic evolutionary setting 
(e.g., Serra-Varela et al., 2020). On the other hand, the back-arc basin could be filled with sediments at an earlier 
stage (Silurian), and then was followed by Devonian arc/back arc magmatism developed within an extensional 
regime. This last model could explain the brief lapse of time between maximum depositation ages (∼440 Ma) and 
the beginning of the Devonian magmatism (∼400 Ma). Nonetheless, further data on metasedimentary rocks that 
constitute the wall-rocks of Devonian magmatism are required to evaluate these hypotheses.

The first evolutionary stage of our geodynamic model fits well with an extensional regime. The new results and 
the geodynamic reconstruction of the extensional regime contrast with the Chilenia continent collision model 
proposed for the early middle Devonian period (Martínez et al., 2012). Additionally, a difference between our 
model and that of Rapela et al. (2021) is related to a larger and more widespread lithospheric extensional setting. 
Previous proposals considered juvenile rocks of the coastal Cordillera as an evidence of the Chaitenia island arc 
(Hervé et al., 2016; Rapela et al., 2021). In this regard, our results indicate that the extensional stage not only 
affected the forearc but also the retroarc continental area, giving rise to juvenile back-arc magmatism as well, 
and thus enhancing the single subduction zone proposed recently by Oriolo et al. (2023) for the early middle 
Devonian.

The second stage is linked to a contractional regime that started by the late Devonian and progressed through late 
Paleozoic times (Figures 7b and 7c). A magmatic lull period could be distinguished for the very late Devonian 
stage, where igneous units developed a negative εHf trend with respect to the older igneous units (Figures 6a 
and 7b). This regional magmatic lull period might be linked to a rather shallow oceanic slab subduction setting 
(e.g., Gianni & Pérez,  2021; Zhang et  al.,  2019). In addition, this period is characterized by some thermo-
chronologic records between 39° and 42°S which are linked to HP-MT eclogite-amphibolite metamorphism 
registered near to the paleo-trench in the Coastal Cordillera (Kato et al., 2008) and MP-MT/HT metamorphic 
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conditions mainly recorded in the western North Patagonian Massif (Cerredo, 1997; Lucassen et al., 2004; Renda 
et al., 2021). This event could tentatively be the first tectonic-metamorphic event linked to an earlier foliation 
preserved as inclusion in porphyroblasts in the North Patagonian Cordillera and North Patagonian Massif (e.g., 
López de Luchi et al., 2010). However, further detailed petrochronologic studies are necessary to constrain the 
timing of this first tectonic-metamorphic event. Considering all these evolutionary patterns, it is possible to 
suggest a gradual tectonic switch from a retreating (early middle Devonian) to the beginning of an advancing 
regime (late Devonian) (Figures 7a and 7b). This earlier timing of the contractional stage contrasts with models 
that constrained the advancing orogen or collisional setting only after the late Devonian (e.g., Marcos et al., 2020; 
Oriolo et al., 2023; Pankhurst et al., 2006).

The early Carboniferous stage comprises a large magmatic gap in northwestern Patagonia (∼30 My) that was 
subsequently interrupted by the protracted Gondwanide magmatism (∼335–250 Ma; Oriolo et al., 2023) together 
with regional high- to medium-grade metamorphism and NW-SE metamorphic fabric development (e.g., Duhart 

Figure 7. Sketch maps and block diagrams of the Devonian to early Carboniferous northwestern Patagonia geotectonic evolution. (a) Early middle Devonian 
widespread magmatism developed within extensional regime, where the forearc (CC) and backarc (northwestern part of the NPM) magmatism have positive εHf 
compared to the main arc encompassing the north part of NPC and southwest of the NPM. (b) Restricted magmatism production related to a regional magmatic 
lull coeval with the earliest thermochronological evidence of the late Devonian metamorphism. (c) Magmatic gap (∼30 My) and the beginning of the regional 
metamorphism in northwestern Patagonia during the early Carboniferous.
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et al., 2001; Hervé et al., 1990; Marcos et al., 2020). This geodynamic framework of the second stage suggests a 
protracted contractional regime that progressed since the late Devonian and reached its peak during late Carbon-
iferous to early Permian times (Figures 7b and 7c).

Although the development and subsequent accretion of the Chaitenia island-arc (Hervé et  al.,  2016; Rapela 
et al., 2021; Figure 1a) may represent the Devonian to early- Carboniferous geodynamic evolution, our results and 
analysis indicate that changes from extensional to contractional regime could be explained by steepness variations 
of the subducted slab (Figure 7). This model is closely related to recent geodynamic reconstruction for the late 
Paleozoic (e.g., Falco et al., 2022; Marcos et al., 2020; Oriolo et al., 2019, 2023). In this configuration, the pres-
ence of contemporaneous, paired metamorphic belts, with high-pressure metamorphism prevailing in the forearc 
and regional high-temperature metamorphism developing in the arc and back-arc region, documents the typical 
metamorphic architecture of an accretionary orogen (Brown, 2006, 2009).

