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A B S T R A C T   

During evolution of the South Sandwich subduction zone, which has consumed South American Plate oceanic 
lithosphere, somehow continental crust of both the South American and Antarctic plates have become incor-
porated into its upper plate. Continental fragments of both plates are currently separated by small oceanic basins 
in the upper plate above the South Sandwich subduction zone, in the Scotia Sea region, but how fragments of 
both continents became incorporated in the same upper plate remains enigmatic. Here we present an updated 
kinematic reconstruction of the Scotia Sea region using the latest published marine magnetic anomaly con-
straints, and place this in a South America-Africa-Antarctica plate circuit in which we take intracontinental 
deformation into account. We show that a change in marine magnetic anomaly orientation in the Weddell Sea 
requires that previously inferred initiation of subduction of South American oceanic crust of the northern 
Weddell Sea below the eastern margin of South Orkney Islands continental crust, then still attached to the 
Antarctic Peninsula, already occurred around 80 Ma. Subsequently, between ~71–50 Ma, we propose that the 
trench propagated northwards into South America by delamination of South American lithosphere: this resulted 
in the transfer of delaminated South American continental crust to the overriding plate of the South Sandwich 
subduction zone. We show that continental delamination may have been facilitated by absolute southward 
motion of South America that was resisted by South Sandwich slab dragging. Pre-drift extension preceding the 
oceanic Scotia Sea basins led around 50 Ma to opening of the Drake Passage, preconditioning the southern ocean 
for the Antarctic Circumpolar Current. This 50 Ma extension was concurrent with a strong change in absolute 
plate motion of the South American Plate that changed from S to WNW, leading to upper plate retreat relative to 
the more or less mantle stationary South Sandwich Trench that did not partake in the absolute plate motion 
change. While subduction continued, this mantle-stationary trench setting lasted until ~30 Ma, after which 
rollback started to contribute to back-arc extension. We find that roll-back and upper plate retreat have 
contributed more or less equally to the total amount of ~2000 km of extension accommodated in the Scotia Sea 
basins. We highlight that viewing tectonic motions in a context of absolute plate motion is key for identifying 
slab motion (e.g., rollback, trench-parallel slab dragging) and consequently mantle-forcing of geological 
processes.   

1. Introduction 

Subduction zones form during plate motion reorganizations, either 
by breaking a single plate into two independently moving plates, or by 
inverting a transform or ridge (e.g., Auzemery et al., 2020; Gurnis et al., 

2004; Maffione et al., 2015; Stern, 2004). Interestingly, in the case of the 
South Sandwich subduction zone, which now forms an isolated trench in 
the South Atlantic Ocean, it is difficult to assess which of these mecha-
nisms played a role. The overriding plate, to the west of the South 
Sandwich subduction zone, contains continental fragments that rifted 
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from both the Antarctic Peninsula, part of the Antarctic Plate, as well as 
from Tierra del Fuego (southern Patagonia), part of the South American 
Plate. These continental fragments are currently separated by small 
oceanic basins (Civile et al., 2012; Dalziel et al., 2013; Eagles and Liv-
ermore, 2002; Vuan et al., 2005). Interestingly, continental blocks 
derived from both the Antarctic and the South American Plate were part 
of the same upper plate, above the South Sandwich subduction zone. 
Since its formation, this subduction zone has been consuming South 
American oceanic lithosphere that formed the conjugate of the litho-
sphere underlying the Weddell Sea, which is part of the Antarctic Plate. 
Explaining the presence of Antarctica-derived lithospheric fragments in 
the upper plate of the South Sandwich subduction zone thus merely 
requires finding when the South American and Antarctic plates may 
have converged in the Drake Passage region (Figs. 1 and 2). Different 
scenarios have been proposed to explain this (Barker, 2001; Dalziel 
et al., 2013; Eagles, 2016b; Lagabrielle et al., 2009; Vérard et al., 2012). 
What remains puzzling is that South American Plate fragments also 
ended up in the upper plate of the South Sandwich subduction zone. 

In the search for causes of subduction initiation, previous studies 
have looked for evidence for convergence in the Drake Passage region. 
Two causes for subduction initiation have been proposed. The first is 
that westward motion of Tierra del Fuego relative to the Antarctic 
Peninsula led to the development of an active margin to the east of South 
Orkney Islands continental crust, then still part of the Antarctic Penin-
sula, and the westward subduction of oceanic crust of the South Amer-
ican Plate (Barker, 2001; Eagles and Jokat, 2014; Lagabrielle et al., 
2009; Vérard et al., 2012). The proposed timing of this event varies from 
latest Cretaceous (~70 Ma; Vérard et al., 2012) to Eocene (~46 Ma; 
Lagabrielle et al., 2009; ~50 Ma; Eagles and Jokat, 2014). This does not 
explain, however, how South American oceanic lithosphere subduction 
below the Tierra del Fuego region began. The second hypothesis is that 
such subduction within South America may somehow be linked to the 
mid-Cretaceous closure of the South American Rocas Verdes Basin 
(Barker, 2001; Dalziel et al., 2013), unrelated to subduction below the 
Antarctic Peninsula. 

