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A B S T R A C T

Late Paleozoic seaways in southwestern Gondwana intermittently connected the Panthalassa Ocean with the 
continental interior, shaping sedimentation, climate, and biogeography across forearc to intraplate basins. While 
the closure of southern marine inlets feeding intraplate regions is well explained by crustal thickening during the 
Gondwanide orogeny, the latest Permian–Early Triassic disconnection of western seaways supplying forearc and 
back-arc basins along the proto-Andean active margin remains enigmatic. This disconnection coincided with 
global deglaciation and with mid-Permian extensional collapse following proto-Andean mountain building (San 
Rafael orogeny), which is paradoxical. Here we test whether a large-scale interruption of subduction associated 
with the Choiyoi magmatic province could have generated margin-wide uplift sufficient to disrupt marine 
connections at this time. First-order dynamic topography models indicate that shutdown of subduction between 
~275 and 250 Ma would have reversed dynamic subsidence and produced broad surface uplift of the Choiyoi 
magmatic belt. We propose that this uplift severed marine connections between the Panthalassa Ocean and 
western basins, forming an orographic barrier that, together with global climatic trends, promoted aridification 
across the continental interior.

1. Introduction

Seaway shifts, from ingressions to regressions, shape the climate by 
altering circulation and the transport of heat and moisture (Cane and 
Molnar, 2001). By acting as corridors or barriers, these shifts also control 
biotic dispersal, isolation, and extinction. In southwestern Gondwana, 
Late Paleozoic seaways periodically connected the Panthalassa Ocean 
with the supercontinent interior (Limarino and Spalletti, 2006) (Fig. 1a, 
b). These inlets enabled marine ingressions that linked multiple intraarc 
and backarc depocenters along the plate margin, while in the intraplate 
area, they were most prominently expressed in Permian times as the 
extensive Irati (Brazil)-Whitehill (South Africa) epicontinental sea, also 
known as the Mesosaurus Sea (Bastos et al., 2021; Limarino et al., 2014). 
These marine connections were progressively obstructed by the devel
opment of the Gondwanide orogen (Keidel, 1925). This Late Paleozoic 
fold-and-thrust belt extended along the western South American margin 

(San Rafaelic Orogen), across the North Patagonian Massif and the Si
erras de la Ventana in Argentina, and into its South African counterpart, 
the Cape Fold Belt (Ramos et al., 2020) (Fig. 1b). Since pioneering 
studies, this mountain belt was conceived as a topographic barrier 
separating the Panthalassa Ocean from the continental interior (Keidel, 
1925). This interpretation is now supported by recent studies that 
emphasize its role in modulating marine connectivity, sedimentation 
patterns, climatic belts, and biogeographic pathways across southern 
Gondwana (e.g., Bastos et al., 2021; Kern et al., 2021; Limarino et al., 
2014, 2023a; Spalletti et al., 2010).

In the eastern intraplate sector, the intense and protracted defor
mation along the east–west–trending Ventana–Cape Fold Belt (~280 to 
post-250 Myr, Ramos et al., 2020, and references therein) most likely 
explains the intraplate isolation and eventual desiccation of the 
epicontinental sea through the closure of a possible seaway across 
southern Patagonia (Bastos et al., 2021) (Fig. 1b). It is further reinforced 
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by Late Paleozoic-Mesozoic sea-level studies, which, despite some 
disagreement in magnitude, consistently indicate highstands during this 
period, reducing the likelihood that global sea-level fall was the primary 
driver of the Panthalassa Ocean regression (Haq and Cloetingh, 2025
and references therein) (Fig. 1c). Nevertheless, the progressive discon
nection of the Panthalassa Ocean from multiple fore-, intra- and back-arc 
basins along the ancient western South American margin points to a far 
more complex paleogeographic evolution than can be explained by 

tectonic and/or eustatic sea-level change alone (Limarino et al., 2023a; 
Spalletti et al., 2010).

While orogenesis restricted marine ingressions, the complete 
disconnection and continentalization of the western active margin ba
sins did not occur during peak orogenic activity, but rather during a 
subsequent phase of orogenic collapse (or extensional phase) between 
the mid-Permian and Early Triassic (~280–247 Ma, Limarino et al., 
2023a, Spalletti et al., 2010; Sato et al., 2015; Fig. 1b). This seemingly 

Fig. 1. a) Location of the study area (b) in southwestern Gondwana. b) Simplified paleogeographic maps of the study area for the mid-Cisuralian and the late 
Guadalupian-Lopingian, respectively (modified after Limarino et al., 2014). Numbers from 1 to 8 in b) indicate locations of Late Paleozoic basins analyzed in this 
study. The mid-Cisuralian reconstruction illustrates a restricted Panthalassan marine ingression across the western margin of Gondwana (Charrier et al., 2024; Díaz 
Martínez et al., 2000; Grader et al., 2008; Gutiérrez et al., 2018; Limarino et al., 2014, 2023a,b; Nina et al., 2020). In contrast, the late Guadalupian-Lopingian 
reconstruction depicts the complete marine disconnection between the Panthalassa Ocean and southwestern Gondwana, achieved between ~275 and 260 Ma, 
during the orogenic collapse phase associated with the emplacement of the Choiyoi silicic large igneous province (SLIP). c) Long-term sea-level reconstructions based 
on multiple methodologies, showing that despite notable discrepancies among models, most estimates suggest sea levels were higher than present during the time of 
full marine disconnection in the study area. This apparent paradox has led previous authors to propose a forced regression during the Late Permian (adapted from 
Haq and Cloetingh, 2025; Check this study for references to long-term sea-level curves shown in this panel).
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counterintuitive timing (where the closure of marine gateways corre
sponds not to crustal shortening and uplift, but to lithospheric relaxa
tion) challenges conventional assumptions and requires a re-evaluation 
of the mechanisms governing marine disconnection and con
tinentalization along the southwestern margin of Gondwana.

