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ABSTRACT
The geologic evolution of the Gondwanide orogen recorded during the late Palaeozoic along the 
Panthalassan border of Gondwana is related to an active continental margin, though it is still 
debatable whether it was built by collision or accretion. To disentangle its orogenic processes and 
provide constraints on the orogen type, we characterize the physicochemical conditions of 
metamorphism and associated deformation of the Mina Gonzalito Metamorphic Complex from 
northern Patagonia (41°28’30” S-65°40’30” W). New field mapping and comprehensive petrochro-
nologic analysis constrain the evolution of a thick-skinned fold and thrust belt in a retroarc setting, 
which is spatially and temporally related to the geometry and kinematics of the right-lateral 
reverse El Jagüelito ductile shear zone. Metamorphic evolution resulted in a clockwise P‐T‐ 
t-D path reflecting three stages of continuously changing P-T conditions under high-pressure 
(8.0–9.9 kbar) amphibolite facies (540–680°C) during a single-phase progressive ductile deforma-
tion event. Monazite ages ranging from 303 ± 5 to 252 ± 6 Ma account for the single-phase regional 
tectono-metamorphic event spanning ~ 50 My. Our results, integrated with regional data, led to 
interpreting the late Palaeozoic Gondwanide orogen developed along the Panthalassan margin of 
Gondwana as accretionary in advancing-mode.
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Introduction

The pre-Carboniferous crystalline basement of central- 
northern Patagonia involved in the late Palaeozoic 
Gondwanide orogen follows NW-SE trending belt between 
39°S-72°W and 44°S-68°W, along the Panthalassan (SW 
Palaeo-Pacific) margin of Gondwana (Figure 1(a,b)). This 
basement comprises low- to high-grade metamorphic 
rocks with polyphase deformation and subduction-related 
granitoid plutons. U-Pb zircon, geochemical, and isotopic 
data led to magmatism distribution episodically within 
Devonian, Carboniferous, and Permian (Varela et al. 2005,  
2014; Pankhurst et al. 2006, 2014; Hervé et al. 2018; Gregori 
et al. 2021; Rapela et al. 2024). The tectono-metamorphic 
processes are regional, alternating with lulls of magmatic 
activity (Renda et al. 2021; Falco et al. 2022; Marcos et al.  
2023; Oriolo et al. 2023). Either a terrane collision or accre-
tion linked to transpression related to advancing-retreating 
subduction built the Gondwanide orogen (see below geo-
tectonic models).

Despite its importance for assessing the nature of the 
Gondwanide orogen in Patagonia, robust constraints on 
physical conditions and the timing of tectono- 
metamorphic events are scarce. Since the interpretation 
of geochronological data is not straightforward, inde-
pendent lines of evidence are required to evaluate radio-
metric data regarding geologically meaningful ages, 
particularly for complexly deformed metamorphic 
rocks. Field geologic and structural data combined with 
microstructural information are also crucial, providing 
unique constraints for reconstructing regional tectono- 
metamorphic processes (Bosse and Villa 2019; Oriolo 
et al. 2022). Monazite petrochronology is vital to deter-
mining the age of orogenic processes, as well as its 
chemical and isotopic composition help disentangle 
complex zonation patterns and the presence of different 
populations arising from various igneous and meta-
morphic events (Engi 2017; Schulz 2021).

The focus of this contribution is to characterize the 
metamorphic conditions and associated deformational 
structures of the Gondwanide crystalline basement from 
northern Patagonia (41°28’30” S-65°40’30” W, Figure 1(b)). 
New structural, microstructural, petrologic, and electron 
probe microanalysis Th‐U‐Pb monazite data from schists 
constrain its P‐T‐t-D path. Based on these results, we pre-
sent a revised scheme for the regional evolution of the 
Gondwanide orogen in South America, providing insights 
into the coupled evolution of the late Palaeozoic rocks. We 
also review and evaluate the implications of the possible 
geotectonic scenarios of this orogen along the 
Panthalassan Gondwana margin, especially concerning 
crustal thickening resulting from either a terrane collision 
or subduction-related accretionary processes.

Geologic setting

The Gondwanide orogen is a late Palaeozoic-Early Triassic 
Andean-type continental mountain chain developed along 
the Panthalassan Gondwana margin from South America 
to Eastern Australia, encompassing South Africa, Malvinas 
Islands, Ellsworth-Whitmore Mountains, Antarctic 
Peninsula, Transantarctic Mountains, and Zealandia (e.g. 
López-Gamundí and Rossello 1998; Trouw and de Wit  
1999). The orogenic belt would have been contiguous 
and collinear before the dispersal of Gondwana into con-
tinental fragments since the Late Triassic-Early Jurassic. It 
integrated the final stages of the Terra Australis orogen, 
which was part of the more extended (~18000 km long) 
and protracted (Neoproterozoic-Permian) active continen-
tal margin known along the western Gondwana border 
(Cawood 2005). The supercontinent interior recorded oro-
genic activity related to basin formation, tectono- 
metamorphic processes, and magmatism development 
up to ~1300 km inboard of the inferred continental margin 
located southward (Figure 1(a), Trouw and de Wit 1999).

The orogen involved the late Palaeozoic sediments of 
the foreland ‘Samfrau Geosyncline’ basin (Du Toit 1927). 
The ‘Gondwanide Foldings’ (Du Toit 1937) describe the 
Gondwanide deformation of the Samfrau Geosyncline 
consisting of asymmetric folding, thrusting, and clea-
vage formation along and across the orogen. This con-
tinental-scale Gondwanide fold-thrust belt system 
includes segments preserved in the Sierra de la 
Ventana in South America, the Cape Belt of South 
Africa, Malvinas Islands, Ellsworth-Whitmore and 
Pensacola Mountains of West Antarctica, and New 
England in Australia, among others (e.g. López- 
Gamundí and Rossello 1998; Trouw and de Wit 1999).

The extensive intermediate to acid Choiyoi Magmatic 
Province accompanies the fold-thrust belt system to the 
west along the continental margin, representing the 
Gondwanide arc magmatism (Figure 1(a); Kay et al.  
1989; Sato et al. 2015). The Choiyoi volcanism is gener-
ally regarded as the source for the widespread ash fall 
deposits interlayered in sedimentary sequences of the 
coeval retroarc, foreland, and intracontinental basins 
(Samfrau Geosyncline), such as the adjacent Sauce 
Grande, Paraná and, Karroo basins, among others 
(Rocha-Campos et al. 2011; Sato et al. 2015).

