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a b s t r a c t

We present a new conceptual model to explain the first order Permian-Triassic evolution of the
whole > 30 000 km long Pangea margin facing the Panthalassa ocean. Compilation of available
geological, geochemical, geochronogical and paleomagnetic data all along this system allowed us to
distinguish three part of the margin: western Laurentia, western Gondwana and eastern Gondwana.
These segments record distinct tectonic and magmatic events, which all occur synchronously along the
whole margin and correlate well with the main geodynamic events of this period, i.e. subduction of the
Paleotethys mid-ocean ridge at 310-280 Ma, opening of the Neotethys at 280-260 Ma, counterclockwise
rotation of Pangea at 260-230 Ma and closure of the Paleotethys at 230-220 Ma. Between 260 and 230
Ma, the reorganization of the Tethyan realm triggered the up to 35� rotation of Pangea around an Euler
pole located in northernmost South America. This implied both an increase and a decrease of the
convergence rate between the margin and the Panthalassa ocean, north and south of the Euler pole,
respectively. Thus, the Permian-Triassic Pangean margin was marked: in western Laurentia by marginal
sea closure, in western Gondwana by widespread bimodal magmatic and volcanic activity, in eastern
Gondwana by transpressive orogenic phase. Therefore, we propose that the Permian-Triassic evolution of
the outward margin of Pangea was controlled by the Tethyan realm reorganization.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

From Early Permian to Late Triassic, the Earth surface recorded
drastic modifications including: (1) final amalgamation of the
Pangean supercontinent, (2) Tethyan realm reorganization marked
by the subduction of the Paleotethys ridge under the Laurussia and
Asian margins (310-280 Ma), the onset of the Neotethys opening at
280-260 Ma (Stampfli and Borel, 2002), and the northward drifting
of Cimmerian blocks synchronous with the subduction of the
Paleotethys until ~225 Ma (Pullen et al., 2008), (3) mantle activity
expressed by the outpouring of Large Igneous Provinces (LPs)
(Golonka and Bocharova, 2000), and (4) early rifting of Pangea
coeval with the Cantabrian orogen in western Europe (Guti�errez-
Alonso et al., 2008) (Fig. 1).

Based on compilation of worldwide geological data, Guti�errez-
Alonso et al. (2008) proposed that between 310 and 280 Ma, the
subduction of the Paleotethys mid-ocean ridge under Laurussia
triggered a redistribution of the stress-strain regime throughout
the Pangea supercontinent during rigid-body rotation. This plate-
scale model, based on the Paleotethys slab pull, accounts for the
widespread radial rifting systems recorded all around the core of
the Cantabrian orogen in Early Permian times (including the Neo-
thethys, Madagascar, Oslo, North Sea and Siberian rifts). Following
this event, the Neotethys opened at ca. 280-260 Ma and inner
Pangean deformation and magmatism abruptly ended.

Here, we explore the evolution of the outward Pangea margin
facing the Panthalassa subduction. For this, we use a compilation of
available geochronological, geochemical, geological and paleogeo-
graphic data along the outward Pangean margin, from Laurussia to
eastern Gondwana. Along this outward Pangean margin. We
distinguish three main segments on the basis of their self-
consistent evolution: western Laurentia, western Gondwana and
eastern Gondwana (Fig. 1). These segments show synchronous but
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Fig. 1. Geodynamic setting along the outward Pangaea margin during Permian-Triassic times. Note that the average position of the Permian-Triassic Euler pole of rotation of Pangea
is after Torsvik et al. (2012). YTT: Yukon-Tanana terrane; CCC: Cougar Creek Complex; EO: El Oro; NP: North Patagonia; SP: South Patagonia; EA: East Antarctica; NE, New England,
NG, New Guinea. The positions of the Large Igenous Provinces (LIP) in Central Asia are after Yarmolyuk and Kuzmin (2011).
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distinct changes in their magmatic and tectonic setting at 280e265,
265e230 and 230-220Ma. These changes coincidewith subduction
of the Paleotethys ridge, opening of the Neotethys ocean and
closure of the Paleotethys ocean, respectively, and with overall
changes in apparent pole wandering path of Pangea. As no other
investigated model can explain such plate-scale and synchronous
events, we hypothesize that the Permian-Triassic counterclockwise
rotation of Pangea shown by paleomagnetic and paleoenvironment
studies (Marcano et al., 1999; Golonka, 2007; Torsvik et al., 2012),
likely caused by opening of the Neotethys, triggered the major
changes in tectonic and magmatic setting recorded all along the
margin. Considering the position of the studied segments with
respect to the position of the Permian-Triassic Euler pole of rotation
of Pangea, the conceptual model presented here fairly explains the
observed tectono-magmatic changes along the whole outward
Pangea margin, i.e. on more than 30 000 km long.
2. Permian Triassic evolution of the outward Pangea margin