To address this apparent paradox, we first examine the stratigraphic, 
tectonic, and paleogeographic evolution of Late Paleozoic basins along 
the southwestern margin of Gondwana. We then evaluate the potential 
role of dynamic topography generated by a major, progressive subduc
tion interruption that occurred during the mid-Permian to Early Triassic 
in southwestern Gondwana (Arvizu et al., 2024; Gianni and Navarrete, 
2022; Mpodozis and Kay, 1992). Using a simplified analytical model, we 
estimate first-order variations in dynamic topography associated with 
this event and contrast them with those expected under an alternative 
scenario of uninterrupted subduction (del Rey et al., 2019; Oliveros 
et al., 2020).

Finally, we discuss how this deep-Earth process may have contrib
uted to the development of the orographic barrier responsible for the 
ultimate transition to fully continental conditions along the south
western margin of Gondwana.

2. Records of Panthalassa ocean–southwestern Gondwana basin 
interactions along the pre-andean plate margin

2.1. Stratigraphy and tectonics of late Paleozoic basins in the 
southwestern Gondwana margin

Late Paleozoic basins of southern South America have been grouped 
into two main types: Eastern intraplate basins and plate margin-related 
basins, those aligned with the southwestern margin of Gondwana 
(presently the Andean region), both separated by intraplate highs 
(Michicola and Pampean arches, c.f. Limarino and Spalletti, 2006; 
Fig. 1b). Here, we focus on the latter (i.e., plate margin-related basins), 
providing a brief overview of the stratigraphic records documenting the 
evolution of Panthalassa Ocean–southwestern Gondwana connections 
across the following regions: forearc (sedimentary records spanning 
from 33◦30′S to 22◦S along the Chilean coast), intra-arc (depocenters 
along the current Chile–Argentina Central Andes, Titicaca, Cal
ingasta-Uspallata–Río Blanco, and western San Rafael), and backarc 
basins (Paganzo, eastern San Rafael, and Tarija) (Fig. 1b). We also 
briefly review the associated tectonic and magmatic evolution of the 
active margin during the development of these basins (Fig. 2). An 
in-depth analysis of the eastern intraplate basins and the Ventana–Cape 
Fold Belt lies beyond the scope of this study, as the causes of marine 
disconnection in these regions are comparatively better understood 
(Bastos et al., 2021).

2.1.1. Late carboniferous-earliest permian
The influence of the Panthalassa Ocean during the Carboniferous to 

earliest Permian is evident in sedimentary records from basins along the 
western margin. These sedimentary records are characterized by gla
ciomarine sequences containing fauna of Panthalassan affinity (e.g., 
Barrealian fauna; Taboada, 2010); alongside terrestrial diamictite de
posits that indicate a glacial phase in the late Visean to early Bashkirian. 
These are succeeded by postglacial marine transgressions, fossil-bearing 
sediments that reflect varied Panthalassan influence (e.g., Levipustula, 
Marginovatia, and Maemia faunas; Taboada, 2010), and by coal-bearing 
fluvial, alluvial, and estuarine deposits formed during the terminal 
glacial stage (Bashkirian to earliest Cisuralian) (Limarino et al., 2014
and references therein) (Fig. 2).

During the latest Mississippian-earliest Pennsylvanian (limit Serpu
khovian/Bashkirian), glaciomarine and terrestrial diamictites were 
deposited in intra-arc depocenters of the Tarija (Macharetí and Man
diyutí Groups) and Calingasta–Uspallata (Hoyada Verde Formation and 
equivalents) basins, and as well as in the backarc Paganzo (Guandacol 
Formation and equivalents) and San Rafael (base of El Imperial 

Fig. 2. Stratigraphy of the major late Paleozoic basins analyzed in this study 
based on a synthesis of previous literature (Charrier et al., 2024; Díaz-Martínez 
et al., 2000; Grader et al., 2008; Gulbranson et al., 2015; Gutiérrez et al., 2018; 
Kleiman and Japas, 2009; Limarino et al., 2014, 2023a,b; Nina et al., 2020; 
Rocha-Campos et al., 2011; Vicente et al., 2005). Choiyoi magmatic province 
data is from Bastías-Mercado et al. (2020). Age constraints based on radio
metric ages and fossil content are: A: Díaz-Martínez et al. (2000); B: Bahlburg 
et al. (2009); C: Limarino et al. (2023a); D: Sato et al. (2015); E: Malone et al. 
(2024); F: Césari et al. (2014); G: Rocha-Campos et al. (2011); H: Vézquez and 
Césari (2017); Balarino et al. (2016); Gutierrez et al. (2018); Balarino et al. 
(2012); Gutierrez et al. (2018); K: Archangelsky and Cuneo(1987); L: Césari 
et al. (2022); M: Bernardez et al. (2023); N: Iannuzzi et al. (2004). Abbrevia
tions are SRU: San Rafael Unconformity and AU: Atacama Unconformity.
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Formation) basins. In the Middle Pennsylvanian, these units are overlain 
by early Pennsylvanian (Bashkirian) postglacial transgressive shales, 
followed by deltaic and fluvial deposits (Limarino and Spalletti, 2006, 
and references therein) (Fig. 2).

During the latest Carboniferous to early Permian, the southwestern 
Gondwanan margin experienced a dynamic interplay of sedimentation, 
magmatism, and tectonics, reflecting a transitional geodynamic regime. 
In the Paganzo Basin, backarc sedimentation is recorded by the Patquía 
Formation and equivalents, which consists of fluvial sandstones and 
conglomerates transitioning upward into ephemeral river, playa lake, 
and eolian facies, indicating increasing aridity and continentality 
(Spalletti et al., 2010) (Fig. 2). Pennsylvanian to early Permian strata in 
the Río Blanco and Calingasta–Uspallata basins, to the west, are pre
served in transitional to shallow marine siliciclastic facies (e.g., Tres 
Saltos, Agua del Jaguel, Ansilta and Del Salto formations) (Fig. 2). In the 
Andean sector, minor diamictites within the Cerro Agua Negra Forma
tion and its equivalents (e.g., the Late Carboniferous–Early Permian El 
Imperial Formation in western San Rafael) were deposited in nearshore 
to offshore environments, attesting to persistent marine influence in 
these intra-arc depocenters (Fig. 2). To the north, in the Tarija backarc 
basin, Late Pennsylvanian–Early Cisuralian sedimentation is repre
sented by the Mandiyutí Group (Escarpment and San Telmo formations), 
recording fluvial to deltaic environments in the lower section and 
shallow marine and coastal environments conditions, including possible 
diamictites in shallow lakes in the upper section (Limarino and Spalletti, 
2006). In the Titicaca backarc basin, an important latest Carbon
iferous–Early Permian transgression is preserved in the lower Copaca
bana Formation, with shallow marine, deltaic, and fluvial siliciclastic 
deposits (Grader et al., 2008) (Fig. 2).