The South American segment of the Gondwanide 
orogen

The Gondwanide orogen in South America is widely 
distributed in the western region of Argentina and 
Chile, being parallel to the present-day N-S trending 
Andean chain north of 36°S latitude, overprinting pre- 
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Figure 1. (a) Guadalupian tectonic setting of the southwestern Gondwana margin and palaeogeographic location of Patagonia, 
adapted from Lawver et al. (1998). Data of Permian regional metamorphism: 1. Río de la Plata Craton, telodiagenesis: 254 Ma (Zalba 
et al. 2007). 2. Ventana, ankizone (NE region): 282–260 Ma. 3. Ventana, low-greenschist facies (SW region): 282–260 Ma (Varela et al.  
1985; von Gosen et al. 1991). 4. Cerro Los Viejos, amphibolite facies: 265–260 Ma (Tickyj et al. 1997). 5. Coastal Cordillera, paired 
metamorphic belt: HP-LT (Western Series), 350–400°C/7–11 kbar, 319–292 Ma and LP-HT (Eastern Series), 3 kbar, 301–296 Ma (Martin 
et al. 1999; Willner et al. 2005, 2009). 6. Limón Verde, northern Chile: HP-HT, 660–720°C/13 ± 1 kbar, ~270 Ma (Lucassen et al. 1999). 7. 
Bariloche, high-P/high-T (11 kbar-650°C): 302 & 299 Ma (Oriolo et al. 2019). 8. Arroyo Salado, HP-amphibolite facies: 303–252 Ma (this 
study). 9. Tierra del Fuego, high-amphibolite/granulite facies (730–770°C/2–3 kbar): 268 Ma (Hervé et al. 2010). 10. South Africa, low- 
greenschist facies; 350°C/2.5 kbar (S) to 210°C/~1.5 kbar (N): 255–253 Ma (Blewett and Phillips 2016; Blewett et al. 2019). 11. Ellsworth 
Mts, burial-laumontite facies: Permian, sl (Castle and Craddock 1975). 12. Eastern Graham Land, amphibolite facies (588°C/7.4 kbar- 
735°C/6.4 kbar): c. 280 & 258 Ma. 13. Horseshoe Island, high-grade: c. 270 Ma. 14. Mount Charity-Orion massif, amphibolite facies 
(677°C/4.6 kbar): 259–257 Ma (12–14: Wendt et al. 2008 and references therein). 15. Brook Street Terrane: prehnite-pumpellyite to 
greenschist facies: Late Permian, sl. 16. Nambucca Block, Eastern Australia, high-T/low-P: 300–290 Ma (Shaanan et al. 2014). 17. 
Wandilla Province, Coastal Sub-Province (Australia), high-T/low-P: 275–270 Ma. 18. Connors-Auburn sub-provinces, high-T/low-P: 
300–290 Ma (15–18: Jessop et al. 2020). HF: Huincul Fault zone; DL: Deseado Lineament; MFF: Magallanes-Fagnano Fault. (b) Location 
of the Arroyo Salado study area in northern Patagonia’s late Palaeozoic geodynamic setting. See references for the geochronological 
data in Table S5 of the SOM. TD: telodiagenesis, ANK: anchizone, LGF: low-greenschist facies, AF: amphibolite facies.
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Carboniferous rocks with brittle deformation (Figure 1 
(b)). According to Sato et al. (2015), three stages char-
acterize the arc magmatism of the Choiyoi Province at 
these latitudes: (1) pre-Choiyoi orogenic (>286 Ma), (2) 
the main Choiyoi (286–247 Ma), and (3) post-Choiyoi 
extension-related (<247 Ma). This magmatic evolution 
is intimately associated with the Early Permian San 
Rafael orogenic phase at the base, which causes the 
folding and brittle thrusting without metamorphism of 
pre-Permian rocks, and the Triassic Huarpica extensional 
phase towards the top (e.g. Kleiman and Japas 2009; 
Sato et al. 2015).

South of 36°S, the Gondwanide orogen has an east- 
southeastward shift and expansion, spreading towards 
two extensive regions separated by the Huincul Fault 
zone: the northern area, encompassing the Las Matras 
Block, the Chadileuvú Block, and the Sierra de la 
Ventana; and the southern area in central-north 
Patagonia (Figure 1(b)). In the former, the Choiyoi mag-
matism reaches the SW border of the Rio de la Plata 
Craton at López Lecube, and is also recognized in the 
subsurface, as part of the pre-rift rocks covered by the 
syn-rift sedimentary fills of the Late Triassic-Early Jurassic 
basins (Llambias et al. 2003 and references therein). The 
Permian deformation is brittle-ductile to ductile and 
occurs along with low-to-high grade metamorphism, 
thus involving deeper crustal levels than rocks north of 
36°S. Therefore, establishing a strict correlation with the 
San Rafael phase is unlikely. Key localities with pre- 
Carboniferous basement rocks extend along a NW-SE 
striking belt of about 500 km long and 300 km wide, 
encompassing the SW border of the Río de la Plata 
Craton and bounded by the Huincul Fault zone to the 
south (Figure 1(b)). Cratonward, from Cerro Los Viejos to 
Sierra de la Ventana, the orogen records a Permian NE- 
verging folding and thrusting of Palaeozoic strata, where 
the Sauce Grande foreland basin developed contempor-
aneously. Folding and thrusting are accompanied by 
a dextral component of strike-slip deformation, thus 
documenting a bulk dextral transpressional regime for 
the belt (Cobbold et al. 1991; Ballivián Justiniano et al.  
2023). In the Sierra de la Ventana fold-and-thrust belt, 
the metamorphic grade involving different structural 
levels increases towards the southwest, varying from 
anchizone with brittle deformation in the northeastern 
part to low-greenschist facies and brittle-ductile defor-
mation in the southwestern part (von Gosen et al. 1991; 
López-Gamundí and Rossello 1998). Further southwest, 
amphibolite facies metamorphism and ductile deforma-
tion are documented at Cerro Los Viejos (Tickyj et al.  
1997; Figure 1(b)). Ar-Ar and K-Ar ages of metamorph-
ism-deformation are in the range of 282–260 Ma (Varela 
et al. 1985; von Gosen et al. 1991) for Sierra de la 

Ventana, and 265–260 Ma for Cerro Los Viejos (Tickyj 
et al. 1997). In addition, the Neoproterozoic-Early 
Palaeozoic sedimentary cover of the Río de la Plata 
Craton records far-field Gondwanide telodiagenesis at 
254 ± 7 Ma (K-Ar alunite, Zalba et al. 2007).

In central-northern Patagonia (39°–44°S), the 
Gondwanide tectono-metamorphic event and asso-
ciated Choiyoi magmatism have a regional distribution 
along a NW-SE trending 400 km wide belt bounded by 
the Huincul Fault zone to the north and the Late 
Palaeozoic forearc Tepuel Basin to the southwest. 
Petrochronologic, structural, and stratigraphic evidence 
indicates that the Gondwanide orogeny represents 
the second event affecting the pre-Carboniferous 
igneous-metamorphic basement of this region after 
widespread Early- to Middle Palaeozoic orogenic pro-
cesses (e.g. Llambias et al. 2002; Basei et al. 2002; von 
Gosen 2002, 2003, 2009; Gregori et al. 2008; Marcos et al.  
2018; Renda et al. 2021; Oriolo et al. 2023). Permian 
deformation and metamorphism (Giacosa 1994, 2001) 
reworked pre-Carboniferous NW-SE-trending basement 
fabrics formed during the Ordovician Transpatagonian 
orogeny (González et al. 2021). Pre- and post-orogenic 
granitoids are interpreted concerning the Permian 
deformation (González and Giacosa 2021).

S- to SW-directed late Palaeozoic thrusting along 
mylonitic belts affected the basement in localities of 
central-northern Patagonia such as Yaminué-Valcheta 
(Figure 1(b), Chernicoff and Caminos 1996; von Gosen  
2003; Greco et al. 2017), Las Grutas, and Mina Gonzalito 
areas (Giacosa 1994, 2001; von Gosen 2002; González 
et al. 2008a, 2008b). On a regional scale, thrusting and 
mylonitic belts are comparable to the Cerro de Los 
Viejos-Sierra de la Ventana fold-and-thrust belt but 
with an opposite structural vergence. Transpression 
occurred to the north and south of the Huincul Fault 
zone, thus leading to the double-verging character of 
the Gondwanide orogeny. Within this structural frame-
work, this fault zone is a cluster of parallel faults with 
prolonged motion along which the central-northern 
Patagonian crust was relatively displaced from 
Gondwana South America (e.g. von Gosen 2002; 
Gregori et al. 2008).

Geotectonic models for the Gondwanide orogen

Two geotectonic settings have been proposed for the 
late Palaeozoic Gondwanide orogen along the 
Panthalassan margin of Patagonia. In the first scenario, 
the orogeny is the result of plate convergence develop-
ing a subduction zone with a wide Andean-type mag-
matic arc to the southwest of the Sierra de la Ventana, 
including its fore-arc region and the retroarc foreland 
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(Dalziel and Grunow 1992; López-Gamundí and Rossello  
1998), documenting bulk dextral transpression (Cobbold 
et al. 1991; Ballivián Justiniano et al. 2023). The develop-
ment of an advancing orogen with crustal shortening 
resulted from slab shallowing, with the subsequent 
maturation and stabilization of the Patagonian continen-
tal crust due to widespread magmatism and crustal 
thickening by progressively increase in the reworking 
of pre-Carboniferous crustal components. This non- 
collisional model favours an in situ middle-late 
Palaeozoic crustal growth of Patagonia during changing 
dynamics of an accretionary orogen (Marcos et al. 2018,  
2020; Suárez et al. 2019; Oriolo et al. 2019, 2023; Renda 
et al. 2021).