The aim of this study is to develop a geodynamic scenario for the 

origin and evolution of the Scotia Sea that addresses: 1) when and why a 
subduction zone first formed between South America and the Antarctic 
Peninsula and 2) when and why this subduction zone may have prop-
agated, or initiated, into the South American Plate, and how South 
American continental lithosphere transferred to the upper plate of the 
South Sandwich subduction zone. To this end, we have developed a 
kinematic restoration back to the time of Gondwana break-up embedded 
in a global plate reconstruction framework. We use a plate circuit 
through Africa, by restoring the opening of the South Atlantic and 
Southwest Indian oceans based on previously published marine 
geophysical constraints. We first restore the extensional history of the 
Scotia Sea recorded by the small oceanic basins using published marine 
magnetic anomaly data. Then, to assess the amount of pre-drift exten-
sion (i.e., the continental rifting phase before oceanic spreading), we use 
the plate circuit and published marine magnetic anomalies in the 
Weddell Sea ocean floor to approximate the location of the South 
American ocean-continent transition to the Weddell Sea conjugate 
ocean floor. To assess the Antarctic Peninsula-Patagonia convergence in 
driving subduction initiation, we also correct for intracontinental 
deformation within South America and Antarctica and test this against a 
new compilation of paleomagnetic data. Based on our reconstruction, 
which we study in both relative and absolute plate motion context, we 
propose a new view on the timing and geodynamic forcing for the 
initiation and evolution of subduction, its propagation into the South 
American Plate, the transition to upper plate extension in the Scotia Sea 
region, and its subsequent evolution that led to opening of the Drake 
Passage. 

2. Modern geological architecture of the Scotia Sea region 

The Scotia Sea is underlain by the Scotia and South Sandwich plates 
(Fig. 1). Major tectonic plates that surround both plates are the South 
American Plate in the north and east and the Antarctic Plate in the south 
and west (Figs. 1, 2 and 3). To the southeast of the South Sandwich 
subduction zone, there is a short segment of the South American- 
Antarctica plate boundary that ends in a triple junction with the South 

Fig. 1. Tectonic map of the Scotia Sea Region. The map shows the main faults, plate boundaries and tectonic blocks (colored polygons) discussed in this paper. Major 
plates are given in capital letters. Active plate boundaries are indicated with red lines. The plate boundary around South Georgia is dashed, as it is being transferred 
from the north to the south of the microcontinent (Smalley Jr. et al., 2019). Former plate boundaries of the Scotia Sea region in gray. Coastlines of West Antarctica 
tectonic blocks are based on present-day continental lithosphere that rises above sea-level. Black arrows represent plate motions relative to the mantle in the last 5 
Myr in the reference frame of Doubrovine et al. (2012). Abbreviations: ESR = East Scotia Ridge; EWM = Ellsworth – Whitmore Mountains; GFZ = Gastre Fault Zone; 
MBL = Marie Byrd Land; MFFZ = Magallanes-Fagnano Fault Zone; MEB = Maurice Ewing Bank; NSR = North Scotia Ridge; SG = South Georgia; SSP = South 
Sandwich Plate; SSR = South Scotia Ridge; SSSZ = South Sandwich subduction zone; TdF = Tierra del Fuego; TI = Thurston Island. 
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America-Africa and Africa-Antarctica spreading ridges (Fig. 1; Barker 
and Lawver, 1988; DeMets et al., 2010). In the Pacific Ocean to the west- 
northwest of the Scotia Sea, the South American and Antarctic plates are 
converging, which leads to the subduction of oceanic lithosphere of the 
Antarctic Plate below southern South America (Fig. 1). 

The Scotia Plate is separated from the South Sandwich Plate in the 
east by an active spreading ridge; from South America in the north by 
the left-lateral Magallanes-Fagnano and North Scotia Ridge transform 
system; from the small remnant of the Aluk (or Phoenix, or Drake) Plate 
in the west by the sinistral Shackleton fracture zone; and from Antarctica 
in the south by a diffuse plate boundary characterised by distributed left- 
lateral transpression (Fig. 1) (Thomas et al., 2003). The South Sandwich 

Plate is separated from the South American Plate in the east by the South 
Sandwich trench, and from Antarctica in the south by a diffuse, dextral 
transform plate boundary (Thomas et al., 2003). 