In the forearc region, active subduction during the Late Carbon
iferous–Early Permian is evidenced by the formation of accretionary 
prisms composed of deformed and metamorphosed turbiditic sequences 
(e.g., Arrayán Formation and equivalents) (Charrier et al., 2024). Coeval 
arc magmatism is represented by calc-alkaline batholiths and minor 
volcanics associated with pre-Choiyoi magmatism, confirming the ex
istence of an active continental margin at this time (Hervé et al., 2014; 
Sato et al., 2015) (Figs. 1b and 2). This pre-Choiyoi arc has been linked 
to the onset of compressive tectonics during the latest Carboniferous to 
earliest Permian, marking the first orogenic phase in proto-Andean up
lift (e.g., García-Sansegundo et al., 2014). The tectonic expression of this 
phase is particularly well recorded in Late Paleozoic depocenters along 
the Andean belt, most notably through syn-sedimentary contractional 
deformation and subaerial exposure of the preserved in the upper Cerro 
Agua Negra and lower San Ignacio formations (Busquets et al., 2005; 
Limarino et al., 2023a) (Fig. 2). These features define a prominent 
regional unconformity attributed to the Atacama orogenic phase, 
marking the shift from offshore to dominantly continental and shallow 
marine deposition (Limarino and Spalletti, 2006; Limarino et al., 2014; 
2023a and references therein) (Fig. 2).

2.1.2. Early permian-early triassic
During the Early Permian (middle Cisuralian), siliciclastic sedimen

tation was progressively replaced by carbonate deposition in shallow 
marine and coastal lagoonal settings, closely linked to the development 
of the pre-Choiyoi magmatic arc. This transition reflects a broader cli
matic shift from the cool, periglacial conditions of the Carboniferous to 
the warmer climates of the early Permian (Limarino et al., 2014). The 
change is recorded in shallow marine deposition in intra-arc depo
centers, particularly in the upper San Ignacio, Castaño Viejo, and Juan 
de Morales formations, as well as in equivalent units such as the upper 
Copacabana, Cerro Oscuro, Cerro del Árbol, Arizaro, and Cerros de 
Cuevitas formations (Artinskian ± Kungurian; Busquets et al., 2013; 
Césari et al., 2011; Díaz-Martínez et al., 2000; Grader et al., 2008) 
(Fig. 2).

These strata are considered partial equivalents of the lower sections 
of the fossiliferous neritic marine deposits of the Huentelauquén 

Formation and its forearc correlatives, which contain diagnostic mi
crofossils and a maximum depositional zircon age that together 
constrain them to the late Cisuralian to early Lopingian (Díaz-Martínez 
et al., 2000; Charrier et al., 2024 and references therein) (Fig. 2). In 
addition, portions of these sedimentary units reflect a significant tec
tonic episode along the active margin. This is evidenced by the presence 
of syn-contractional growth strata and intraformational unconformities 
within synorogenic piggyback basins that developed during foreland
ward propagation of the orogenic wedge, particularly in the upper San 
Ignacio, Castaño Viejo, and equivalent units (Busquets et al., 2005, 
2008; e.g., Del Salto-Quebrada del Alumbre formations of Colombo 
et al., 2014; Limarino et al., 2023a). This stage marks a critical moment 
in the tectonic evolution of southwestern Gondwana, culminating in the 
development of the regional San Rafael unconformity (Fig. 2). This 
erosive surface separates deformed Late Paleozoic units from overlying 
formations deposited on an irregular paleotopography and signals both 
the onset of the mid-Cisuralian–Early Triassic Choiyoi SLIP and the end 
of the Gondwanide orogenic phase (Sato et al., 2015) (Figs. 1b and 2).

The Choiyoi SLIP comprises predominantly mesosilicic to silicic 
volcanic rocks and exhibits a compositional evolution from calc-alkaline 
or transitional types in its lower part to more alkaline rocks in its upper 
levels (Sato et al., 2015). The initial phase of magmatism began around 
286–280 Ma, followed by a major flare-up between approximately 275 
and 250 Ma, during which nearly 75 % of the SLIP volume emplaced 
(Bastías-Mercado et al., 2020) (Fig. 2). Early volcanic products include 
fluvial-alluvial coarse-grained deposits, eolian sediments, and lacustrine 
facies that were progressively replaced by extensive silicic volcanic and 
volcaniclastic successions (Mancuso et al., 2016; Strazzere et al., 2016; 
Rocha-Campos et al., 2011).

With the exception of localized transpressional deformation mostly 
observed in the western San Rafael Basin, Choiyoi volcanism was pre
dominantly emplaced under extensional to transtensional tectonic 
conditions (Fig. 2). The volcanic architecture was largely influenced by 
normal fault systems, creating in some cases ~2–5 km deep depocenters, 
and is spatially associated with elongated plutonic bodies and dyke 
swarms (Sato et al., 2015; ; Busquets et al., 2005; Cristallini and Ramos, 
2000; Heredia et al., 2002; Giambiagi et al., 2011; Heredia et al., 2012). 
Accordingly, this phase reflects the tectonic shift from compressional 
Gondwanide orogeny to a broadly extensional, anorogenic regime (Sato 
et al., 2015).