The second tectonic scenario proposes the collision of 
Patagonia as a separate terrane with the SW Gondwana 
border (Ramos 1984; von Gosen 2002, 2003, 2009; 
Pankhurst et al. 2006). This model assumes a subduction 
zone dipping southwestwards under Patagonia (Ramos  
1984, 2008) to account for the late Palaeozoic subduction- 
related and syn-collisional magmatism (Pankhurst et al.  
2006) recorded along the northern margin of this block, 
together with the progressive ocean closing and final 
amalgamation of the Patagonia continental block against 
Gondwana. According to this model, the suture along the 
Huincul Fault zone cannot be directly observed because 
younger sediments cover the area (Figure 1(b); e.g. Ramos  
1984). The relatively low metamorphic grade in the fore-
land region argues against the collision of a major crustal 
block. Alternatively, very-low- to low-grade metamorph-
ism and deformation in the foreland were interpreted as 
the result of an intraplate reactivation of the boundary 
between the Río de la Plata Craton and the Sierra de la 
Ventana basement (Christiansen et al. 2021). Though pos-
sible, regional evidence rather favours a wide Andean- 
type belt with a retroarc compression more than 
a continental collision (Trouw and de Wit 1999; Cawood  
2005; Oriolo et al. 2023). Furthermore, palaeomagnetic 
and palaeogeographic reconstructions refute rather than 
confirm Patagonia as an allochthonous block (e.g. Rapalini  
1998; López-Gamundí and Rossello 1998).

Geologic framework of the study area

The basement in the Arroyo Salado study area is the 
Mina Gonzalito Metamorphic Complex (MGMC), consist-
ing of alternating schist, paragneiss, amphibolite, and 
dolomitic marble beds without migmatite intercalations. 
A mean 87Sr/86Sr value of 0.707354 ± 0.000113 of mar-
bles indicates a Middle Cambrian sedimentation age for 
the calcareous protolith (Varela et al. 2014). A granitic 
orthogneiss of possible Palaeozoic age containing 

inclusions of schists is also intercalated in the high- 
grade rock succession (Figure 2).

The complex underwent a polyphase tectono- 
metamorphic evolution separated into at least two dis-
tinct events (Giacosa 1994, 2001; von Gosen 2003). 
According to U-Pb detrital zircon data from the Mina 
Gonzalito area, located further northwest of the study 
area (Figure 1(b)), the meta-clastic protolith deposition is 
also Cambrian, while high-grade metamorphism and 
ductile deformation occurred in the Ordovician 
(Pankhurst et al. 2006; Varela et al. 2011; Greco et al.  
2014), thus documenting the first event forming the NW- 
SE fabric on the complex during the Transpatagonian 
orogeny (González et al. 2018; González and Giacosa  
2021).

The structures of the second event are the El Jagüelito 
ductile shear zone and the Arroyo Salado antiform, which 
overprint previous fabrics (Giacosa 1994, 2001, Figure 2). 
The shear zone juxtaposed the basement of the MGMC 
against the Peñas Blancas Granite, containing septums of 
hornfels, phyllites, and schists of the El Jagüelito 
Formation to the west (Giacosa 1994, 2001; von Gosen  
2003). Based on the Cambrian sedimentation age and the 
Ordovician tectono-metamorphic evolution (González 
et al. 2018), the El Jagüelito Formation has been consid-
ered the low- to medium-grade metamorphic equivalent 
of the high-grade MGMC (Giacosa 1994).

According to Giacosa (2001), the mylonitic foliation is 
NW-SE- to NNW-SSE-trending with moderate dips 
towards the NE-ENE, and the mylonitic lineation is sub- 
horizontal to gently plunging to the N-NE. Kinematic 
indicators point to right-lateral reverse shearing. Based 
on primary stratigraphic features and structural data, 
Giacosa (1994, 2001) suggested that ductile shearing 
and the Arroyo Salado antiform development likely 
occurred during the late Palaeozoic Gondwanide oro-
geny during ~NE-SW compression associated with dex-
tral transpression, overprinting the Ordovician fabric. 
The post-Ordovician age of ductile shearing agrees 
with the intrusive feature of the Peñas Blancas Granite 
into the Cambrian El Jagüelito Formation and their U-Pb 
zircon 471 ± 2.8 Ma crystallization age (García et al.  
2014). TIMS U-Pb zircon and Rb-Sr data further point to 
a Permian age of the second tectono-metamorphic 
event regionally affecting the MGMC (Basei et al. 2005; 
Varela et al. 2011).

Analytical methods and samples

We carried out field mapping and mesoscopic structural 
and metamorphic analysis in basement exposures along 
the Arroyo Salado Creek area in the North Patagonian 
Massif (Figure 1(b)). We collected a set of samples for 
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microstructural, geochronologic, and thermobarometric 
constraints. Electron probe microanalyses (EPMA) of gar-
net, plagioclase, white mica, and biotite, used for conven-
tional thermobarometry and multivariant equilibrium, 
were applied in two samples of schists (SG09–27 and 
SG09–30) to quantify pressure‐temperature metamorphic 
conditions. Conventional pressure estimations were 
obtained with the garnet‐biotite‐muscovite‐plagioclase 
barometer (Wu 2015), whereas temperature was calcu-
lated using a garnet‐biotite thermometer (Holdaway  
2000). A minimum error of ±50°C and ±1 kbar has to be 
considered for each equilibrium calculation. Likewise, the 
TWQ software package (Berman 1991) was employed for 

further P-T calculations, using solid solution models of 
Berman and Aranovich (1996), Berman (2007), Fuhrman 
and Lindsley (1988), and Chatterjee and Froese (1975) for 
garnet, biotite, plagioclase, and muscovite, respectively. 
The H2O activity used was 1.

We also identified and located monazites by SEM- 
based automated mineralogy of three schist samples 
(SG09–27, SG09–30, SG17–06) at the TU Bergakademie 
Freiberg, Germany. Electron probe microanalysis was 
used for Th-U-Pb dating and to determine the chemical 
composition of monazites using a JEOL JXA 8530F at the 
Helmholtz-Institut Freiberg für Ressourcentechnologie, 
Freiberg, Germany. Sample descriptions, laboratory 

Figure 2. The geological map of the Mina Gonzalito Metamorphic Complex in the Arroyo Salado area is based on a visual 
interpretation of satellite images and was checked during our fieldwork. Locations of the studied samples and the structural profile 
(A) of Figure 3 are depicted.
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procedures, analytical conditions, and any other relevant 
information on EPMA, TWQ, and SEM-AM are available in 
Tables S1, S2, S3, S4, and S5 and Figures S1 and S2 of the 
Supplemental online material (SOM).

Results

Structure

The regional-scale structure is a thick-skinned fold and 
thrust belt formed by a series of NW-trending thrust 
sheets and duplexes, separated by major thrust shear 
zones (Figure 2). The schematic structural profile of 
Figure 3 summarizes the relationship of different struc-
tural elements for the Arroyo Salado study area. The 
sedimentary stratification among protoliths is preserved 
as a S0 compositional banding of (meta-) pelites, grey-
wackes, dolostones, and marlstones, now comprising bio-
tite-white mica-garnet-kyanite-sillimanite-rutile schists, 
biotite-garnet-rutile ± sillimanite paragneisses, tremolite- 
bearing dolomitic marbles, and garnet para-amphibolites 
(Figure 4(a,b)). A granitic orthogneiss lies parallel to S0, 

although the primary stratigraphic intrusive relationship 
of its protolith is debatable (Figure 2). It contains biotite- 
muscovite schist inclusions, sharing the metamorphic fab-
ric of sedimentary protoliths.