We compiled the salient available data of the Late Paleozoic to
early Mesozoic evolution of the Panthalassa margin from north-
western Canada to east Australia (Fig. 2 and supplementary data).
We describe this large-scale geodynamic system by studying the
main three representative segments of the margin: western Lau-
rentia, western Gondwana and eastern Gondwana. We do not
integrate the evolution of north Laurussia as very few data are
available. The Permian-Triassic evolution of the Asian continental
blocks will not be presented as they were not constitutive of the
Pangea supercontinent.
2.1. The western Laurentian margin (Alaska, Canada, United-States)

In northwestern Canada, east-directed subduction was active
during Carboniferous times to the west of the 1200e2400 km
marginal sea. The latter ceased at 275-269 Ma and was replaced by
a west-directed subduction well illustrated by high-pressure
metamorphism, which formed as a response to the closure of the
marginal sea (Ruks et al., 2006, Fig. 2). Between 260 and 252 Ma,
the arc collided against the Laurentia margin under dextral strike-
slip conditions, triggering the Klondike orogenic phase in the
Yukon-Tanana Terrane to the north, and the Sonoman orogenic
phase in the Sierra Nevada to the south. U-Pb Ages on detrital zir-
cons indicate moderate felsic magmatic activity at ca. 242, 236 and
222Ma. Gabbro and diorite sills are also recorded inwestern Yukon
and eastern Alsaka at 232-226 Ma (e.g. Dusel-Bacon et al., 2006). In
Late Triassic times, a new flip in subduction resulted in an east-
directed Cordilleran subduction (Beranek, 2009). Farther south, in
the western United States, the Wallowa arc of the Cougar Creek
Complex is dominated by silicic magmatism between 265 and 250
Ma. Subsequently, the Wallowa magmatic arc vanished at 250-230
Ma, and voluminous mafic to intermediate, MORB-like, mantle
derived magmatism occurred at 230 Ma, which is interpreted as
resulting from the subduction of the spreading ridge of the mar-
ginal sea at 229 Ma (Kurz et al., 2012). The synchronicity of the



Fig. 2. Synthetic diagram of the main tectonic and magmatic and geodynamic events occurring between 320 and 200 Ma all along the western Laurentia and Gondwana margin.
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contractional event along western North America at 260-250 Ma
implies that the driving forces for the closure of the marginal ocean
are related to a significant plate tectonic event (Beranek, 2009).
2.2. The western Gondwana margin (South America and east
Antarctica)