Restricted marine connections with the Panthalassa Ocean persisted 
into the initial stages of Choiyoi SLIP activity, when magmatic output 
was still minimal. This is evidenced by sedimentary records indicating 
marine influence during the extrusion of lower Choiyoi magmatism. For 
example, the Andapaico and La Dehesa formations record foreshore, 
barrier island, and lagoonal environments in their upper sections, 
consistent with shallow marine conditions during the Cisuralian (see 
Gutiérrez et al., 2018 and references therein) (Fig. 2). Other contem
poraneous units with volcaniclastic input interpreted as derived from 
the Choiyoi SLIP include the upper Puerta de las Angosturas Formation 
(Paganzo Basin), the Vitiacua Formation (Tarija Basin), and the Chutani 
Formation (Titicaca Basin), all indicating restricted shallow marine 
settings in different sections (Grader et al., 2008; Limarino et al., 2014, 
2023b; Nina et al., 2020 and references therein) (Fig. 2). These suc
cessions are time-equivalent to the uppermost shallow marine 
Huentelauquén Formation and were partially correlated based on 
microfossil assemblages (Díaz-Martínez et al., 2000) (Fig. 2).

Complete marine disconnection from the Panthalassa Ocean 
occurred during the later stages of the Choiyoi SLIP, when the accu
mulation of thick volcanic sequences, comprising lava flows, ignim
brites, and tuffs, effectively curtailed sedimentation, with only minor 
deposition during inter-eruptive intervals (Limarino et al., 2014) 
(Fig. 2). We note that this turning point in the evolution of the Pan
thalassa–Gondwana margin coincided with the Choiyoi SLIP flare-up 
phase after ~275 Ma, when most of the magmatism was emplaced 
(late Kungurian–Roadian; Bastías-Mercado et al., 2020) (Fig. 2).
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In the eastern backarc region, Permian sedimentation ceased in ba
sins such as Titicaca and Tarija, or was dominated by nonmarine facies 
including fluvial conglomerates and sandstones, exemplified by the 
Talampaya and La Veteada formations in the Paganzo Basin and possibly 
the slightly older Yacimiento Los Reyunos Formation in the San Rafael 
Basin (Fig. 2). These nonmarine units, dated to the latest Permian (late 
Kungurian–Changhsingian), reflect increasingly arid and seasonal con
ditions, as supported by sedimentary facies and palynological data 
(Gulbranson et al., 2015; Gutiérrez et al., 2018; Rocha-Campos et al., 
2011) (Fig. 2).

In the forearc region, this disconnection is marked by a regional 
uplift known as the Huentelauquén event (sensu Charrier et al., 2024). 
This is represented by a latest Permian unconformity that separates the 
Carboniferous Arrayán and early to middle Permian Huentelauquén 
formations from overlying marine Triassic strata, indicating a halt in 
sedimentation and widespread continental emergence along the margin 
(Charrier et al., 2024) (Fig. 2). Paleoclimatic changes during the middle 
Permian, particularly the onset of continental aridity, have been 
attributed to the emergence of an orographic barrier related to the 
Choiyoi SLIP. This barrier would have hindered moisture inflow from 
the Panthalassa Ocean under a globally warming climate (Spalletti et al., 
2010), resulting in the widespread development of eolian dune fields 
interpreted as sand seas (Mancuso et al., 2016).

2.2. Tectono-magmatic controls on Panthallasan marine disconnection

Accumulating evidence indicates that orogenic activity during the 
latest Carboniferous to Early Permian exerted control on marine con
nectivity with the Panthalassa Ocean, partially restricting transgressive 
episodes. Marine incursions, frequent during the early to late Early 
Carboniferous, became progressively less common by the latest 
Carboniferous - earliest Permian and were reduced during the mid- 
Cisuralian (late Early Permian), when topographic uplift increasingly 
acted as a barrier to marine inflow (Limarino and Spalletti, 2006; 
Limarino et al. 2023a) (Figs. 1b and 2). However, this orogenic activity 
appears to have produced only moderate topographic relief. This is 
evidenced by the continued presence of shallow marine to transitional 
synorogenic deposits adjacent to the active magmatic arc and, in some 
cases, extending into the back-arc region (Busquets et al., 2005, 2013; 
Limarino et al., 2014, 2023a; Fig. 2).

These geological observations challenge recent crustal thickening 
estimations based on geochemical proxies (ca. 46 km, 280–253 Ma, 
Alasino et al., 2022) and derived paleoelevation analyses (Liu et al., 
2024). The latter suggest that during the Late Carboniferous to Permian 
(330–250 Myr), elevations across the study area (40◦–20◦S) generally 
exceeded 2500 m, with localized estimates reaching orogenic 
plateau-like heights of up to 5000 m (see Figure 7 in Liu et al., 2024). 
These estimates, indicating heights and crustal thicknesses comparable 
to the Patagonian or northern Andes (1500–3500 masl, 40–45 km), are 
incompatible with well-documented evidence from intra-arc depo
centers (e.g., modern Chile–Argentina Central Andes, Titicaca, Uspal
lata–Río Blanco, and western San Rafael regions) of offshore to shallow 
marine siliciclastic sedimentary records from the pre-orogenic stage up 
to 300 Ma (e.g., Cerro Agua Negra, El Imperial, Hoyada Verde, Tres 
Saltos, Sierra del Tigre formations; Fig. 2). More critically, paleo
elevations conflict with the record of syn-tectonic sedimentation at or 
near sea level along the orogenic hinterland between 290 and 280 Ma 
(Artinskian ± Kungurian; Busquets et al., 2005; Colombo et al., 2014, 
2013; Limarino et al., 2014, 2023a; Fig. 2). Moreover, as stated above, 
shallow marine facies were reported in different parts of the back-arc 
from 40◦–20◦S following the San Rafael unconformity during the early 
stages of Choiyoi SLIP magmatism (Grader et al., 2008; Limarino et al., 
2014, 2023b; Nina et al., 2020; Fig. 2). These key observations illustrate 
the limitations of deriving crustal thickness estimates from geochemical 
proxies and underscores the critical importance of considering the 
sedimentary basin record when applying such techniques. A possible 

explanation for the mismatch between geochemical proxies for crustal 
thickness and paleoaltimetry and the sedimentary record is that previ
ous studies assumed a purely subduction-related origin for the Choiyoi 
SLIP (i.e., magmas derived from the mantle wedge and fractionated at 
high pressure near Moho depths). This assumption overlooks potential 
contributions from melts sourced directly from the subducted plate, 
which can produce similar geochemical signatures but do not record 
paleo–Moho depths. Such melts can be formed during slab detachment 
events (Gianni and Navarrete, 2022; Whalen and Hildebrand, 2019; next 
section).