Isoclinal F1 folds and the associated S1 axial plane 
schistosity, best recorded in the marble outcrops, affect 
the S0 banding (Figure 4(c)). Where present, rods of 
columnar carbonates define the L1 lineation, oriented 
oblique to S0 planes but not intersecting them, and visible 
at the outcrop scale and hand sample (Figure 4(d)). S1 is 
also preserved as relics into porphyroblasts from schists, 
amphibolites, and marbles, being detectable in hand spe-
cimens and microscopic scales (Figures 4(e) and 5). The 
metamorphic axial plane foliation S2 is the penetrative 
macroscopic fabric element of the metamorphic pile 
related to tight-to-isoclinal folds F2 (Figure 4(d,f)). The 
shape‐preferred orientation on S2 planes of micas and 
sillimanite in metapelites and tremolite in marbles defines 
the stretching lineation L2.

The orientation of the S0 and S1-S2 planes strikes 
mainly NW-SE with variable dip despite showing domi-
nant low to moderate angles towards the NE. The 

Figure 3. SW-NE structural profile showing the main structures mapped along the Arroyo Salado Creek area. Locations of the studied 
samples are also depicted. Stereo plots are lower hemisphere, equal-area projections of poles. Contour intervals at 2% per 1% area.
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stretching lineation L2 exhibits sub-horizontal to gently 
plunge towards NNW-N in the west, becoming steeper 
towards NNE-NE in the east (Figure 3).

A regional-scale overturned antiform and synform F3 

refold all previous planar fabric elements, exhibiting 
a sub-horizontal NW-SE-trending axis (i.e. Arroyo 

Salado antiform of Giacosa 1994). Another F3 large- 
scale fold outlines the internal structure of a duplex 
containing a paragneiss sheet (Figure 2). Parasitic crenu-
lation folds F3 develop along the contacts between 
schist and marble, exhibiting parallel axes to the main 
folds defining the crenulation lineation L3 (Figure 4(g)).

Figure 4. (a) Marble and schist intercalation in the Arroyo Salado Creek. (b) Northern part of the Arroyo Salado antiform (location in 
Fig. 3). Intercalation of schist, marble, and amphibolite beds marking the S0 compositional banding. The schist bed SG09–30 sampled 
for petrochronology is also depicted. (c) Outcrop-scale internal structure of marbles evidenced by isoclinal F1 refolded by tight F2 folds. 
(d) Zoom in on the hinge zone of the F2 tight fold in figure (c), showing rods of columnar carbonates defining the L1 lineation. 
(e) Stretching lineation L2 on S2 schistosity planes in a paragneiss. (f) Tectono-metamorphic fabric of the schist bed SG09–27, which is 
intercalated among beds of dolomitic marble. (g) Crenulation centimetre-scale folds F3 are shown in marbles. The penknife is 10 cm 
long. (h) S-C and C’ fabric in a schist bed intercalated among beds of dolomitic marble, Santa Adela quarry (location in Figure 3).
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Figure 5. Photomicrographs from thin sections of schists (a-f) and mylonitic paragneiss (g-h) parallel and crossed polarizers. Details in 
the text. (a) Chlorite lamellae intergrowth in biotite. The chlorite-biotite pair is prograde because it is overprinted by sillimanite (basal 
sections), a higher-temperature mineral. (b) Sillimanite replacement on the white mica-kyanite porphyroblasts. (c) Intertectonic 
porphyroblast of kyanite with internal S1 foliation surrounded by the S2 schistosity of the matrix. (d) Intertectonic porphyroblast of 
garnet with S1 internal and S2 matrix schistosities. (e-f) Millipede microstructure around garnets replaced by sillimanite. S1-S2 

schistosities deflect in opposite directions. The inclusions correspond to S1 and the matrix to S2. (g-h) Sillimanite prisms along the 
micro-shear bands S3 developed parallel to S2. S3 surrounds Group 1 (g) and Group 4 (h) biotite fishes (e.g. ten Grotenhuis et al. 2003). 
qz: quartz, pl: plagioclase, op: opaque, wm: white mica, chl: chlorite, bt: biotite, gr: garnet, ky: kyanite, sil: sillimanite.
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High‐angle ductile to brittle‐ductile shear zones are 
the major thrusts of the fold and thrust belt associated 
with the F3 folds forming thrust sheets and duplexes. 
The thrusts increased their angle of inclination towards 
the east from nearly 45° to 83°, along with the steepen-
ing of L2 (Figure 3). A mylonitic foliation S3 related to 
thrusts developed essentially parallel along the bedding 
contacts and also S2 planes, acting as S3 shear planes 
which seem to be associated with flexural slip between 
competent and incompetent layers (Figure 4(f)). The S3 

planes show a mylonitic lineation parallel to stretching 
lineation L2. Associated kinematic indicators (e.g. por-
phyroclasts and S-C shear bands, Figure 4(h)) show 
a top-to-the-S and SW ductile to brittle-ductile thrusting. 
Late fracturing with breccia and fault gouge develop-
ment cross-cut all previous metamorphic fabrics parallel 
to bedding planes.

Metamorphism

We focus our metamorphic mineral assemblages and 
microstructure description on schists and paragneisses 
because they are the most widespread rock types, parti-
cularly for interpreting metamorphic conditions. In the 
case of marbles and amphibolites (synthesis in Table S1 
of SOM), no significant differences in meso- and micro-
structures are observed, indicating that they record the 
same metamorphic evolution of metapelites (González 
et al. in prep.).

The schists record chlorite lamellae intergrowth with 
biotite, associated with quartz + plagioclase (zoned) +  
tourmaline + white mica + prismatic rutile + fibrolite/pris-
matic sillimanite. This association defines the S2 schistos-
ity surrounding post-S1 and pre- to syn-S2 white mica and 
kyanite porphyroblast intergrowths. Kyanite shows 
slightly rotated trails of S1 quartz inclusions. Kyanite and 
sillimanite replace chlorite-biotite intergrowth along S2 

planes. Sillimanite replaces kyanite and white mica pseu-
domorphically or in rims (Figure 5(a–c)).

Intertectonic garnet poikiloblasts (post-S1/pre- to syn-S2) 
surrounded by the S2 schistosity are also common but are 
not in contact with kyanite. Three types of inclusion trails 
are observed: straight obliquely oriented, curved spiral- 
shaped to sigmoidal, or millipede S1 inclusions trails of 
quartz, biotite, and opaque minerals. Sillimanite also pseu-
domorphically replaces garnet (Figure 5(d–f)).

Paragneisses are the coarse-grained counterparts of 
the schists, recording almost the same mineral assem-
blage and microstructures but lacking kyanite and tour-
maline. Submicroscopic fibrolite needles are present 
parallel to the S2 schistosity. The quartz + plagioclase +  
microcline association defines the granoblastic micro-
structure in microlithons. Paragneisses best record 

micro-shear bands S3 developed parallel to S2, crenulat-
ing micas or forming some biotite-fish porphyroclasts. 
Sillimanite prisms are commonly parallel to the S2-S3 

planes (Figure 5(g–h)).

Mineral chemistry and thermobarometry

In sample SG09–27, garnet porphyroblasts show significant 
core-to-rim compositional variations, except for spessartine 
(Mn/FeT + Mn + Mg + Ca) contents, which remain nearly 
homogeneous at ca. 21–24%. Grossular (Ca/(FeT + Mn +  
Mg + Ca) and pyrope (Mg/(FeT + Mn + Mg + Ca) in garnet 
cores are characterized by ca. 17–20 and 5–7%, respectively 
(Fig. S1 of SOM). In contrast, rims show respective grossular 
and pyrope contents of ca. 7–9 and 12–13%. Almandine 
(FeT/FeT + Mn + Mg + Ca) only depicts a slight increase 
from ca. 53% to 57% towards rims. On the other hand, no 
chemical differences are recorded in matrix biotite S2-S3 

and pre-S2 biotite fish. XMg (Mg/Mg + FeT + Ti + AlVI) is gen-
erally at ca. 0.44–0.47, with IVAl of 1.23–1.26 apfu and XTi 

(Ti/Mg + FeT + Ti + AlVI) of 0.03–0.04. Only one crystal, 
which shows no apparent microstructural differences 
with further analysed biotites, offers a slightly different 
composition characterized by XMg of 0.51–0.52, IVAl of 
1.24–1.25 apfu, and XTi of 0.05. White mica compositions 
in the matrix along S2 are relatively homogeneous, with Si 
and AlT of ca. 3.12–3.25 apfu and 2.43–2.72 apfu. Syn-S2 

plagioclase crystals are slightly zoned of oligoclase compo-
sition, ranging in anorthite (Ca/Ca + Na + K) contents of ca. 
16–24%. Table S2 of SOM summarizes all the mineral 
chemistry used in P-T calculations.