The Scotia Plate hosts three main oceanic basins characterised by 
different magnetic anomaly orientations: The East, Central, and West 
Scotia basins (Figs. 3 and 4). Microcontinents, arc remnants, and 
intervening small oceanic basins to the south of the main Scotia Sea 
basins collectively form the South Scotia Ridge. These comprise, from 
east to west: 1) the Discovery Bank, separated by the Scan Basin from 2) 
the Bruce Bank, separated by the Dove Basin from 3) the Pirie Bank, 
separated by the Protector Basin from 4) the Terror Rise (Figs. 3 and 4). 
The southernmost part of the Scotia Sea, along the diffuse plate 

Fig. 2. Geographic map of the Circum-Antarctic region. Abbreviations: AB = Adare Basin; EWM = Ellsworth-Whitmore Mountains; FKI = Falkland Islands; FPB =
Falkland Plateau Basin; MEB = Maurice Ewing Bank; MBL = Marie Byrd Land; NB = Northern Basin; NSR = North Scotia Ridge; TdF = Tierra del Fuego; TI =
Thurston Island; SG = South Georgia; SOM = South Orkney Microcontinent; SSR = South Scotia Ridge; WARS = West Antarctic Rift System. 
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boundary with Antarctica, hosts from east to west the Jane Bank sepa-
rated by the Jane Basin from the South Orkney microcontinent, sepa-
rated by the Powell Basin from the Antarctic Peninsula (Fig. 3). Based on 
seismic data and dredge samples, Terror Rise and the Bruce and Pirie 
banks are considered to be underlain by extended continental crust 
(Eagles et al., 2006; Lodolo et al., 2010; Udintsev et al., 2012; Vuan 
et al., 2005). Dredging of the Discovery and Jane Banks have returned 
samples with a continental affinity (Lodolo et al., 2010), as well as arc- 
type magmatic rocks of unknown age (Barker et al., 1984; Barker et al., 
1982). The geology of South Orkney Islands shows that they consist of 
continental crust that likely formed in Paleozoic time by accretion at the 
Panthalassa margin (Matthews and Maling, 1967; Tanner et al., 1982). 
East of the Antarctic Peninsula and south of the South Scotia Ridge lies 
the Weddell Sea, with an ocean floor that is part of the Antarctic Plate 
(Figs. 1, 2 and 3). 

The northern margin of the Scotia Plate is referred to as the North 
Scotia Ridge, comprising the Burdwood and Davis banks, Barker (pre-
viously named Aurora) Plateau, and Shag Rocks Bank, as well as the 
South Georgia microcontinent (Figs. 3 and 4). Based on field in-
vestigations of South Georgia, and geochemistry and geochronology of 
dredge samples of the North Scotia Ridge banks, they are interpreted as 
continental fragments that share a geological affinity with the Fuegian 
Andes (Carter et al., 2014; Dalziel et al., 1975; Mukasa and Dalziel, 
1996; Pandey et al., 2010; Riley et al., 2019; Storey and Mair, 1982; 
Storey et al., 1977). The ridge is separated from the Falkland Plateau to 

the north by the Falkland Trough, a bathymetric depression that formed 
as part of the South American-Scotia transform plate boundary (Figs. 1 
and 3). 

The Falkland Plateau, located east of Patagonia in the South Atlantic 
Ocean (Fig. 2), forms a large promontory of extended South American 
crust (Ewing et al., 1971; Tankard et al., 2012). The Falkland Islands and 
Maurice Ewing Bank are emergent portions of the Falkland Plateau, 
underlain by continental crust (Schimschal and Jokat, 2019). They are 
separated from each other by the oceanic Falkland Plateau Basin 
(Schimschal and Jokat, 2018). 

The transition from the N-S trending Patagonian Andes to the E-W 
trending Fuegian Andes and Falkland Plateau (Fig. 3) is known as the 
Patagonian Orocline (Carey, 1955). This region consists of five main 
geological provinces. From west to east, these are: 1) an Upper Jurassic – 
Miocene magmatic arc (Patagonian Batholith) related to (paleo-)Pacific 
subduction (Guillot, 2016; Herve et al., 2007; Hervé et al., 1984; Pan-
khurst et al., 2000); 2) thrusted and uplifted, uppermost Jurassic to 
lowermost Cretaceous ocean floor volcanics and Lower Cretaceous 
volcaniclastics (Relics of the former Rocas Verdes Basin) (Cunningham, 
1994; Dalziel et al., 1974; Olivero and Malumián, 2008; Stern and De 
Wit, 2003); 3) a metamorphic complex of Late Paleozoic basement rocks 
affected by Late Cretaceous – Cenozoic thick-skinned tectonics (Cordil-
lera Darwin) (Cunningham, 1995; Klepeis et al., 2010; Klepeis, 1994b; 
Maloney et al., 2011); 4) the thin-skinned Magallanes fold-and-thrust 
belt, containing thrust sheets that incorporate Lower Cretaceous to 