Collectively, these observations suggest that while crustal thickening 
associated with early orogenic processes restricted marine ingressions 
along the western active margin, it cannot account for the complete 
disconnection from the Panthalassa Ocean. The progressive desiccation 
of basins along the southwestern margin of Gondwana could also reflect 
large-scale global processes. While some studies report a global sea-level 
drop near the Permian–Triassic boundary (~250 Ma), these values 
remain above present-day levels and postdate the main marine regres
sion in the study area, largely completed by ~275–265 Ma (Fig. 2). 
Other reconstructions suggest a sea-level rise of 20–150 m above mod
ern levels during this interval (Haq and Cloetingh, 2025 and references 
therein; Fig. 2). Hence, directly linking the marine regression to Late 
Paleozoic sea-level dynamics is difficult.

Limarino et al. (2014, 2023a) and Spalletti et al. (2010) noted a 
temporal coincidence between the onset of full marine disconnection 
and the emplacement of the Choiyoi SLIP during orogenic collapse of the 
southwestern Gondwanan margin, a phase dominated by crustal 
stretching and extensional magmatism. These observations raise a crit
ical unresolved question: How could the final disconnection of the 
Panthalassa Ocean from the southwestern margin of Gondwana occur 
during a phase of lithospheric thinning and postglacial sea levels likely 
well above present-day?

2.3. Origin of the Choiyoi SLIP

Two end-member hypotheses have been proposed to account for the 
development of the Choiyoi Magmatic Province. The first hypothesis 
proposes an origin entirely (Mpodozis and Kay, 1992) or partly (e.g., 
upper Choiyoi; Kleiman and Japas, 2009) linked to a cessation of sub
duction, triggered by slab break-off events.

The second hypothesis suggests a scenario of continued subduction 
accompanied by slab rollback within a retreating subduction system (e. 
g., del Rey et al., 2019; Oliveros et al., 2020). The continued-subduction 
model relies primarily on geochemical evidence indicating that the 
lower Choiyoi magmatism, and more locally the upper section (González 
et al., 2025), exhibit a subduction-related signature (e.g., Bas
tías-Mercado et al., 2020). Recent studies have proposed that this 
geochemical signature may be entirely inherited (post-subduction 
magmatism), and have documented geochemical fingerprints associated 
with slab break-off (Gianni and Navarrete, 2022). Notably, seismic to
mography reveals lower-mantle slab remnants of Permian subduction 
only to the north and south of the reconstructed position of the Choiyoi 
SLIP, where a major slab gap is present, an observation incompatible 
with sustained plate convergence beneath the region (Arvizu et al., 
2024; Gianni and Navarrete, 2022). More critically, documentation of 
spatio-temporal patterns of magmatism showing inland migration of up 
to 300–500 km contradicts slab-rollback models, which typically pro
duce trenchward magmatic retreat (e.g., Gianni and Pérez-Lujan 2021). 
Subduction interruption is further corroborated by recent geochrono
logical data suggesting the deactivation and subsequent emergence of 
accretionary complexes between 33◦ and 22◦S, linked to the 
Huentelauquén event, which occurred sometime between the Late 
Permian and pre-Early Triassic (Charrier et al., 2024). Taken together, 
these independent lines of evidence challenge a subduction-related 
origin for the Choiyoi SLIP and instead support a scenario of progres
sive, regionally extensive subduction shutdown between ~275 and 250 
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Ma (Arvizu et al., 2024; Gianni and Navarrete, 2022; Kleiman and Japas, 
2009; Mpodozis and Kay, 1992 ).

Slab break-off events and their subsequent detachment can induce 
the partial melting of the upper portion of the eclogitized or partially 
eclogitized oceanic crust through rapid temperature increases during 
slab foundering (Whalen and Hildebrand, 2019). Thus, the partial 
melting of subducted metabasaltic and metasedimetary components 
results in intermediate-felsic magmas, geochemically characterized by a 
variable HREE depletion, moderate to high 87Sr/86Sr, and high Th/La 
values (Whalen and Hildebrand, 2019). As indicated by Gianni and 
Navarrete (2022), the Choiyoi SLIP filtered geochemical dataset exhibits 
a general slab break-off signature by HREE depletions. These authors 
indicated that most of the Choiyoi SLIP was related to the partial melting 
of subducted components. In this regard, the moderate to high 87Sr/86Sr 
values (from 0.7033 to 0.72285; average: 0.7086) of this magmatic 
province show a constant, relatively flat pattern as SiO2 increases, 
which inhibits attributing such magmatic evolution to crustal assimila
tion (Fig. 3). Considering the general geochemical features described by 
Gianni and Navarrete (2022), this isotopic signature is likely inherited 
from its source and is consistent with the isotopic compositions of sub
ducted metabasaltic and metasedimentary components (e.g., Zhang 
et al., 2024); it is therefore not necessarily indicative of a typical 
subduction-related mantle-wedge source (e.g., González et al., 2025; 
Oliveros et al., 2020). Lastly, the massive volumes of silicic magmatism 
during slab break-off would have been facilitated by Pangea supercon
tinent thermal insulation that raised upper mantle potential tempera
tures in excess of 150 ◦C (Brandl et al., 2013).