6.5. Contrasting Devonian—Early Carboniferous Tectonic Setting in Southern South America

The Devonian-early Carboniferous magmatic rocks crop out not only in the Patagonia region but also further 
the northern basement areas of the southern South America (Figure  1a). In this work, we refer to the area 
between 27°30´ and 37°30´ S as the northern segment, which groups all of the Devonian-early Carbonifer-
ous magmatic rocks in the Coastal Cordillera, Principal Cordillera, Frontal Cordillera, Precordillera, Famatina 
Range, Pampean Ranges, and San Rafael Block. Diverse Paleozoic geotectonic models propose the presence 
of allochthonous-parautochthonous terranes named Cuyania (Ramos et  al.,  1986) and Chilenia (e.g., Boedo 
et al., 2016; Willner et al., 2023) encompassing the central-eastern region of the northern segment, while the 
basement placed at the western edge was named as Accretionary Complex (e.g., Hyppolito et al., 2014; Willner 
et al., 2004) (Figures 1a and 8). The geochronologic and isotopic record (Table S1 in Supporting Information S1), 
together with the tectonic-metamorphic, and thermochronologic data (Table S6 in Supporting Information S1) 
of the northern segment, denote a contrasting Devonian-early Carboniferous evolution respect to northwestern 
Patagonia.

A few negative εHf values (−16 to −5.4) and εNd close to zero (−6 to 0.1) in the early Devonian (413 ± 2 to 
401 ± 4 Ma) magmatic rocks of the Frontal Cordillera and San Rafael Block may be linked to mixing of a mantle 
source with a recycled crustal component (Table S1 in Supporting Information S1; Dahlquist et al., 2020; Cingolani 
et al., 2017). The closure of the Neoproterozoic-Cambrian basin filled by sediments and volcanic-subvolcanic 
basic rocks belonging to the Guarguaraz Complex was contemporaneous with this active continental arc magma-
tism (López & Gregori, 2004) and triggered a high-pressure metamorphism in the Frontal Cordillera (Massonne 
& Calderón, 2008; Willner et al., 2011). The Devonian crustal shortening and thickening processes were asso-
ciated with reverse shearing along older, reactivated shear zones and low-medium grade metamorphism in the 
Pampean Ranges (e.g., Garber et al., 2014; Ramos et al., 1998; Steenken et al., 2010). These tectonomagmatic 
and metamorphic patterns are compatible with a contractional tectonic regime (Figures 8a and 8b).

There are contrasting proposal regarding the geodynamic mechanism responsible of this contractional stage. The 
geologic record allows to consider a continental collision at 390 Ma of the Chilenia terrane (Frontal Cordillera) 
against the Cuyania terrane (Precordillera) (Boedo et al., 2021; Willner et al., 2011) and then an accretionary 
orogen evolution during the late Paleozoic (Willner et al., 2005, 2008, 2011). However, alternative tectonic recon-
structions propose that Devonian - early Carboniferous period evolved within an accretionary orogeny, where 
tectonomagmatic and metamorphic evolution were linked to an advancing stage (Dahlquist et al., 2021; López 
& Gregori, 2004). Although the tectonic evolution is still a subject of debate and out of the scope of this contri-
bution, evidence of a contractional regional setting during the Devonian period seems to be out of discussion.