Fig. 3. Geographic map of the Scotia Sea region. Basin names in yellow, abbreviations: CSS = Central Scotia Sea; DoB = Dove Basin; ESS = East Scotia Sea; FT =
Falkland Trough; FPB = Falkland Plateau Basin; JaB = Jane Basin; PoB = Powell Basin; PrB = Protector Basin; ScB = Scan Basin; WSS = West Scotia Sea. Other names 
in white, abbreviations: BaP = Barker Plateau; BB = Bruce Bank; BuB = Burdwood Bank; CD = Cordillera Darwin; DaB = Davis Bank; DB = Discovery Bank; JB =
Jane Bank; FKI = Falkland Islands; MBE = Maurice Ewing Bank; MFTB = Magallanes Fold-and-Thrust-Belt; PB = Pirie Bank; RVB = Rocas Verdes Basin; SFZ =
Shackleton Fracture Zone; SRB = Shag Rocks Bank; SSA = South Sandwich Arc; SST = South Sandwich Trench; TR = Terror Rise. 
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Miocene continental and marine sequences of the Rocas Verdes back-arc 
and Austral foreland basin (Alvarez-Marrón et al., 1993; Betka et al., 
2015; Betka, 2013; Ghiglione and Ramos, 2005; Ghiglione et al., 2009; 
Torres-Carbonell et al., 2013; Torres-Carbonell et al., 2017); and 5) an 
undeformed foreland (Austral and Magallanes basins) (Biddle et al., 
1986; Ghiglione et al., 2010; Torres-Carbonell and Olivero, 2012). The 
southernmost Andes are cut by the Magallanes-Fagnano fault system, a 
left-lateral strike-slip fault system that marks the present-day onshore 
boundary between the Scotia and South American plates (Cunningham, 
1993; Klepeis, 1994a; Pelayo and Wiens, 1989; Smalley Jr. et al., 2007; 
Smalley Jr. et al., 2003). 

Antarctica is characterised by two different crustal realms, separated 
by the Transantarctic Mountains (Goodge, 2020) (Fig. 2). East 
Antarctica, facing the Atlantic and Indian Oceans, is a craton that 
formed during Precambrian and Cambrian times (Fitzsimons, 2000; 
Harley, 2003; Tingey, 1991). West Antarctica, facing the Pacific Ocean, 
comprises continental and arc crust of early Paleozoic age, divided into 
four major crustal blocks divided by fault or rift zones (Dalziel and Elliot, 
1982; Gohl et al., 2007; Holt et al., 2006; Jordan et al., 2010): Thurston 
Island, Marie Byrd Land, Ellsworth-Whitmore Mountains, and the Ant-
arctic Peninsula (Figs. 1 and 2; Dalziel and Elliot, 1982). Deformation 
within West Antarctica formed intracontinental basins and transform 
zones, most prominently in the West Antarctic Rift System. This rift 
system is the deepest in the world (LeMasurier, 2008) and 

accommodated extension in Cretaceous to Cenozoic time (Granot and 
Dyment, 2018). 

The Antarctic Peninsula, including the South Orkney micro-
continent, evolved since the Late Paleozoic as a long-lived active con-
tinental margin related to (paleo-)Pacific subduction, and hosts a 
discontinuous record of Jurassic-Paleogene arc magmatism intruding 
continental rocks that were autochthonous to the Gondwana margin 
(Burton-Johnson and Riley, 2015; Jordan et al., 2020; Navarrete et al., 
2019, and references therein). The western margin dominantly consists 
of convergent margin successions, including a Lower Jurassic to Lower 
Cretaceous accretionary complex (Doubleday et al., 1993; Suárez, 
1976), overlain by an Upper Jurassic to mid-Cretaceous fore-arc suc-
cession (Butterworth et al., 1988). The eastern margin of the Antarctic 
Peninsula is characterised by Jurassic-Cretaceous magmatism, including 
the 188–153 Ma Chon Aike silicic Large Igneous Province (Pankhurst 
et al., 2000; Riley and Knight, 2001), and volcanic and sedimentary 
successions related to continental and ocean basin extension during 
Gondwana break-up (Hathway, 2000; Willan and Hunter, 2005). The 
mid-Cretaceous to Cenozoic geology of Antarctic Peninsula is charac-
terised by subduction-related arc magmatism that ended before the Late 
Neogene, followed by extension-related Neogene to recent intraplate 
alkaline volcanic rocks (Burton-Johnson and Riley, 2015). 