Noteworthy, the different hypotheses suggested for the Choiyoi SLIP 
have contrasting dynamic topography signatures [i.e., lithospheric de
flections caused by mantle flow; Hager and O’Connell, 1979], and 
hence, testable implications for the Permian–Triassic paleogeography of 
southwestern Gondwana. While geodynamic settings involving active 
subduction would be associated with dynamic subsidence along the 
plate margin (e.g., Hager and O’Connell, 1979; Hoggard et al., 2016), 
scenarios invoking subduction interruption would lead to the develop
ment of relative dynamic uplift (Davies and von Blanckenburg, 1995). 
These contrasting dynamic responses are worth considering, as they may 
hold a potential explanation for the enigmatic marine disconnection 
between the Panthalassa Ocean and active-margin basins during the 
Permian–Triassic transition.

3. Dynamic topography analysis

To incorporate potential dynamic topography effects in the paleo
geographic evolution of southwestern Gondwana, we implemented an 
analytical model that simulates the instantaneous dynamic topography 
produced by subducting slabs of variable geometry, density contrast, 
and mantle viscosity. The model is based on the classical analytical 
framework of Hager and O’Connell (1979), with subsequent refinements 
(e.g., Gurnis et al., 2000; Ricard et al., 1984). It assumes creeping Stokes 
flow in a Newtonian viscous mantle, where vertical normal stresses are 
exerted on the base of the lithosphere by buoyancy forces arising from 
internal density anomalies such as slabs. The slab is discretized, and its 
depth and geometry are integrated into the surface stress computation. 
Dynamic topography, h(x,y), is estimated as the surface deflection 
resulting from vertical normal stresses generated by subducting slabs in 
a viscous mantle. For a Newtonian fluid under creeping flow, the 
deflection scales with the buoyancy force per unit area divided by the 
resistance of the mantle to flow, leading to the simplified expression: 

h(x,y) = −
[
Δρ(x,y)⋅g⋅D(x,y)2]/η(x,y)

Where Δρ(x,y) is the local density anomaly (typically 60–100 kg/ 
m³), g is gravitational acceleration (9.81 m/s²), D(x,y) is the slab depth, 
and η(x,y) is the effective mantle viscosity. The quadratic dependence on 
depth reflects the integration of buoyancy forces over the vertical extent 
of the slab. This formulation follows classical scaling relationships for 
instantaneous viscous flow (e.g., Hager and O’Connell, 1979). To 
parameterize the density field, the radial stress is first computed as: 

σrr(x, y) = (Δρ⋅g⋅d)
/
r2 

where d is the depth of the slab segment and r is the horizontal distance 
from a surface point to the slab element. We assume Δρ = 90 ⋅ sin(θ) kg/ 
m³ as a first-order proxy for slab buoyancy, with θ representing the slab 
dip angle. Contributions from slab segments below the 660 km mantle 
discontinuity are neglected due to their limited influence on surface 
stresses.

We implemented a simplified dynamic topography model con
strained by sectoral variations in slab geometry and mantle rheology. 
The modeled domain spans 3000 km in the east–west direction and 3500 
km north–south, discretized into a 100 × 100 grid. Slab geometries were 
prescribed independently for the Northern, Central, and Southern 

Fig. 3. 87Sr/86Sr vs SiO2 diagram of Choiyoi SLIP. Note the relatively flat patterns of 87Sr/86Sr as SiO2 increases, precluding attribution of the magmatic evolution by 
crustal assimilation. Intracratonic magmatic belt, Andean region, and North Patagonian Massif refer to the three main regions of the Choiyoi SLIP. Data compilation 
is from: Pankhurst et al. (2006); Sato et al. (2000); del Rey et al. (2019); Compiled data in Dopico et al. (2019); López de Luchi et al. (2021), and González 
et al. (2025).
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sectors and also include slab break-off scenarios (absence of slab). 
Density and viscosity values were scaled per sector using empirical 
functions of slab dip.

In the absence of precise constraints on slab age during the Per
mian–Triassic, we adopted average density anomalies representative of 
typical subducting lithosphere. A sensitivity analysis (Figure S1, Sup
plementary Material) explores a plausible range of viscosity and density 
contrast scenarios. Additionally, variations in mantle viscosity between 
continuous and interrupted subduction scenarios are introduced to 
simulate changes to relatively hotter mantle conditions that would occur 
following subduction shutdown. This approach highlights the relative 
effects of transitioning from active subduction to its interruption, rather 
than relying on absolute magnitudes tied to poorly constrained physical 
parameters.

To test alternative hypotheses regarding the subduction history of 
southwestern Gondwana, we evaluated two end-member scenarios (1 
and 2; see below), each considering different subduction geometries 
proposed for two plausible configurations during the Late Carbon
iferous–Early Permian (hereafter scenarios Permian 1 and Permian 2), as 
well as a comparable Late Permian–Early Triassic configuration (Early 
Triassic) (Fig. 4a-e).

3.1. Latest Carboniferous–Early Permian (or Permian 1) stage vs. late 
Permian–Early Triassic (or early triassic) stage

In the Permian 1 stage, continuous subduction occurs along the 
entire pre-Andean margin from north to south. Slab dip angles were set 
at 30◦ for the northern (0◦–18◦S) and southern (40◦–55◦S) margin seg
ments, and at a shallow angle of 10◦ for the central segment (15◦–40◦S), 
following García-Sansegundo et al. (2014) (Fig. 4a). In contrast, the 
Early Triassic stage (Fig. 4b) introduces a slab gap in the central 
segment, representing a zone of subduction interruption. This large gap 
is intended to reflect the Late Permian–Early Triassic subduction 
cessation, coinciding with the magmatic flare-up of the Choiyoi SLIP 
(~275–250 Ma) and the generalized slab break-off stage (; Arvizu et al., 
2024; Gianni and Navarrete, 2022). For both the northern and southern 
segments, the slab dip remains unchanged during the Late Per
mian–Early Triassic (Early Triassic scenario). The resulting dynamic 

topography differences between stages are illustrated in Fig. 4d

3.2. Alternative latest Carboniferous–Early Permian (or Permian 2) stage 
vs. Late Permian–Early Triassic (or Early Triassic) stage:

This second comparison explores an alternative configuration for the 
Latest Carboniferous–Early Permian stage. In this stage of Permian 2 
(Fig. 4c), we used the same slab dip in the northern and southern seg
ments as in Stage Permian 1 and tested an alternative 30◦ slab dip for the 
central margin segment, which accounts for the rather limited Permian 
arc migration recorded in this latitudinal sedment, which can be alter
natively caused by subduction erosion or other processes instead of 
changes in slab dip (see Gianni and Perez-Lujan 2021). Then, Fig. 4c can 
be considered as testing the overall effect of the continued subduction 
hypothesis across the entire time spam analyzed (Late Carboniferous to 
Early Triassic, del Rey et al., 2019; Oliveros et al., 2020). We 
acknowledge that alternative slab-dip geometries have been proposed 
for the southern segment (e.g., flat subduction; Pysklywec and Mitrov
ica, 1998). However, testing their potential dynamic effects (e.g., Liu 
et al., 2008) lies beyond the scope of this study, as our analysis focuses 
specifically on the dynamic-topography implications of active versus 
inactive subduction beneath the central Andean region. The corre
sponding change in dynamic topography for these stages is presented in 
Fig. 4e.

For the reference subduction scenarios, our model predicts different 
outcomes depending on whether the dynamic topography effects of 
continuous or interrupted subduction are considered in the central 
segment of the study area. As expected, the overall effect of a normal 
dipping active subduction process (uninterrupted subduction model: 
Oliveros et al., 2020) is a broad region (1000–1500 km wide) of dynamic 
subsidence (~0.7 km) near the active margin (e.g., Ricard et al., 1984; 
Gurnis et al., 2000) (Fig. 4c). Such a dynamically subsiding setting is 
difficult to reconcile with the documented regional marine regression 
and the disconnection of active-margin basins from the Panthalassa 
Ocean, particularly given the documented regional extension(del Rey 
et al., 2019) (Fig. 2). In contrast, considering a subduction interruption 
in the central segment produces a zone of relative dynamic uplift, 
associated with the loss of dynamic support (Figs. 4d and e; also 

Fig. 4. Dynamic topography analysis during a subduction-to-subduction interruption process. (a), (b) and (c) maps show interpolated values on instantaneous 
dynamic topography (models Permian 1, Early Triassic, and Permian 2) computed using the Hager and O'Connell (1979) approach. (d) and (e) maps illustrate the 
change of dynamic topography (Permian1-Early Triassic and Permian 2-Early Triassic, respectively) by subtracting a and b and c and b. The coordinates are respect to 
modern coordinates. Viscosities: Slab = 1e21, Mantle = 1e20, Hot mantle = 1e19.
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observed in alternative scenarios, see Supplementary Material, 
Figure S1). In our reference model, this uplift exhibits broad 
long-wavelength signals of ~1000–2000 km and amplitudes of 
approximately 0.4–0.7 km when we use average viscosity and density 
contrast values, well within the range of dynamic topography values 
observed in modern settings (Hoggard et al., 2016) (alternative viscosity 
and density scenarios show variable uplift amplitudes; see Figure S1). 

The uplifted region extends from the Chilean trench across the forearc 
and into the distal back-arc region suggesting that subduction inter
ruption may have exerted a first order control on surface elevation along 
the margin (Figs. 2, 4d, and e; see Supplementary Material, Figure S1).

Fig. 5. Schematic model illustrating the progressive restriction and final closure of Panthalassan marine ingressions into the southwestern interior of Gondwana. 
Early orogenic activity played a key role in narrowing marine inlets, while later dynamic surface uplift, triggered by the interruption of subduction, ultimately 
blocked marine connections entirely. Abbreviations are; C: Continental crust; SCLM: Subcontinental lithospheric mantle, and PP: Proto-Precordillera high.
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4. Discussion and conclusions

The paleogeographic evolution of southwestern Gondwana during 
the Late Paleozoic is often viewed through the lens of orogenic processes 
and climate transitions (Keidel, 1925; Limarino et al., 2014). While the 
role of the Gondwanide orogeny in modulating marine ingressions is 
well established (Bastos et al., 2021; Kern et al., 2021; Limarino et al., 
2023a), our analysis reveals that this narrative is incomplete without 
integrating deep mantle dynamics (see Pysklywec and Mitrovica, 1998), 
specifically, the impact of a regional-scale subduction interruption along 
the western proto-Andes margin and its consequences on surface 
topography. As outlined above, a key unresolved issue is that strati
graphic records from forearc, intra-arc, and back-arc regions consis
tently indicate that full disconnection from the Panthalassa Ocean was 
contemporaneous with global deglaciation and postdated peak Early 
Permian orogenesis (Figs. 1b and 2). Considering the conservative 
pre-286 Ma timing for the end of the San Rafael orogenic phase along the 
proto-Andean margin based on the oldest Choiyoi SLIP age in this region 
(Sato et al., 2015), and the ages of units preserving the last restricted 
shallow marine deposits (Juan de Morales, Andapaico, La Deheza, For
mación Puerta de las Angosturas, and Chutani formations; Grader et al., 
2008; Gutiérrez et al., 2018 and references therein; Limarino et al., 
2023b; Nina et al., 2020), the complete disconnection from the Pan
thalassa Ocean and resulting continentalization occurred >10 million 
years after the orogenic phase (Fig. 2). Particularly intriguing is that this 
process unfolded during a progressive shift toward extension and 
transtension, a phase of tectono-magmatic reorganization associated 
with the Choiyoi SLIP, rendering the overall scenario counterintuitive 
from an isostatic perspective. Although the magnitude of crustal 
extension has not yet been fully quantified, its isostatic effect would 
have reduced regional elevation. Under sea levels higher than present 
(Haq and Cloetingh, 2025; Fig. 2), this would have favored the persis
tence of marine inlets connecting to the Gondwanan interior.