The contractional setting of the northern segment contrasts with the extensional tectonic regime that prevailed in 
northwestern Patagonia during the early middle Devonian period (Section 6.4). This opposing behavior is possibly 
related to an along-strike segmentation of the margin, in line with previous proposals (e.g., Heredia et al., 2016; 
Hervé et al., 2016), where the contractional setting in the northern segment could be triggered by Chilenia terrane 
collision (e.g., Willner et al., 2011) or shallow subduction (e.g., Dahlquist et al., 2021). In contrast, the exten-
sional/retreating regime in northwestern Patagonia was controlled by steep subduction (Figure 8a). A transitional 
late Devonian stage is characterized by the beginning of a contractional regime in northwestern Patagonia and a 
contractional regime ending in part of the northern segment which is linked to an inboard magmatism migration 
toward the Pampean Ranges (Dahlquist et al., 2021) (Figure 8b).
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The early Carboniferous period also shows contrasting configurations between the northern segment and north-
western Patagonia. In northwestern Patagonia, the main stage of advancing regime is likely related to a shallower 
oceanic subduction slab (Figures 7c and 8c), which triggered the early- Carboniferous magmatic gap (Renda 
et al., 2021). On the other hand, the northern segment exhibits a latitudinal segmentation (Figure 8c). A wide-
spread early Carboniferous magmatic episode with positive εNd trend is likely associated with an extensional 
setting recorded between 28° and 32°S (Figure 8c; Alasino et al., 2012). In contrast, the section between 32° and 
35°S is characterized by the absence of magmatic records, basement exhumation, and reverse brittle-ductile shear 
zones in the Pampean Range, Frontal Cordillera and San Rafael Block (e.g., Bense et al., 2014, 2017; Löbens 
et al., 2017). Additionally, early Carboniferous high-pressure metamorphism developed in the Coastal Cordillera 
close to 34°S (Hyppolito et al., 2014). These geologic features from 32° to 35° south latitude allow to suggest a 
contractional regime for this area (Figure 8c).

7. Conclusion
New U-Pb and Lu-Hf zircons analyses in diorite igneous and metaigneous samples of the western North Pata-
gonian Massif denotes juvenile input and subordinate crustal recycling in magmatic sources of rocks yielding 
crystallization ages of ca. 390–380 Ma. Taking into account contemporaneous igneous rocks in the North Patago-
nian Cordillera and Coastal Cordillera, results show a thinned continental crust linked to a retreating accretionary 
orogen. Furthermore, they suggest that the extensional lithospheric process was not restricted only to the Coastal 
Cordillera, as previously suggested, but also occurred in the back-arc region during the Lower to Middle Devo-
nian (390–380 Ma).

An integrated analysis of the geochronologic, isotopic, P-T, thermochronologic, and structural data of the north-
western Patagonia basement allows differentiation of two stages with contrasting tectonic configurations in the 
accretionary orogen. During the early middle Devonian, an extensional/retreating regime was mainly evidenced 
by widespread magmatism occurring between 395 and 380 Ma and a positive trend in εHf-εNd values linked to 

Figure 8. Sketch maps showing strike-segmented Devonian to early Carboniferous contrasting evolutions in southern South America. (a) Early middle Devonian 
extensional stage in northwestern Patagonia contrast with the contractional stage in the northern segment triggered by the Chilenia terrane collision or an advancing 
orogen regime. (b) Transitional late Devonian stage where inboard magmatism migration in the northern segment and earliest tectonic-metamorphic event in 
northwestern Patagonia denotes a contractional regime. (c) The early Carboniferous magmatism denotes a switch from contractional (Devonian) to extensional 
regime (early Carboniferous) in the north section of the northern segment (28°–32°S), while the southern section continued within a contractional setting. The 
zircon crystallization ages of the Devonian—early Carboniferous igneous units of the northern segment are from: Dorais et al. (1997), Stuart-Smith et al. (1999), 
Cingolani et al. (2003, 2017), Siegesmund et al. (2004), Rapela et al. (2008), Alasino et al. (2012, 2017), Dahlquist et al. (2013, 2014, 2019, 2020, 2021), Tickyj 
et al. (2015, 2017), Morosini et al. (2017), López de Luchi et al. (2017), Morales Cámera et al. (2018, 2020).
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mantle upwelling in the forearc and back-arc. Subsequently, a period of reduced magmatic activity and a negative 
trend in εHf-εNd values likely indicate a distinct tectonometamorphic event, which may have marked the transi-
tion from a retreating to an advancing subduction orogen by the late Devonian. This contractional regime reached 
its peak during the Carboniferous to Lower Permian.

In southern South America, Devonian to early Carboniferous magmatic rocks crop out not only in the Patagonian 
region but also within a northern segment between 27°30′ and 37°30′S. The basement geologic record of the 
northern segment shows major discrepancies in tectonic regime compared to those of northwestern Patagonia. In 
this sense, the Devonian period is characterized by a contractional regime linked to the collision of the Chilenia 
terrane against the Gondwana margin (Willner et al., 2011) or an advancing orogen (Dahlquist et al., 2021) in the 
northern segment, thus contrasting with northwestern Patagonia, where an extensional retreating orogen prevails 
during the early middle Devonian. The second stage corresponds to the early Carboniferous, which exhibits an 
extensional configuration in the northern outcrops of the northern segment, while contractional setting in the 
Patagonia region triggered by shallow subduction.

Data Availability Statement
All data and software used in the manuscript are available in the text, figures, and Supporting Information S1 
(Text S1 and Tables S1–S6) and can be found at https://data.mendeley.com/.
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