Compilation of geochronological and geochemical data in
western South America led us to distinguish the following suc-
cession of events during late Paleozoic times. (1) Subduction of the
Panthalassa Ocean below South America in the Carboniferous is
evidenced by isotopic, geochronological and geochemical studies
(e.g., Mi�skovi�c et al., 2009; Kleiman and Japas, 2009; Deckart et al.,
2014; Maksaev et al., 2014; del Rey et al., 2016; Creixell et al., 2016)
and characterized by calc-alkaline/silicic magmatic/volcanic activ-
ity. Available UeThePb ages of plutonic and volcanic bodies (see
Supporting Information, reported on Fig. 3a) show that magmatism
exhibits an increase of crustal involvement between 275 and 260
Ma (Fig. 3A). At the same time, transition from a transpressive to a
transtensional regime is widely observed in South America (e.g.
Mi�skovi�c et al., 2009 and supplementary data) (Fig. 3a). These
changes were synchronous over a broad latitudinal range (5�N to
55�S) and coeval in South America with the soecalled San Rafael
Orogenic Phase (e.g., Caminos,1979; L�opez Gamundi, 2006). (2) The
emplacement of Large Igneous Provinces (LIP) made of granites
together with voluminous bimodal magmatism/volcanism
occurred in an extensional regime between 265 and 230 Ma (e.g.,
Ramos and Kay, 1991) and was followed by minor intrusions be-
tween 230 and 205 Ma (e.g., Maksaev et al., 2014). This period of
voluminous silicic activity resulted from a long period of high
mantle heat flow and crustal anatexis known as the Choiyoi event
(Kay et al., 1989). Although several studies postulated that this
event occurred in the absence of subduction (e.g., Kay et al., 1989;
Spikings et al., 2016), an increasing number of studies have
recently shown that subductionwas active from at least latest early
Carboniferous to early Jurassic (V�asquez et al., 2011; del Rey et al.,
2016; Coloma et al., 2017; Oliveros et al., in press). (3) The last
stage occurred in the westernmost forearc areas, but also in the arc
and backarc regions between 235 and 215 Ma.

We define the important period of crustal magmatic activity
between 265 and 215Ma all along the South American margin (e.g.,
Kay et al., 1989) as the Permian-Triassic thermal anomaly. These
metamorphic/magmatic events are well known in northern
Colombia (Restrepo et al., 2011; Villag�omez et al., 2011), Ecuador
(Cochrane et al., 2014; Riel et al., 2013, 2015), northern Peru
(Mi�skovi�c et al., 2009; Spikings et al., 2016), southern Peru (Clark
et al., 1990; Reitsma et al., 2010; Spikings et al., 2016), Bolivia
(Farrar et al., 1990), northern Chile (Pichowiak et al., 1990; Herv�e
et al., 2014), Argentina (Kay et al., 1989; Spalleti et al., 2008;
Rocha-Campos et al., 2011; Poma et al., 2014; Rocher et al., 2015;
Sato et al., 2015), northern Chile (Munizaga et al., 2008; Maksaev
et al., 2014; Charrier et al., 2014; Coloma et al., 2017; Oliveros
et al., in press) and southern Chile (Martin et al., 1999; V�asquez
et al., 2011). The location of the Permian-Triassic thermal anom-
aly roughly coincides with that of the Carboniferous arc (Fig. 3c)
and exhibits a southward widening of the margin area affected by
the S-type igneous activity (Fig. 3b). Although in the northern
Andes, Mesozoic docking of oceanic terranes against the margin
narrowed the Late Paleozoic belt in Colombia and Ecuador (e.g.
Jaillard et al., 2009), the width increase can be traced from Peru to



Fig. 3. Presenteday position of the Carboniferous to early Jurassic magmatic belt. A:
Positions of magmatic arcs are compiled from the literature (see Supporting
Information); Jurassic arc in northern Peru is indicated in grey dashed line and is
likely offshore. B: Present day absolute distance of the PermianeTriassic magmatism
from the Carboniferous arc axis (integrated on the entire South America and binned at
50 km intervals).
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Patagonia (Fig. 3). Subsequently, S/Aetype magmatism vanished
along the South American margin at 205 Ma (Fig. 2A), and was
progressively replaced by subduction related magmatism in early
Jurassic times (Jaillard et al., 2000; Rapela et al., 2005).