Zonation patterns are also observed in garnet por-
phyroblasts of sample SG09–30, though they show com-
positional differences. Spessartine molar contents vary 
from ca. 8% to 16% from cores to rims, whereas no 
systematic pattern is observed for pyrope, which shows 
a proportion in the ca. 8–12% range. Grossular decreases 
from ca. 13% to 6% in one garnet crystal, though it 
shows a nearly homogeneous composition of ca. 12– 
13% in a second porphyroblast (Fig. S1 of SOM). 
Likewise, a somewhat irregular zonation pattern is evi-
dent in almandine, varying mainly between ca. 16% and 
22%. Similarly to sample SG09–27, biotite, white mica, 
and plagioclase compositions are homogeneous along 
S2. In the case of biotite, XMg of ca. 0.33–0.36 corre-
sponds to IVAl of 1.24–1.30 apfu and XTi of 0.05–0.06, 
whereas white mica exhibits Si and AlT of ca. 3.11–3.20 
apfu and 2.58–2.78 apfu. Plagioclases are also oligoclase, 
with the anorthite content ranging from 22% to 25%.

The chlorite-biotite-white mica-garnet-kyanite- 
sillimanite schist SG09–27 shows variations of 
P-T conditions from core to rim garnet growth. The 
three groups defined are controlled mainly by abrupt 
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changes in the garnet, though they may be arbitrary. 
Cores increases progressively between 7.5–9.0 kbar and 
460–540°C and rim compositions register a continuous 
retrogression from 7.5 to 6.6 kbar and 620–630°C to 5.4– 
3.8 kbar and 550–560°C (Figure 6(a)). TWQ parallel con-
ventional estimations within errors computed as ±1 kbar 
and ±50°C. Under prograde conditions, garnet core com-
positions reached up to 9.6 kbar at 540°C, then retro-
gressive P-T conditions indicated by rim compositions 
from ca. 8.0 kbar and 616°C culminating within the silli-
manite stability field (Figure 6(b), Table S3 of SOM).

Biotite-white mica-garnet ± sillimanite schist SG09–30 
has two temperature data clusters around 610–625°C and 
650–660°C for overall 8.5–9.4 kbar to both cores and rims. 
Although they do not record extensive P-T analytical differ-
ences within errors, core compositions register slightly 
higher pressure than rims (Figure 6(a)). A 6.0 kbar-630°C 
datum separated from clusters follows retrogression, enter-
ing the stability field of sillimanite. TWQ data also repro-
duce conventional estimations within errors. P-T data of 
core and rim compositions share the same prograde cluster 
from 8.9 kbar-622°C to peak P-T at 9.9 kbar-685°C for cores 
and then following retrogression up to 6.0 kbar and 632°C 
to rims (Figure 6(b), Table S3 of SOM).

Monazite chemistry and petrochronology

Backscattered electron images (BSE) data show that 
monazites are commonly oriented parallel to the S2 

schistosity in the matrix associated with white mica, 
biotite, quartz, and feldspars (Figure 7). Although 
some monazite crystals are homogeneous, complex 
and patchy zonation patterns are common, suggest-
ing coupled dissolution-reprecipitation processes. 
Therefore, the crystal internal age distribution is ran-
dom or follows their patchy zoning (Figure 7).

Monazite ages point mostly to Permian meta-
morphism and deformation (Figures 8 and 9(a); 
Figure S2 and Table S4 of SOM). Sample SG09–30 
shows an age of 258 ± 3 Ma, though a minor popula-
tion also yielded 289 ± 7 Ma. Similarly, for sample 
SG09–27, a main age of 271 ± 2 Ma was obtained 
along with a 303 ± 5 Ma age (Upper Pennsylvanian). 
For schist SG17–6, a single monazite data of 252 ± 6  
Ma is further supported by the unimodal age distribu-
tion of individual monazite ages, pointing to the dom-
inance of Lopingian ages, with subordinate Late 
Carboniferous to Early Permian contributions 
(Figure 8).

Key parameters of monazite chemistry also assess age 
groups. No significant intrasample differences are 
observed for Y2O3 and UO2 contents, which are also 
roughly comparable among samples (Figure 9(b,c)).

On the other hand, the monazite-allanite equilibria 
(Spear 2010) allow for the evaluation of the petrochro-
nologic significance of monazite ages in the physical 
conditions of the studied rocks (Figure 6) and, there-
fore, in p-T-t paths (see below discussion). In this 

Figure 6. P-T paths based on (a) conventional thermobarometry and (b) multivariant equilibria (see text for further details). Table S3 of 
SOM depicts P-T data from both methodologies. For comparison, the monazite-allanite equilibrium (light-blue dashed line) curves 
published by Spear (2010) are projected, which were calculated for a metapelite with Al2O3 = 16.57 wt % and variable CaO contents 
(2.17 and 4.34 wt %). Mineral abbreviations: all: allanite, mnz: monazite, alm: almandine, phl: phlogopite, py: pyrope, ann: annite, gro: 
grossular, ky: kyanite, qz: quartz, an: anortite, si: sillimanite, ms: muscovite.
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context, Al2O3 and CaO are also particularly relevant in 
metapelites since they significantly affect the mona-
zite-allanite equilibrium (Spear 2010). In SG09–27 and 
SG09–30, Al2O3 contents are 16.61 and 15.64 wt %, 
respectively, nearly equivalent to the value of 16.57  
wt % modelled by Spear (2010). CaO is variable 
between them, exhibiting respective contents of 1.89 
and 4.30 wt % .1 Therefore, for SG09–27, the true 
equilibrium line may be slightly shifted towards lower- 
temperature, mainly due to the lower Ca contents 

regarding the CaO = 2.17 wt % curve, indicating that 
monazite might have been stable already during part 
of the prograde stage and also during subsequent 
retrogression (Figure 6(a)). It also in line with the pre-
dicted monazite + garnet + kyanite/sillimanite equili-
brium conditions (Spear 2010). In contrast, the 
relatively high CaO contents of SG09–30 close to the 
equilibrium line (CaO = 4.34 wt %, Figure 6(b)) suggest 
that monazite might have been stable first during late 
stages recorded by garnet rim conditions.

Figure 7. Backscattered electron images (BSE) of thin sections showing monazites commonly oriented parallel to the S2 schistosity and 
single Th‐U‐Pb ages (Ma, 2σ error). (a, d) Sample SG09–27. (b, e, f) Sample SG-17-6. (c) Sample SG09–30. Mineral abbreviations: qz: 
quartz, pl: plagioclase, bt: biotite, si: sillimanite, mnz: monazite.

12 P. D. GONZÁLEZ ET AL.



Discussion

The P‐T‐t path

Mineral assemblages and replacement microstructures, 
mineral chemistry and geothermobarometry, and Th- 
U-Pb monazite dating reveal typical features of 
a clockwise metamorphic evolution. Each sample has 
distinctive P‐T‐t paths reflecting three stages of continu-
ously changing P-T conditions. Both schists studied 
share a relatively high-P prograde M1 stage responsible 
for the inversion of the biotite and garnet isograds, 
albite-dominated plagioclase, the relatively Ca- and Mg- 
rich garnet cores, and Si-rich white mica. Intertectonic 
growth of garnet, kyanite, and withe mica porphyro-
blasts marks peak-P conditions, although there is no 
microstructural evidence for kyanite growth together 
with the garnet core in SG09–27. However, both phases 
are replaced by sillimanite, suggesting a roughly con-
temporaneous nucleation. The elevated Na and Ca activ-
ities during the growth of high-Ca garnet (e.g. Lü et al.  

2023), supported by the common presence of a sodic 
plagioclase core (Table S2 of SOM), may account for the 
lack of kyanite in SG09–30.