Fig. 4. Marine magnetic anomaly lineations map of the Scotia and Weddell Seas. Isochrons are labeled with chron interpretations and colored based on ages. 
References to anomaly identifications are given in Section 4.1. 
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3. Approach 

3.1. Methods 

We review deformational records from Patagonia and the Antarctic 
Peninsula to build a geometrically consistent reconstruction using the 
freely available software package, GPlates (www.gplates.org; Boyden 
et al., 2011), based on published quantitative kinematic constraints. All 
reconstruction files are provided in the Supplementary Information 
(rotation files and shapefiles). We apply a reconstruction hierarchy for 
active margin reconstructions previously used for the Caribbean 
(Boschman et al., 2014), SW Pacific (van de Lagemaat et al., 2018), NW 
Pacific (Vaes et al., 2019), and Mediterranean regions (Van Hinsbergen 
et al., 2020). This hierarchy ensures that the philosophy behind all 
regional reconstructions is identical and can be integrated into a global 
model, and that reconstructions are reproducible and adaptable when 
new data become available. We only use input data that provide direct 
information on relative (plate) motion, with uncertainty increasing at 
every step of the hierarchy (Boschman et al., 2014; Van Hinsbergen 
et al., 2020): first, extensional records are used, which are the most 
complete at the end of a tectonic event and thus provide the most reli-
able source of information for kinematic evolution. The primary data 
type used in our reconstruction is Euler rotations computed from marine 
magnetic anomalies and fracture zones. Our preferred data type thus 
comes from oceanic basins with active seafloor spreading. GPlates in-
terpolates motion between constrained stages assuming constant rota-
tion rate, thus allowing use of all available anomaly picks for the various 
ocean basins. Our reconstruction uses the timescale of Gradstein et al. 
(2012) that intercalibrated ages of the marine magnetic anomaly iso-
chrons with biostratigraphy. Second, we use geological and geophysical 
data that allow estimating the timing and magnitude of rift records. 
These records are predominantly derived from intracontinental exten-
sional settings but in some cases come from intra-oceanic rift settings. 
Third, intracontinental strike-slip and transform records are used. These 
accurately constrain the motion direction, but the amount of displace-
ment may have higher uncertainty. Fourth, we use shortening records, 
which provide only a minimum estimate of convergence because part of 
the deformation record may be lost (e.g. Schepers et al., 2017). 

The geometries of our tectonic blocks were drawn based on the 
approximate present-day locations of continent-ocean transitions, using 
a digital elevation model. The geometries of the tectonic blocks are 
shown in Fig. 1. Our boundaries may differ slightly from the recently 
mapped block boundaries that Beniest and Schellart (2020) defined. 
However, because the continental fragments of the Scotia Sea have all 
been extended during rifting preceding oceanic spreading, their shapes 
and areas have been strongly deformed and the modern shapes will 
overlap in the reconstruction. 

3.2. Reconstruction approach 

To restore where the (proto-)South Sandwich subduction zone(s) 
initiated, we first restore motion along the Magallanes-Fagnano shear 
zone, shortening in the Magallanes fold-and-thrust-belt, and extension 
documented from marine magnetic anomalies in the Scotia Sea oceanic 
basins (Figs. 1 and 4). This reconstruction will provide the tectonic 
configuration of the Scotia Sea region at the onset of oceanic crust for-
mation in the latest Eocene (~36 Ma). Assessing intracontinental 
extension preceding oceanic spreading (‘pre-drift extension’) is chal-
lenging given the paucity of geological and geophysical data. We esti-
mate the amount of pre-drift extension within southern South America 
by reconstructing the area that was occupied by South American oceanic 
lithosphere conjugate to the Weddell Sea prior to South Sandwich sub-
duction. The locations of the restored anomalies on the South American 
Plate are based on the relative motion between the East Antarctic and 
South American plates. This follows from a plate circuit through Africa 
that we develop by reconstructing spreading at the South Atlantic and 

Southwest Indian mid-ocean ridges based on constraints reviewed in 
section 4.2. The overlap between the South American conjugate litho-
sphere of the Weddell Sea on the one hand, and the restored latest 
Eocene configuration of Scotia Sea continental fragments on the other 
hand then provides an estimate of the amount of pre-drift extension. We 
use this estimate to restore the continental fragments to a location closer 
to Tierra del Fuego to avoid overlap of these fragments with South 
American oceanic crust that formed the conjugate to Weddell Sea. 

Next, we use the plate circuit through Africa to evaluate whether 
convergence occurred between Tierra del Fuego and the Antarctic 
Peninsula in the Drake Passage region that may have started (proto-) 
South Sandwich subduction. However, this first requires restoring any 
intra-South American deformation between Tierra del Fuego and the 
South Atlantic margin and between the Antarctic Peninsula and East 
Antarctica. The Antarctic Peninsula is geographically part of West 
Antarctica, and it has been suggested that the West Antarctic Rift Sys-
tem, forming the plate boundary between East and West Antarctica, 
continues into the Weddell Sea (Dalziel, 2006). This would render the 
Antarctic Peninsula also tectonically part of West Antarctica. Based on 
paleomagnetic studies, however, most authors interpret the Antarctic 
Peninsula as rigidly attached to East Antarctica since at least the mid- 
Cretaceous (Bakhmutov and Shpyra, 2011; Gao et al., 2018; Grunow, 
1993; Milanese et al., 2019; Milanese et al., 2017; Poblete et al., 2011; 
Watts et al., 1984). 