According to the regions, distinct models have been proposed to
explain the Permian-Triassic thermal anomaly: (1) rifting in
northern south America (Aspden et al., 1995; Villag�omez et al.,
2011; Cochrane et al., 2014; Spikings et al., 2016), (2) strong plate
coupling followed by slab steepening in Peru and Chile (Franzese
and Spalletti, 2001; Mi�skovi�c et al., 2009; Rocher et al., 2015),
slab roll-back (del Rey et al., 2016), or (3) late Paleozoic collage of
exotic terranes in Chile and Patagonia (e.g., Llambías and Sato,1995;
Cardona et al., 2010). However, no evidence of suchwidespread and
synchronous collisional events have been observed all along the
South American margin. In Colombia and Ecuador, evidence of
terranes of oceanic affinity tectonically juxtaposed with Triassic
migmatites and granulites during a Late Triassic subduction event
(Bustamante et al., 2011; Riel et al., 2015) argue against a rifting
model. The thermal anomaly and the coeval tectonic events along
the South American margin could also reflect the subduction of an
oceanic ridge. Such an event would trigger protraction of the
marginwith subsequent extensional setting in the arc and back-arc
regions (e.g., Whittaker et al., 2011). In this interpretation, an
eastward migration of the volcanic arc should also be observed.
However, it is unlikely that ridge subduction can occur simulta-
neously along a more than 10 000 km margin segment, from
Colombia to Antarctica. Therefore an improved geodynamic model
has to be proposed in order to explain this long-lived period of
bimodal magmatic and volcanic activity.

Although tectonic and magmatic data are scarce in Antarctica,
detrital (Millar et al., 2002) and in situ zircon U-Pb geochronology
(Riley et al., 2012) shows that magmatic and metamorphic activity
associatedwith anatexis occurred in the Antarctic Peninsula at 275-
265 Ma, 260-255 Ma and 240-225 Ma, in a possible extensional
tectonic setting (Millar et al., 2002, Fig. 2). This evolution is
compatible with that observed in western South America at the
same time (Kay et al., 1989). In spite of their scarcity, these data are
consistent with an extension of the Permian-Triassic thermal
anomaly to Antarctica.

2.3. The eastern Gondwana segment (eastern Australia, New
Guinea)

In eastern Australia, from 320 to 270 Ma, I-type arc magmatic
was related to west dipping subduction in an extensional regime
(Glen, 2005; Cawood et al., 2011) (Fig. 2). At 270-265 Ma, a
magmatic gap followed a change in the tectonic setting from
extensive to compressive. This period is interpreted as the result of
a change in convergence direction between Gondwana and the
Panthalassa slab, from orthogonal to oblique (Cawood et al., 2011),
and marks the onset of the Hunter Bowen, transpressive orogen
(Fig. 2). Subsequently, from the MideLate Permian to the Late
Triassic (ca. 260-230 Ma), the Hunter Bowen Orogen recorded
transpressive deformation and widespread I-type calc-alkaline
magmatism related to west-dipping subduction (Li et al., 2012,
Fig. 2). Finally, between 230 and 215 Ma, the axis of the magmatic
arc rotated from NNE-SSW to N-S and the tectonic regime changed
from compressive to extensive (Fig. 2). Similar tectono-magmatic
events are also described farther North in New Guinea
(Crowhurst et al., 2004).

3. Discussion

3.1. Main Permian-Triassic geodynamic events along the outward
Pangea margin

From Late Paleozoic to Early Mesozoic, the geodynamic evolu-
tion of the Panthalassa margin is marked by strikingly synchronous
changes in tectonic and magmatic setting and by the development
of orogenic phases that occurred all along the margin.

Three main periods can be distinguished: (1) Early Permian
times (280-260Ma), (2) Late Permian toMiddle Triassic times (260-
230 Ma) and (3) Late Triassic times (230-200 Ma) (Fig. 2). (1) In
Early Permian (275-260 Ma), the subduction flipped from east to
west-directed in northwestern Laurentia. In western Gondwana,
subduction-related magmatism exhibit increasing crustal