Peak-P conditions among samples are slightly diachro-
nous. While the schist SG09–30 reached peak-P contem-
poraneous with T at high amphibolite facies, in the schist 
SG09–27, it developed under low amphibolite facies before 
peak-T and close to the blueschist-eclogite facies transi-
tional field (Figure 10(a,b)). Conventional thermobarometry 
together with TWQ multiequilibria indicates garnet cores 
achieved peak P-T at ca. 9.9 kbar and 685°C for SG09–30, 
and the peak-P for SG09–27 was 9.0–9.6 kbar at ca. 540°C. 
Therefore, the M1 stage was of rapid burial and distinctive 
heating under relatively low geothermal gradients of ~15 
and 20°C/km for SG09–27 and SG09–30, respectively.

After the M1 stage, evolution followed different 
paths in the two samples. The growth of garnet rims 
and biotite + white mica of the matrix subsequently 
replaced by sillimanite + rutile marks the M2 retrograde 
stage in the schist SG09–30 (Figure 5(d–f)). It is 

Figure 8. Th‐U‐Pb chemical model ages of monazite. Total ThO2* vs PbO (wt %) isochrones diagrams. ThO2* is ThO2 + UO2 equivalents 
expressed as ThO2. Regression lines with the coefficient of determination R2 are forced through zero (Suzuki et al. 1994; Montel et al.  
1996). Weighted average ages (Ma) with MSWD and minimal 2σ error are calculated from single analyses according to Ludwig (2001). 
Light blue and orange circles represent the different monazite age populations.
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characterized by a near isothermal decompression, as 
is indicated by ~35°C cooling in a range of ~2 kbar (up 
to ~8 kbar and 645°C), though some garnet rim com-
positions are parallel to the prograde path. This duality 
may account for the core-to-rim zoning of garnet por-
phyroblasts reflecting microchemical disequilibrium 
across the complex interplay of temperature, high- 
strain deformation, time, and the availability and mobi-
lity of intergranular fluids (e.g. Gaidies 2021; Dubosq 
et al. 2024). Afterward, following the same trend of 
isothermal decompression, a late M3 stage recorded 
6.0 kbar and 632°C within the stability field of sillima-
nite, thought only one point yields a low P value fol-
lowing the near isothermal decompression path 
(Figure 10(b)). In this same regard, core-to-rim varia-
tions in garnets of SG09–30, particularly in Mn and, 
subordinately, Ca-Fe are subtle (Fig. S1 of SOM), and 
syn-S3 sillimanite replacing syn-S2 biotite and white 

mica in the matrix documents the overall exhumation 
path (Figure 5(g,h), and SOM).

After the peak P, the schist SG09–27 records 
a stepped evolution characterized by two distinctive 
metamorphic stages. In addition to garnet rims + white- 
mica and biotite, sillimanite + rutile also replace kyanite 
porphyroblasts, marking the M2 stage outlined by a loop 
of heating and decompression with a T climax ranging 
616–627°C at ~8.0 kbar, then following a near isothermal 
(<20° cooling) decompression up to ~6.7 kbar (Figure 10 
(a)). Then, the M3 stage is also of isothermal decompres-
sion, after about 550°C and a decrease in P from 5.5 to 
3.0 kbar culminating within the sillimanite stability field. 
Therefore, both samples overall retrogressive M2-M3 

trends follow a Barrovian overprint under a kyanite- 
sillimanite geotherm (~30°C/km).

On the other hand, the continuously changing P-T data 
compared with monazite chemistry and monazite-allanite 

Figure 9. (a) Distribution of chemical Th‐U‐Pb monazite ages of the three analysed samples. (b-c) Mineral chemistry of samples. See 
details in text. Kernel density estimate curves and histograms plotted using DensityPlotter (n = 271; Vermeesch 2012).
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equilibrium conditions (Spear 2010, Figure 6) resulted in 
a single metamorphic event, as recorded by the low intra- 
and intersample variability of Y2O3 and UO2 contents 
(Figures 8 and 9). Microstructural evidence of coupled 
dissolution-reprecipitation processes may suggest long- 
term medium-to-high-grade metamorphic conditions 
favouring monazite growth during some tens of My, pos-
sibly due to the wide stability field of monazite in samples 
yielding meagre CaO contents. However, peak meta-
morphic conditions were slightly diachronous among 
samples reached during the M1 and M2 stages in SG09– 
30 and SG09–27, respectively. Therefore, the 303 ± 5 Ma 
secondary data of SG09–27 is interpreted as prograde 
monazite crystallization at the expense of allanite at 
peak-P during M1 (9.6 kbar-540°C) in the Upper 
Pennsylvanian. The 271 ± 2 Ma age is explained as mon-
azite crystallization during the T-peak of the M2 stage in 
the Guadalupian, mid-Permian (Figure 10(a)), and possibly 
continuing along the retrograde stage towards M3.

For SG09–30, the 258 ± 3 Ma data is interpreted as the 
age of M3 retrogression in the Lopingian, Late Permian. 
The minor monazite population of 289 ± 7 Ma may 
represent the earlier M1 or M2 stages in the Cisuralian, 
Early Permian, mainly related to peak P-T conditions 
(Figure 8). Growth of monazites from M1-M2 to M3 tem-
perature conditions points to a fluid-induced, coupled 
dissolution-reprecipitation of pre-existing monazite (e.g. 
Zi et al. 2024 and references therein), leading to the 

development of irregular internal crystal microstructures 
as evidenced by BSE imaging of similar chemical com-
position (Figure 7). On the other hand, the age of 252 ±  
6 Ma from SG09–17 also supports the Lopingian, Late 
Permian M3 metamorphic stage, due to the mylonitic 
fabric of the schist within a thrust shear zone (Figure 3). 
The SG09–17 schist is in line with the P-T paths of the 
samples mentioned above, in the fact of lacking signifi-
cant differences in the succession of mineral assem-
blages and microstructural relationships (petrographic 
descriptions in the SOM) and in terms of monazite chem-
istry (Figures 8 and 9).

Integrating deformation in the P‐T‐t path

The thick-skinned fold-and-thrust belt of the MGMC is 
spatially and temporally related to the geometry and 
kinematics of the El Jagüelito ductile shear zone 
(Figures 2 and 3). The co-planar fabric arrangement of 
the deformation belt, evidenced by the relic S0 bedding 
and S1 planes, the ubiquitous S2 schistosity, and the 
subsequent development of the S3 mylonitic foliation, 
shows a dominant NW-SE strike with low to moderate 
dips, steepening towards the NE. Similarly, the stretching 
lineation L2 parallel to the mylonitic lineation L3 exhibits 
a sub-horizontal to gentle plunge towards NNW-N in the 
west, becoming steeper towards NNE-NE in the east 
(Figure 3). Kinematics of reverse shear zones show a top- 

Figure 10. Clockwise P-T-t-D paths of the analysed schist samples. They are slightly diachronous. Monazite-allanite equilibrium (light- 
blue dashed line) based on Spear (2010) as in Figure 6. (a) Peak-P reached before peak-T, also describing a wide loop. (b) Simultaneous 
peak P-T. Only one point yields a low P value for retrogression (dashed line), and therefore the interpretation for the exhumation path 
is conservative. Evolutionary details in text.
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to-the-S and SW ductile to brittle-ductile thrusting of 
sheets and duplexes in the west and east, respectively 
(Figure 2). Thus, the southwestern sector close to the El 
Jagüelito shear zone has a localized predominance of 
dextral shearing. In contrast, the northeastward area has 
a dominant reverse component, as Giacosa (1994, 2001) 
also reported. Thus, our structural and kinematic data in 
the Arroyo Salado study area point to bulk-inclined 
transpression (Jones et al. 2004), with strain partitioning 
into strike‐slip and contraction-dominated domains (e.g. 
Oriolo et al. 2019). Likewise, Giacosa (1994, 2001) inter-
preted the coeval development of El Jagüelito ductile 
shear zone and Arroyo Salado antiform due to ~NE-SW 
compressive regional stress field in a dextral transpres-
sional regime (see above geotectonic models). In this 
context, shear zones and related S3 might have thus 
resulted from the progressive crustal shortening and 
folding of metasedimentary sequences.