3.3. Paleomagnetic data selection 

We use a newly compiled paleomagnetic database (provided in the 
Supplementary Information) for the Antarctic Peninsula and southern 
South America to test, and if necessary, iteratively improve, our kine-
matic reconstruction. To this end, we use the online paleomagnetic 
analysis platform Paleomagnetism.org (Koymans et al., 2020; Koymans 
et al., 2016). This platform includes a tool that allows to predict the 
Global Apparent Polar Wander Path (for which we use the version of 
Torsvik et al. (2012) in the coordinates of any restored block in GPlates 
(see Koymans et al., 2020; Li et al., 2017). We compiled paleomagnetic 
data derived from Lower Jurassic to Eocene volcanic and sedimentary 
rocks of the Antarctic Peninsula, and southernmost South America. We 
use the criteria for data selection defined by Lippert et al. (2014) and Li 
et al. (2017), by which we exclude data that 1) are not used in the 
original publication if the reason for this exclusion was provided; 2) are 
(likely) remagnetised according to the original authors; 3) contain lava 
sites of mixed polarity, as spot readings cannot record reversals; 4) 
consist of less than 3 samples sedimentary sites or less than 3 lava sites 
for igneous rocks; 5) do not adequately sample paleosecular variation, 
using the criteria of Deenen et al. (2011). 

To include as much information from the sparse record of paleo-
magnetic data as possible, published data is included in the database if at 
least 3 lava sites are present in close contact and these were interpreted 
by the original authors as primary magnetic directions. We thereby 
apply somewhat less stringent quality criteria compared to those of 
Meert et al. (2020), who argue for a minimum of 8 sites. We color-coded 
the paleomagnetic data based on the quality of the paleomagnetic 
dataset. Mean directions based on 8 sites or more are plotted in green, 
unless the Fisher (1953) precision parameter of the distribution of VGPs 
falls outside of 10 ≤ K ≤ 70 (following the quality criteria of Meert et al., 
2020), in which case the mean direction is plotted in orange. Mean di-
rections based on fewer than 8 sites are plotted in red. Datasets obtained 
from (clastic) sedimentary rocks are known to be prone to inclination 
shallowing (e.g., King, 1955; Tauxe and Kent, 2004) and are thus not 
suitable to provide estimates of the inclination and paleolatitude, unless 
corrected for the effects of inclination shallowing (e.g., Vaes et al., 
2021). We used the available sedimentary datasets only to test the 
paleomagnetic declination as predicted by our reconstruction (plotted in 
blue; Figs. 5 and 7). The only published inclination shallowing-corrected 
dataset for these regions is from a magnetostratigraphic study of Upper 
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Cretaceous clastic sediments from Ross Island, by Milanese et al. (2019). 
We evaluated the reliability of their two results (NW and SE Ross Island) 
using the recently defined reliability criteria of Vaes et al. (2021). The 
anomalously large scatter of the individual directions (K < 8) suggests 
that the distribution of directions, even after the application of a data 
cut-off, is contaminated by a significant contribution of noise that is 
unrelated to paleosecular variation. Consequently, the application of the 
reliability criteria yields a quality grade ’C’ for these datasets, indicating 
that the datasets do not provide a robust estimate of the inclination and 
associated paleolatitude (Vaes et al., 2021). 

4. Review 

We present here an overview of the quantitative kinematic con-
straints that are used as input for our reconstruction. First, we review the 
Scotia Sea region itself, delineated by the Shackleton Fracture Zone, the 
Magallanes-Fagnano Fault Zone and North Scotia Ridge, the South 
Sandwich Trench, and the South Scotia Ridge (Fig. 1). The Scotia Sea 
region is mainly underlain by oceanic crust, which means that these data 
come from marine magnetic anomalies, corresponding to step 1 of our 
reconstruction hierarchy, as outlined in section 3.2. Second, we review 
constraints on the South America-Africa-Antarctica plate circuit from 
the South Atlantic and Southern oceans and the Weddell Sea, corre-
sponding to steps 1 (oceanic spreading) and 2 (pre-drift extension) of our 
reconstruction hierarchy. Third, we review geological and paleomag-
netic constraints on deformation within Antarctica and South America 
to tie Tierra del Fuego and the Antarctic Peninsula to the plate circuit. 
This part includes data from steps 3 (strike-slip and transform motion), 4 
(intracontinental compression), and 5 (paleomagnetic constraints) of 
the reconstruction hierarchy. 