N. Riel et al. / Journal of South American Earth Sciences 81 (2018) 78e8682
contamination during synchronous contractional orogenic phases
recorded all along the margin (L�opez Gamundi, 2006; Mi�skovi�c
et al., 2009; Cochrane et al., 2014). In eastern Gondwana, the tec-
tonic setting of the margin switched from extensive to compressive
during a magmatic gap at 270-265Ma and the subduction direction
changed (Fig. 2). (2) In Late Permian to Middle Triassic times (260-
230 Ma), the western Laurentia margin was characterized by the
closure of a marginal sea and the following synchronous Klondike
and Sonoman orogenes, which developed between 260 and 250Ma
(Beranek and Mortensen, 2011). From 250 to 230 Ma, the margin
was uplifted and recorded a moderate felsic magmatic activity. In
western Gondwana, the margin underwent widespread S/A-type
magmatic and volcanic activity under extensive tectonic setting
between 260 and 230 Ma (e.g., del Rey et al., 2016; Spikings et al.,
2016). At the same time, in eastern Gondwana, the margin was
marked by the transpressive Hunter Bowen Orogen and by
subduction-related magmatic activity. (3) In Late Triassic times,
between 230 and 210 Ma, arc magmatism related to the cordilleran
east-direct subduction resumed in most of the Laurentia margin
(e.g. Beranek and Mortensen, 2011). In western Gondwana, the
same period (230-220 Ma) was marked by the waning of A/S-type
magmatic activity and by underplating of high pressure and low
temperature rocks in Colombia (Bustamante et al., 2011) and
Ecuador (Riel et al., 2013, 2015). In eastern Gondwana, between 230
and 215 Ma, the direction of the magmatic arc rotated and the
tectonic setting changed from compressive/transpressive to
extensive.

3.2. Pangean-scale event

Although the Permian-Triassic geodynamic evolution of west-
ern Laurentia, western Gondwana and eastern Gondwana are
different, the major changes of tectonic and magmatic setting
occurred simultaneously along these large segments of the whole
Panthalassa margin (>5000 km each). Moreover, in Early Permian
times, available data show that western Laurentia and the whole
Gondwana recorded inversion in their tectonic regime (Fig. 4).
These events can be related to either three large-scale geodynamic
events during Panthalassa subduction, which would have affected
independently but synchronously the three segments of the
margin, or by global variations of the state of stress, which affected
both the outward margin of the Pangea supercontinent and the
surrounding Panthalassa subduction.

Local perturbations in the subduction forces, such as ridge
subduction, block accretion or slab breakoff have been proposed in
South America in order to explain the Permian-Triassic thermal
anomaly. However, these processes would only affect the margin
locally (e.g. Guillot et al., 2009) and would likely exhibit evidence of
diachronism if multiple events occurred at the scale of the
Laurentia-Gondwana margin. Moreover, it is very unlikely that
three regional perturbations would occur simultaneously, and this,
three times during Permian-Triassic times. By contrast, during
Permian-Triassic times, Pangeawas amalgamated andwas covering
70% of a hemisphere as a quasi-rigid plate (Marcano et al., 1999),
which could propagate forces across its whole extent. Conse-
quently, global and synchronous changes in the state of stress of the
margin are most likely to be achieved by variations in the motion of
Pangea supercontinent itself.

3.3. Correlation with the Tethyan realm reorganization

During the early stages of Pangaea break-up, the Tethyan realm
was enclosed in the crescent shape of the Pangea supercontinent
(Fig. 1). The Late Paleozoic-Early Mesozoic plate reorganization
occurred because of the subduction of the Paleotethys ridge at 310-
280 Ma (Stampfli and Borel, 2002), which triggered a general
change of the stress-strain regimewithin Pangea (Guti�errez-Alonso
et al., 2008), the opening of the Neotethys ocean in early Permian
times (280-260 Ma, Stampfli and Borel, 2002; Golonka, 2007;
Torsvik et al., 2012) related to the northward drift of the Cimme-
rian blocks between 260 and 230Ma, and the subsequent closure of
the Paleotethys ocean in Late Triassic times, leading to the accretion
of the Cimmerians blocks against the Asian margin at 230-220 Ma
(Pullen et al., 2008). On the other hand, palinspastic re-
constructions based on paleomagnetic reconstructions (Marcano
et al., 1999; Stampfli and Borel, 2002; Torsvik et al., 2012) and on
global hotspot reference frame (Golonka, 2007), indicate that dur-
ing the Permian (280-260 Ma), Pangea underwent a slowdown of
its westward motion, followed by a countereclockwise motion
from Late Permian to Triassic times (260e220 Ma), around an Euler
Pole roughly located at the triple point between North America,
South America and Africa (Marcano et al., 1999; Golonka, 2007;
Torsvik et al., 2012, Fig. 4c). The inferred period of counterclock-
wise rotation ceased at ca. 230 Ma and the westward motion of
Pangea resumed.