Linking the complex structural pattern in the clock-
wise P-T-t path further documents a single-phase pro-
gressive ductile event under continuously changing 
metamorphic conditions. The development of multiple 
coaxial structures, overprinting each other sequentially, 
characterizes progressive deformation (Fossen et al.  
2018). Likewise, heterogeneous strain partitioning and 
localization in a transpressional setting usually explain 
single-phase progressive deformation (Fossen et al.  
2013; Oriolo et al. 2023; Lardeaux 2024). Or else, disequi-
librium microstructures (e.g. coronas, intertectonic, and 
millipede porphyroblasts, Figure 5(e–f)) indicate that 
metamorphic reactions did not complete under the 
ongoing deformation, tracking progressive foliation 
development relative to actively changing metamorphic 
conditions (Johnson 1999). Therefore, relatively rapid 
burial and heating into the deep crust led to the devel-
opment of S1 planes under regional high-P M1 meta-
morphism under prograde conditions from upper 
greenschist to upper amphibolite facies. Then, the ubi-
quitous S2 schistosity developed coevally with M2 heat-
ing and peak conditions and possibly continued during 
the early decompression, which culminated with syn-M3 

development of the S3 mylonitic foliation (Figure 10). 
Thus, the deformation belt evolved from a high-P/high- 
T prograde regional metamorphism during M1-S1/M2-S2 

to a more localized retrograde low-amphibolite facies 
dynamic metamorphism during M3-S3.

Consequently, kinematically active thrust shear zones 
can explain the slightly diachronous clockwise P- 
T-t-D evolution among samples assessed through the 
thrust sheets and duplexes. They also strengthen the 
temporal-spatial and kinematic relationship between 
the El Jagüelito shear zone and the thick-skinned fold 
and thrust belt of the MGMC. Thrust shear zones were 

tectonic boundaries separating sheets of unlike P- 
T evolution and exhuming slightly different portions of 
the deep crust (e.g. Tenczer and Stüwe 2003). 
Metamorphic grade decreases isobarically near structu-
rally upward over a distance of about 4000 m along the 
Arroyo Salado Creek (Figure 3). The sheet containing 
schist SG09–30 in the Arroyo Salado antiform close to 
the El Jagüelito shear zone is of relatively higher P-T than 
Santa Adela schist SG09–27 eastward (Figure 10). 
Subsequently, an increase in age with decreasing meta-
morphic grade can be explained by differential exhuma-
tion along a traverse section of the deformation belt (e.g. 
Oriolo et al. 2019, 2023). The horizontal T-gradient from 
west to east can thus be explained by the heat advection 
and relative diffusion rates during the belt exhumation 
(Sonder and Chamberlain 1992). Alternatively, the shear 
heating and more localized deformation adjacent to the 
El Jagüelito shear zone can correlate with relatively 
higher P-T of SG09–30 (e.g. Tenczer and Stüwe 2003). 
Thus, the right-lateral transpressive deformation and 
strain partitioning within the belt were critical in disturb-
ing regional isograds due to stress overpressure and 
frictional heating.

We then speculate that the peculiar P-T-t-D evolution 
at peak metamorphic conditions might be associated 
with a relatively fast exhumation of the orogenic roots, 
which dominantly occurred during sheet and duplex 
stacking caused by the continuous underthrusting and 
consequent crustal thickening during the evolution of 
the Gondwanide orogen (Figure 11(a,b); e.g. Oriolo et al.  
2019, 2023; Marcos et al. 2020, 2023). Furthermore, post- 
metamorphic fluid infiltration, evidenced by scarce 
post-M3-S3 chlorite + sericite-muscovite replacement 
over biotite + kyanite (Table S1 of SOM), was likely of 
minor importance due to the preservation of the high-P 
relics during exhumation. This rather dry condition can 
also be linked to the relatively fast extrusion of the 
deformation belt. A volume of rock that is rapidly 
exhumed from depth, perhaps in response to unroofing 
via erosion, may account for large-magnitude isothermal 
decompression, transporting heat to near-surface 
depths, reflecting that either exhumation rates were 
more rapid than those of heat transfer (thermal relaxa-
tion) or there was a considerable lag time (>10 My) 
between crustal thickening (deep burial) and the initia-
tion of denudation (e.g. Whitney et al. 2004; Likhanov  
2020; Peillod et al. 2024).

In sum, the overall information recovered by P- 
T-t-D paths shows that the regional clockwise single- 
phase progressive deformation and high- to medium-P 
amphibolite facies metamorphic event of the MGMC 
span on the order of around 50 My, developed almost 
entirely within Permian transpressional regime linked 
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with the Gondwanide orogeny. However, considering 
the regional geologic knowledge of the complex, it 
developed during a polyphase evolution resulting from 
the Ordovician Transpatagonian and Neopaleozoic 
Gondwanide events (González et al. 2021). Thus, the 
high-P stage has given the rocks their most robust char-
acter and would have reset the Ordovician ages of meta-
morphism-deformation. Or else, since a complete reset 
to a previous fabric is sometimes unlikely, the protoliths 
in the Arroyo Salado area can be younger than the 
Cambro-Ordovician and, therefore, have only been 
affected by the Gondwanide metamorphism and 
deformation.

Implications for the late Palaeozoic evolution of 
northern Patagonia

From the regional point of view, the continental NW-SE 
trending Gondwanide orogenic belt of central-northern 
Patagonia can tectonically be divided from SW to NE into 
a forearc region, encompassing accretionary prisms 
exposed in southern Chile, the Tepuel Basin of central- 
southern Patagonia, and the basement complexes of the 
North Patagonian Andes. Then, the wide magmatic arc 
with migmatite massifs (covered mainly by the Cenozoic 
Somuncura plateau), and finally, the retroarc region sepa-
rated from the foreland and the Río de la Plata Craton to 
the north by the Huincul Fault zone. Within this geody-
namic scenario, the high-P/high-T thick-skinned fold-thrust 
belt of the MGMC lies in the retroarc region, towards the 
south of the Huincul Fault zone (Figure 1(a,b)).

Late Carboniferous-Permian crustal thickening 
related to the MGMC fold-and-thrust belt evolution is 
recorded by sheet-duplex stacking transported towards 
the S-SW over the magmatic arc. Thickening associated 
with high dT/dP metamorphism (Hyndman et al. 2005) 
and clockwise models in compressional retroarc regions 
characterize accretionary orogenic systems (e.g. Collins  
2002; Collins and Richards 2008; Brown 2009, 2010). 
Contemporaneous crustal thickening also occurs in 
accretionary complexes and high-P basement com-
plexes of the North Patagonian Andes exposed further 
SW in Chile and Bariloche (Willner et al. 2004; Oriolo et al.  
2019), respectively, suggesting a coupled late Palaeozoic 
evolution (Figure 11). The widespread, coeval arc 
Gondwanide magmatism could also play a vital role in 
the crustal thickening by adding magma batches into 
the deep crust and as the heat source in the adjacent 
retroarc region (Oriolo et al. 2019). The arc magmatism 
becoming younger and hotter towards the retroarc com-
bined with crustal thickening characterizes the 3D archi-
tecture in the inner hinge crust of an orocline (e.g. Ling 
et al. 2024), such occurs in the Arroyo Salado study area, 

which is located along a curvature of the Gondwanide 
orocline to the SE (Figure 1(b)). Thus, the bending of the 
orogen can produced crustal thickening in retroarc and 
arc migration to inland (e.g. Ling et al. 2024).