4.1. Scotia Sea 

Seafloor spreading in the East Scotia Basin is recorded by marine 
magnetic anomalies that are mirrored either side of the East Scotia Ridge 
(Fig. 4). West of the ridge, anomalies go back to C5C (17 Ma; Larter 
et al., 2003), but on the eastern side, the oldest identifiable magnetic 
anomaly is C4A (9.1 Ma; Larter et al., 2003). The South Sandwich Arc 
has likely intruded and overlain the older anomalies (Vanneste and 
Larter, 2002). The Central Scotia Basin hosts E-W trending anomalies 
(Fig. 4) suggesting N-S paleo-spreading of unknown age, either related 
to Cenozoic Scotia Sea extension (Livermore et al., 2007), or repre-
senting a relic of Mesozoic South American conjugate lithosphere of 
Weddell Sea (Eagles, 2010). Since there is no fossil spreading ridge 
identified (Dalziel et al., 2013), we will evaluate both possibilities in the 
reconstruction section. The West Scotia Basin occupies most of the 
Scotia Plate and hosts an extinct mid-ocean ridge with a well-defined, 
symmetric set of magnetic anomalies (Eagles et al., 2005). The identi-
fication of marine magnetic anomalies C8-C5 (Fig. 4) indicates that 
spreading started before ~26.0 Ma and ceased during chron C3An 
(~6.1 Ma; Eagles et al., 2005). However, some studies postulated the 
existence of older anomalies in the western part of the basin, with ages 
corresponding to chrons C10 or C12 (~28–30.5 Ma; Livermore et al., 
2005; Lodolo et al., 2006). The identified anomalies older than C8 are of 
low amplitude and are interpreted as disorganised early stages of sea-
floor spreading that started around 32–30 Ma (Eagles et al., 2005; Liv-
ermore et al., 2005; Lodolo et al., 2006). 

In the South Scotia Ridge, the Scan Basin between the Discovery and 
Bruce Banks contains NNW-SSE anomalies from chrons C16n.1n- 
C11n.2n, with ages ranging from ~35.7–29.5 Ma (Schreider et al., 
2017). The Dove Basin between the Bruce and Pirie Banks contains a 
NNE-SSW elongated ridge that is close to the axis of the basin flanked by 
marine magnetic anomalies corresponding to chrons C6Cn.2n-C6Ar 
(23.0–20.7 Ma; Schreider et al., 2018), in correspondence with 20.4 

Fig. 5. Paleomagnetic declination (top) and predicted 
paleolatitude (bottom) data from the Antarctic 
Peninsula plotted against our reconstructed declina-
tion/paleolatitude curves for East Antarctica (black 
line) and the Antarctic Peninsula (blue line) relative 
to a reference point on the Antarctic Peninsula (70◦S, 
65◦W). The color of the volcanic data point represents 
their quality, based on the quality criteria of Meert 
et al. (2020). Green = N ≥ 8 and 10 ≤ K ≤ 70; Orange 
= N ≥ 8 and K < 10 or K > 70. Red = N < 8. Blue data 
points are from sedimentary sites which all have N ≥
8 and 10 ≤ K ≤ 70. Due to the potential effects of 
inclination flattening we only use sedimentary sites 
for declination (see also section 3.3).   
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± 2.6 to 22.8 ± 3.1 Ma whole-rock 40Ar/39Ar ages of dredged MORB 
samples (Galindo-Zaldívar et al., 2014). Schreider et al. (2018) tenta-
tively interpreted additional anomalies located in the eastern part of the 
Dove Basin as C8n.1n-C6Cr (23.3–25.3 Ma). These presumably formed 
during an earlier phase of slow spreading, after which the spreading 
ridge jumped westwards (Schreider et al., 2018). The Protector Basin 
between the Pirie Bank and the Terror Rise contains north-south ori-
ented marine magnetic anomalies corresponding to chrons C5Dn-C5ABr 
(17.5–13.6 Ma; Galindo-Zaldívar et al., 2006; Schreider et al., 2018). To 
the south, the narrow Jane Basin between the Jane Bank and the South 
Orkney microcontinent has marine magnetic anomalies interpreted to 
have formed during chrons C5Dn-C5ADn (17.5–14.2 Ma; Bohoyo et al., 
2002). Finally, the Powell Basin between the Antarctic Peninsula and 
the South Orkney microcontinent contains an extinct spreading ridge 
with NW-SE striking marine magnetic anomalies corresponding to 
chrons C11-C6AA (29.5–21.2 Ma; Fig. 4; Eagles and Livermore, 2002). 