Thus, the available data on the geodynamic evolution of the
Pangea-Tethyan system clearly indicate that the three step reor-
ganization of the Tethyan realm at 280e260, 260e230 and 230-220
Ma is coeval with the main changes in tectonic and magmatic
settings along the whole Laurentia and Gondwana margin and also
with changes in drifting direction of Pangea (Figs. 2 and 4).

3.4. Interpretative evolutionary model

At the plate tectonic scale, the most efficient physical process
that can propagate vertical motion to horizontal motion is sub-
duction. In this view, the opening of the Neotethys (280-260 Ma)
and the closing of the Paleotethys (230-220 Ma) are likely the
triggering events that modified the drift motion of Pangea. More-
over, the fact that subduction-related magmatism was active all
along the Laurentia-Gondwana margin (North America, South
America, Australia) without any major recognized gaps from
Carboniferous to at least mid-Permian times indicate that the
Panthalassa subduction system was extending on more than
20 000 km (Fig. 1). Schellart et al. (2007)) showed that large slabs
(>4000 km) are nearly stationary in the center. This implies that
even a limited motion of Pangea with respect to the surrounding
Panthalassa will have strong implications on the tectonic setting of
the margin. As a consequence, we propose that the motion of
Pangea from late Carboniferous to early Jurassic times (Marcano
et al., 1999; Stampfli and Borel, 2002; Golonka, 2007; Torsvik
et al., 2012) (Fig. 4A), triggered changes in both the tectonic and
magmatic settings observed along the Laurentia-Gondwana
margin. Since the Permian-Triassic Euler Pole of Pangea was
roughly located in the Equatorial plane in northernmost South
America (Marcano et al., 1999; Golonka, 2007; Torsvik et al., 2012),
we expect synchronous and opposite changes in tectonic/magmatic
settings north and south of the Euler pole, in the Laurentia and
Gondwana margin, respectively (Fig. 5A). We also expect limited
changes of the margin geodynamic setting near the Euler pole
(Central America and Eastern Australia) (Fig. 5).

3.4.1. The western Laurentia margin
During Permian-Triassic times, the global apparent pole wan-

dering path of Pangea indicates that the Laurentia margin was
moving eastward. Based on available paleomagnetic and geological
data along the Laurentia margin, Marcano et al. (1999) discussed
the Permian-Triassic counterclockwise rotation of Pangea either as
an apparent pole wandering path or as true pole wandering. These
authors showed that if apparent pole wandering path occurred,



Fig. 4. Geodynamic evolution of Pangea from 320 to 200 Ma. A: Global Apparent Pole Wandering Path of Pangea (APWP), projected in South African coordinates (Torsvik et al.,
2012). B: Schematic self-subduction of Pangean global plate: model of Guti�errez-Alonso et al. (2008) during subduction of the Paleotethys ridge at 290-270 Ma. C: Rotation of
Pangea between 260 and 230 M, coevally with the northward drifting period of the Cimmerian blocks. D: Schematic section normal to the Euler pole of rotation of C, showing
rotation of Pangea and resulting changes in convergence velocities.