In the Bariloche area, a comparable structural evolu-
tion of the F2 folds development and associated S2 

foliation and L2 lineation is constrained by monazite 
ages at 299 ± 8 and 302 ± 16 Ma during peak meta-
morphic conditions of ~650°C-11 kbar or shortly after 
achieved during prograde metamorphism and progres-
sive deformation in a clockwise path (Oriolo et al. 2019). 
These ages are comparable to the oldest age in rocks of 
the Arroyo Salado study area, possibly related to the 
onset of development of the S1 foliation and succeeded 
by the ubiquitous Permian formation of the younger S2 

(Figure 11(b)). Thus, the Gondwanide orogenic front 
migrated inboard across the continental margin from 
SW to NE, accompanied by the Gondwanide magmatism 
as revealed by the decrease in magmatic crystallization 
ages in the same direction, likely due to changing sub-
duction dynamics related to slab shallowing (Figures 1 
(b) and 11(a)). Flat-slab subduction favours compression 
far from the trench and is associated with foreland arc 
migration/expansion and mountain-building/crustal 
thickening processes, resulting in advancing accretion-
ary orogen (Martinod et al. 2020; Oriolo et al. 2023).

As occurred with magmatism, the ages of metamorph-
ism and deformation also decrease towards the inland 
from the Upper Mississippian-Pennsylvanian accretionary 
prisms (Willner et al. 2004; Kato et al. 2008), 
Pennsylvanian-Cisuralian in the arc-related area (Renda 
et al. 2019; Oriolo et al. 2019, 2023; Marcos et al. 2020) 
including the retroarc Arroyo Salado area, to the 
Guadalupian-Lopingian in the foreland Cerro Los Viejos- 
Sierra de la Ventana (von Gosen et al. 1991), and reaching 
earliest Triassic ages in the Río de la Plata Craton (Zalba 
et al. 2007, Figure 11(a)). The age migration also agrees 
with a general trend of landward decrease of the meta-
morphic grade, in which the Patagonian subduction- 
related Panthalassan continental margin record the high-
est pressure rocks (blueschist facies, 350–500°C and 10–14 
kbar) under progressive ductile conditions in the accre-
tionary prims of southern Chile (Willner et al. 2004; Kato 
et al. 2008, Figure 1(a,b)).

This pattern of coupled Late Carboniferous-Permian 
evolution to the north and south of the Huincul Fault 
zone may also account for the far-field stress and meta-
morphism in a rather intracontinental position, up to 
~1300 km inboard of the inferred trench westward along 
the actual Chilean margin (e.g. Cawood et al. 2009). The 
kinematic activity with strain partitioning of the Huincul 
Fault zone as a first-order crustal discontinuity (e.g. Ramos 
et al. 2004; Gregori et al. 2008, 2013) could thus decouple 
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Figure 11. (a) Sketch with geographic distribution of the published radiometric data from northern region of Patagonia, prepared with 
data in Table S5-SOM and references therein. Key localities as in Figure 1b are located from forearc SW (Bariloche) to retroarc NE 
(Arroyo Salado) regions. Divisions of the Choiyoi Province magmatism after Sato et al. (2015). (b) Two stages in the geological 
evolution of the Gondwanide orogen built on the continental margin of Patagonia during the Carboniferous-Permian.
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the eastern North Patagonian Massif retroarc region, con-
taining the high-P sequence of the MGMC, towards the 
S-SW concerning the Cerro Los Viejos-Sierra de la Ventana 
foreland fold-thrust belt system to the N-NE, also with 
mylonite belts development and lower metamorphic 
grades (Trouw and de Wit 1999; Giacosa 2001; von 
Gosen 2003). Thus, the Patagonian segment of the 
Gondwanide orogen is doubly vergent to the north and 
south of the Huincul Fault zone.

Differences on both sides of the Huincul Fault zone 
have also been outlined for the Devonian (Marcos et al.  
2023, and references therein). This distinct evolution 
of the late Palaeozoic tectonometamorphic evolution 
of Patagonia, recorded by mainly medium- to high- 
grade metamorphic rocks, contrasts significantly with 
the coeval upper crustal record of the Choiyoi Province 
(see above geological setting), indicating along-strike 
segmentation of the margin. The presence of large 
basement blocks with Laurentian affinity north of 36° 
S (e.g. San Rafael and Las Matras blocks, Figure 1(a)), 
which were juxtaposed by the Early to Middle 
Palaeozoic to the Gondwana margin (Ramos 2010, 
and references therein), may suggest that the proto- 
Andean region, including adjacent areas such as the 
Sierras Pampeanas, underwent cratonization before 
the Gondwanide Orogeny. In contrast, the Early to 
Middle Palaeozoic evolution of Patagonia was mainly 
characterized by alternating periods of retreating- 
advancing accretionary systems linked with subduc-
tion (Suárez et al. 2019; González and Giacosa 2021; 
Oriolo et al. 2023; Marcos et al. 2023). Though rem-
nants of older Mesoproterozoic roots may be likely 
(e.g. Rapela et al. 2024), the pre-Gondwanide 
Patagonian record mainly comprises Early to Middle 
Palaeozoic metasedimentary rocks with subordinate 
meta-igneous intercalations. The lack of a thick litho-
spheric mantle by the early Carboniferous, which 
determines the presence of a stable continental 
crust, may thus explain the nearly ubiquitous 
Gondwanide metamorphic overprint of central- 
northern Patagonia basement complexes. The relative 
stabilization of this crustal segment was thus first 
achieved after widespread Gondwanide magmatism 
and crustal thickening (Oriolo et al. 2019, 2023).

It is strikingly to note along-strike segmentation of 
the continental Panthalassan margin of Gondwana, in 
which several Late Carboniferous to Permian meta-
morphic rocks documenting orogenic activity in wes-
tern South America, the Antarctic Peninsula, Zealandia, 
and eastern Australian segments have also been 
recorded. The orogenic activity, together with the axis 
of the magmatic arc, parallels the plate margin and is 
also related to a pattern of inland decrease of the 

metamorphic grade with strain localization and parti-
tioning from the trench region to the rheologically 
weak retroarc lithosphere (Hyndman et al. 2005), possi-
bly due to the heat provided by the migrating 
Gondwanide arc magmatism, and then the different 
segments of the Gondwanide fold-and-thrust belt sys-
tem and the foreland basins (Samfrau Geosyncline of 
Du Toit 1927; Figure 1(a) and references therein). 
Hence, the continental geodynamic scenario for the 
Gondwanide orogen is an advancing-mode accretion-
ary mountain chain collinear with the margin (Collins  
2002; Cawood et al. 2009) instead of the result of 
a continental collision. The Gondwanide orogeny 
might thus be essentially linked to transpression due 
to advancing subduction along the Panthalassan mar-
gin of Gondwana.

Concluding remarks

The research reported in this contribution has character-
ized the P-T metamorphic conditions and the deforma-
tional structures of the Mina Gonzalito Metamorphic 
Complex in the Arroyo Salado area from northern 
Patagonia. Our new structural-microstructural, petrologic, 
and petrochronologic data constrain a thick-skinned fold- 
and-thrust belt spatially and temporally related to the 
geometry and kinematics of the El Jagüelito ductile 
shear zone. The deformation belt evolved in a general 
clockwise P-T-t-D path, where the rock trajectories across 
the various thrust sheets and duplexes have slightly dia-
chronous P-T evolution. The deepest sheet close to the El 
Jagüelito shear zone reached maximum P-T conditions 
simultaneously at 9.9 kbar and 685°C, while the shallow-
est and furthest peak-P was 9.0–9.6 kbar at ~540°C and 
then the peak-T of 616–627°C at 8.0 kbar occurred. The 
right-lateral transpressive deformation of the shear zone 
and strain partitioning within the belt disturbed the 
regional isograds, upgrading them from 15–20°C/km dur-
ing high-P metamorphism to 30°C/km at the Barrovian 
overprint. A single-phase progressive ductile deformation 
and regional medium- to high-pressure amphibolite 
facies metamorphic event characterize the resulting oro-
genic processes. Thorium‐U‐Pb monazite ages show the 
orogenesis span ~50 My (303–252 Ma), developed almost 
entirely within the Permian and ascribed to the 
Gondwanide orogeny. Our revised geotectonic scheme 
documents a coupled regional Late Palaeozoic tectono- 
metamorphic and magmatic evolution to the building of 
the advancing-mode Gondwanide accretionary orogen 
along and across Patagonia South America, which can 
also be correlated with that occurs elsewhere on the 
Panthalassan margin of Gondwana.
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Note

1. Whole-rock geochemical analyses of the samples are 
available upon request from the corresponding author.
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