Our study reframes this timing not as a tectono-stratigraphic 
anomaly, but as the surface expression of a profound change in sub
duction regime. Our simple dynamic topography models, despite their 
limitations, offer an explanatory mechanism for regional topography. A 
continuous Permian-Triassic subduction scenario, creates broad dy
namic subsidence (~0.7 km), which is difficult to reconcile with the 
documented regional marine regression (Fig. 4c). In contrast, models of 
subduction interruption show that removing the dynamic subsidence 
generated by a subducting slab produces long-wavelength, margin-scale 
relative surface uplift (Fig. 4d,e), with predicted amplitudes of ~0.4–0.7 
km and wavelengths of ~1000–2000 km, values consistent with natural 
dynamic topography. Such uplift is sufficient to disrupt shallow seaways 
(e.g., Garcia-Castellanos and Villaseñor, 2011), creating physiographic 
barriers that could have contributed to the final isolation of western 
basins along the southwestern margin of Gondwana (Fig. 5).

Indirect evidence for a phase of surface uplift coinciding with the 
Choiyoi flare-up is supported by multiple lines of observation. Sandstone 
compositional analyses, used to infer source rock types, combined with 
paleocurrent data indicating sediment transport directions, led 
López-Gamundí et al. (1994) (see Fig. 13 in this study) to identify a 
major shift in provenance and paleo-drainage across the three 
best-studied western depocenters: Calingasta–Uspallata, San Rafael, and 
Paganzo Basins. According to these authors, this shift reflects the 
increasing influence of Choiyoi-related volcanism and a reversal of the 
regional slope and drainage direction, generally toward the 
east-northeast (Fig. 1b; late Guadalupian–Lopingian stage).

The change in paleo-slope, interpreted here as the result of surface 
uplift driven by subduction interruption, is further supported by U–Pb 
detrital zircon provenance analyses in the intraplate Paraná Basin from 
Late Permian [Kungurian (marine)–Wuchiapingian (continental)] sedi
mentary units (Kern et al., 2021). These data show an abrupt influx of 
Famatinian cycle-age (~369–484 Ma) zircons during the latest Permian, 
indicative of uplift and erosion of basement rocks along the western 

Gondwana margin, with minor contributions from exhumed western 
Late Paleozoic basins. While Kern et al. (2021) linked southern zircon 
sources to the Gondwanic Ventana–Cape Fold and Thrust Belt and the 
North Patagonian Massif, these authors did not fully explain the origin of 
the uplifting region driving the exhumation of Famatinian cycle igne
ous–metamorphic complexes in the west or the reworking of sediments 
from uplifted western basins. Our results provide a viable mechanism for 
this enigmatic surface uplift to the west, despite the predominantly 
anorogenic setting of the proto-Andean margin at the time, through 
dynamic surface response to subduction interruption. In addition, this 
process could explain the scarce sedimentary record of the middle to 
upper Permian in the back-arc and distal back-arc regions (Limarino and 
Spalletti, 2006). Also, our results offer a complementary mechanism for 
Late Permian aridification of the continental interior, a phenomenon 
Spalletti et al. (2010) and Limarino et al. (2014) attributed to the 
piling-up of volcanic materials creating a topographic high during 
Choiyoi SLIP emplacement. In their model, this orographic barrier 
forced humid Panthalassan winds to rise and release moisture along the 
coast, amplifying inland aridity (Fig. 5).

To generate a pronounced rain shadow over the study area, the 
orographic barrier would have needed to reach elevations of at least ~1 
km (e.g., Bucher et al., 2020). However, the geological record suggests 
that such high-standing relief was unlikely to have developed solely 
through volcanic accumulation processes. The thick syn-extensional 
volcano-sedimentary successions, reaching 4–5 km in depocenters 
along the proto-Andean margin (e.g., Cristallini and Ramos, 2000; 
Heredia et al., 2002), together with widespread caldera-style magma
tism, point instead to an overall low-standing landscape shaped by 
crustal thinning. Under these conditions, the development of a sub
stantial orographic high would have required an additional dynamic 
support mechanism (cf. Chamberlain et al., 2012). Crucially, our dy
namic topography assessment suggests a potential post-subduction up
lift of the Choiyoi volcanic edifice of ~0.4–0.7 km, providing a physical 
basis for the sustained rain shadow and resulting hyperarid conditions 
inferred inland (Fig. 5). A comparable, case occurred in the western 
North American Cordillera linked to the Farallon slab removal, where 
rapid surface uplift (>1 km) during the Eocene coincided with volca
nism and extensional tectonics in a non-orogenic setting (Chamberlain 
et al., 2012).

An alternative explanation for surface uplift during orogenic exten
sion, one not necessarily incompatible with subduction interruption, is 
lower lithospheric foundering, potentially triggered by substantial 
crustal thickening (often exceeding 50 km in orogenic plateau settings; 
e.g., Kay and Kay, 1993). However, geological evidence indicates pre
dominantly shallow marine conditions throughout most of the orogenic 
evolution along the proto-Andean margin, suggesting such extreme 
crustal thicknesses were never attained during the Late Carboniferous to 
earliest Permian (see sections above).

We suggest that reestablished dynamic subsidence after subduction 
interruption, combined with back-arc extension, thermal subsidence, 
and elevated global sea levels, contributed to marine inundation 
beginning in the Late Triassic, becoming widespread by the Early 
Jurassic (Haq and Cloetingh, 2025; Vicente et al., 2005; Fig. 1b). This 
transgression, recorded in forearc, proto-Andean, and back-arc regions 
(Fig. 1c), represents a major reconnection of Panthalassa with south
western Gondwana (Vicente et al., 2005).

Collectively, stratigraphic, magmatic, and modeled dynamic topog
raphy analyses suggest that the protracted disconnection of Panthalassa 
from the South American margin, and subsequent continentalization of 
western Gondwana, reflect not only orogenic and magmatic processes 
but also a deep mantle-driven topographic reorganization (Fig. 5). This 
finding deepens our understanding of southwestern Gondwana's evolu
tion and emphasizes that subduction dynamics, especially interruptions 
and slab loss, can leave enduring imprints on Earth's surface.
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Multiproxy paleosol evidence for a rain shadow effect linked to miocene uplift of the 
North Patagonian Andes. Bulletin 132, 1603–1614. https://doi.org/10.1130/ 
B35495.1.

Busquets, P., Colombo, F., Heredia, N., Cardó, R., 2008. Gravitational sliding in a 
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