Fig. 5. Interpretative models of the Permian-Triassic evolution of western Laurentia and Gondwana margins. A: Idealized representation of the Pangea rotation from 260 to 230 Ma
with respect to the Euler pole of rotation located in northernmost South America (Marcano et al., 1999; Golonka, 2007; Torsvik et al., 2012). The color brushes are identical to those
of Fig. 1. B: Schematic cross-sections of the margins at different locations reported in A. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 6. Schematic evolution model of western South America from 300 to 225 Ma. A:
Carboniferous subduction at 300 Ma. B: The widely recorded San Rafael orogenic phase
between 275 and 260 Ma related to an increase in coupling forces between the slab
and the margin. C: The decrease of the convergence velocity between South America
and Panthalassa due to Pangea rotation triggered steepening of the slab and high heat
flow in the mantle wedge, producing bimodal magmatism, crust melting and Setype
magmatic and volcanic activity. D: End of the Permian-Triassic rotation of Pangea,
associated in south America with vanishing of the S-type magmatic activity. In
northern Andes (Ecuador, Colombia) this period is associated with strong plate
coupling and underplating of blueschists units. Vx, Vy and Vs represent the conver-
gence, the vertical and the subduction velocities vectors, respectively. They are given
for visual purpose only, to present the first order changes in force balances between
each diagram. Note that Vx ¼ Vo - Vc and that the velocity of the Panthalassa ocean
(V0) cannot be constrained in any way. Consequently we consider only the relative
changes in convergence velocity related to the motion of Pangea.
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large part of oceanic lithosphere would have been subducted at the
leading edge of Laurussia. Because at that time available geological
data of North America were limited, Marcano et al. (1999)
concluded that true pole wandering likely occurred during
Permian-Triassic times. However, more recent studies show that
the subduction-direction reversed at 275-270 Ma (Early Permian)
and that the asymmetric 1200e2400 km wide, Blue Mountains
marginal sea closed synchronously at 260-250 Ma (early Late
Permian) in a dextral strike-slip tectonic regime (Nelson and
Colpron, 2007; Beranek and Mortensen, 2011). This supports our
model in which higher convergence velocity is expected north-
ward, i.e. at greater distance from the Euler pole (Figs. 4 and 5).

3.4.2. The western Gondwana margin
In South America, available geological, geochronological and

geochemical data indicate synchronous plate-scale events between
late Carboniferous to early Jurassic times. Since the Gondwana
margin was located south of the Euler pole of rotation of Pangea
(Figs. 1 and 5A), we expect a decrease in convergence velocity be-
tween the Panthalassa ocean and Gondwana between 280 and 260
Ma and an west-ward motion of Gondwana between 260 and 230
Ma (Figs. 4A and 5A). During subduction, changes plate velocities
are known to lead to slab-dip readjustment as the force balance of
the system has to equilibrate (e.g., Jaillard and Soler, 1996;
Capitanio et al., 2009). In this scenario, we postulate that the
decrease of convergence velocity due to Pangea rotation between
280 and 260 Ma (Fig. 4A) resulted in increased coupling forces
between the panthalassan slab and the South American margin.
This led to the formation of the transient San Rafael orogenic phase
along the South American margin (e.g., Mi�skovi�c et al., 2009)
(Fig. 6B). Subsequently, we propose that the counter-clockwise
rotation of Pangea between 260 and 230 Ma triggered exten-
sional tectonic conditions along the Gondwana margin. Schellart et
al., 2007 showed that large slabs are stable and nearly stationary in
their central part. This implies that the lithospheric deformation
related to eastwardmotion of Gondwanawas accommodated in the
weakest part of the continent i.e. in back-arc region were the lith-
ospheric mantle is metasomatized (e.g., Pankhurst et al., 1988). As a
consequence, we postulate that trench advance due to eastward
motion of Gondwana resulted in the steepening of the Panthalassa
slab, triggering relative opening of the mantle wedge and hot
asthenosphere upwelling (Fig. 6C). Associated high heat fluxes
along the margin led to partial melting of the mantle, underplating
of mafic magma and widespread crustal melting with voluminous
S/A-type magmatic and volcanic activity (Fig. 6C), as predicted by
modeling of slab steepening (Zhu et al., 2011). At the first order our
model is in good agreement with recent studies attributing the
Permian change from compressive to extensional setting along the
Gondwana margin to slab steepening (Ramos et al., 2011; Rocher
et al., 2015; del Rey et al., 2016; Oliveros et al., in press). This
model is also supported by the southward widening of the margin
area affected by the Permian-Triassic thermal anomaly, since a
southward location with respect to the Euler pole of rotation
increased the absolute retreat velocity, and thus the effects of the
slab steepening (Figs. 4c and 5a). Moreover, the progressive waning
of S-typemagmatic activity from 230Ma to 205Ma along the South
America margin (Fig. 3c) was coeval with the end of the Pangea
rotation (Figs. 2, 4A and 6D).

3.4.3. The eastern Gondwana margin
During Permian-Triassic times, the eastern Gondwana,

including eastern Australia and New-Guinea, was facing the Pan-
thalassa ocean with a trench roughly striking NNW-SSE (Cawood
et al., 2011). This implies that, with respect to the Permian-
Triassic Euler pole rotation of Pangea, strike-slip movements
controlled the tectonic regime of eastern Gondwana during Pangea
rotation (Fig. 5a). However, because the trench orientation was
roughly parallel to the drifting direction of the margin it is difficult
to assess how the rotation of Pangea affected the convergence ve-
locity and the stress-strain conditions in these areas. Nevertheless,
the rapid changes in the strain regime from transtensive to trans-
pressive at 270-260 Ma and from transpressive to transtensive at
235-230 Ma (Cawood et al., 2011) are, at the first order, consistent
with our model.
3.4.4. Limitations and perspectives
Although, the reorganization of the Tethyan realm and
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associated motion of Pangea can explain the first order the geo-
dynamic evolution of the Panthalassan margin from Carboniferous
to early Jurassic times, we emphasis that regional variations played
an important role in controlling the local tectono-magmatic evo-
lution of the system. This is for instancewell expressed in the South
American margin where along-trench variations in the slab ge-
ometry have been proposed by del Rey et al. (2016) to explain
inland shift of the magmatism in southern Chile while it is not
recorded in northern Chile. In this light, our model offers a general
geodynamic framework allowing to unify the first order tectono-
magmatic evolution of the panthalassan margin, while regional
second order feature are controlled by local variations.

Another limitation of our conceptual model is that only few data
are available about the Permian-Triassic evolution of the northern
Laurussia margin. However, this part of themargin accounts for less
than 15% of the overall length of the outward Pangea margin (see
Fig. 1). Moreover, east of the Laurussia margin, Asia underwent
multiple episodes of accretion between 275 Ma and 225 Ma (de
Jong et al., 2008). Even though these terranes were not part of
the Pangea supercontinent itself, these numerous episodes of
marginal sea closure leading to the amalgamation of eastern Asia
are consistent with a period of high convergence rate in the
northern hemisphere (Fig. 4c,d).

Furthermore, LIPs were emplaced in Siberia at 300e275,
270e240 and 230-197 Ma (Yarmolyuk and Kuzmin, 2011) with a
climax at the Permian-Triassic boundary, triggering the well-
known major biologic extinction (Ganino and Arndt, 2009). We
tentatively propose that these large episodes of magmatic and
volcanic activity were geodynamically linked with the reorgani-
zation of the Tethyan realm and with the related changes in global
apparent pole wandering path of Pangea. Whereas the Permian-
Triassic evolution of the outward Pangea margin can be seen
from the relatively shallow lithospheric point of view, the
emplacement of large igneous province are related to hotspot ac-
tivity and therefore to the mobilization of deeper part of the
mantle. Mantle avalanche have been proposed to explain the
episodic and important formation of continental crust during the
Archean (van Hunen and Moyen, 2012). As voluminous magmatic
and volcanic bodies were emplaced along the whole South America
margin during Permian-Triassic times, we speculate that a similar
slab fall event could have occurred at that time. Steepening of the
slab along the western Pangea margin may have led to an over-
pressure on the 660 km discontinuity exerted by the slabs resting
on this surface, and to the eventual avalanche of these oceanic slabs
into the lower mantle, triggeringmantle upwelling andwidespread
melting at the margin, as well as large scale reorganization of the
mantle cells. In this light and in order to better understand the
global system and the complex Permian-Triassic interactions be-
tween the reorganization of the Tethyan realm, Pangea motion, LIP
magmatism and mantle activity, the use of advanced tools such as
large-scale 3D numerical modeling may be crucial.
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