4.2. South America – Africa – East Antarctica plate circuit 

The oldest identified anomaly in the South Atlantic Ocean that re-
cords spreading between South America and Africa north of the Falkland 
Plateau (Fig. 3) is M4 (e.g. König and Jokat, 2006), indicating that 
seafloor spreading has been active since at least ~131 Ma (Gradstein 
et al., 2012). Cretaceous opening of the South Atlantic in our recon-
struction follows Gaina et al. (2013), but converted to the timescale of 
Gradstein et al. (2012). There are several pre-breakup fits for the South 
Atlantic region that differ by a few degrees, and these variably advocate 
for strike-slip fault zones cutting South America into several tectonic 
blocks, which were active during pre-drift extension before the onset of 
seafloor spreading (Heine et al., 2013; Moulin et al., 2010; Pérez-Díaz 
and Eagles, 2014; Torsvik et al., 2009). Recently, Owen-Smith et al. 
(2019) tested the different full-fit reconstructions of Africa and South 
America against paleomagnetic data of the Paraná (South America)- 
Etendeka (Africa) Large Igneous Province that is thought to have 
sparked the South Atlantic opening. They concluded that the recon-
struction of Torsvik et al. (2009) provides the best fit to the paleomag-
netic data, and therefore we use the deformation zones and finite 
rotation poles for the pre-breakup fit from Torsvik et al. (2009), with the 
exception of the Gastre Fault, which we review separately in section 4.3. 
The fit of Torsvik et al. (2009) contains ~50–180 km pre-drift extension 
between southern South America and Africa, and ~ 120–600 km be-
tween northern South America and Africa, occurring from 138 Ma, 
before true seafloor spreading established at ~131 Ma (whereby we 
converted ages to the Gradstein et al. (2012) timescale). 

Antarctica, as part of East Gondwana, broke away from Gondwana in 
the Jurassic, which preceded the break-up of West Gondwana into Africa 
and South America. The separation of East Gondwana from West 
Gondwana is constrained by marine magnetic anomalies of the South-
west Indian Ridge (Fig. 1) identified by Royer and Chang (1991), Ber-
nard et al. (2005), Cande et al. (2010), and Mueller and Jokat (2019). 
The oldest marine magnetic anomaly between Africa and East Antarctica 
was interpreted as M38n2n (~164 Ma; Mueller and Jokat, 2019). Pre- 
drift extension between East and West Gondwana was estimated to 
have started at ~182 Ma, coincident with the initial emplacement of 
flood basalts of the Karoo-Ferrar Large Igneous Province on both mar-
gins (Mueller and Jokat, 2019). 

The combined South Atlantic and Southern Ocean reconstructions 
constrain relative motion between East Antarctica and South America. 
Direct constraints on this motion are also available, in the Weddell Sea. 
However, the remote conditions, thick sedimentary cover, and the fact 
that only half of the ocean crust remains (the South American conjugate 
has largely subducted), means that the anomaly data are of lesser quality 
than for the South Atlantic and Southern Oceans. The oldest marine 
magnetic anomaly of the South America-Antarctica Ridge preserved on 
the South American Plate to the east of the South Sandwich trench is 
C31y (~68.4 Ma; Eagles, 2016a; Livermore et al., 2005). Older marine 

magnetic anomalies are only preserved on the Antarctic Plate in the 
Weddell Sea (Fig. 4). These are interpreted to become younger towards 
the north, but their age is debated (Barker and Jahn, 1980; Barker et al., 
1984; LaBrecque and Barker, 1981; Livermore and Woollett, 1993). 
Eagles (2016a) identified M14o (~138 Ma) as the oldest isochron, while 
Jokat et al. (2003) proposed an onset of seafloor spreading at M24 
(~154 Ma). Ghidella et al. (2002) suggested an even older but tentative 
start of seafloor spreading at ~160 Ma based on adjusting synthetic 
isochrons to seafloor spreading lineations and flow lines. Previously 
proposed pre-drift extension ages include ~167 Ma based on the 
extrapolation of spreading rates derived from subsequent marine mag-
netic anomalies (König and Jokat, 2006). These rates are used to restore 
pre-drift extension between South America and Antarctica back into the 
Gondwana fit (König and Jokat, 2006). An Early Jurassic onset of pre- 
drift extension has also been proposed based on arc extension in the 
Antarctic Peninsula (Storey et al., 1996). The most recent estimate, and 
the one used in our reconstruction, is of Mueller and Jokat (2019) who 
dated the start of pre-drift extension at ~182 Ma, based on ship-borne 
magnetic data, immediately following the emplacement of the Ferrar 
Large Igneous Province. 

4.3. Deformation within South America 

At present, deformation in southern South America is focused along 
the Magallanes-Fagnano fault zone (Fig. 1). About 20–80 km of left- 
lateral strike-slip motion was estimated, with a minor (up to ~10 km) 
normal slip component (Klepeis, 1994a; Lodolo et al., 2003; Pelayo and 
Wiens, 1989; Torres-Carbonell et al., 2008a). Field observations and 
seismic data reveal that structures related to left-lateral strike-slip mo-
tion consistently crosscut contractional structures of the Magallanes 
fold-and-thrust belt (e.g. Betka et al., 2016; Klepeis, 1994a; Klepeis and 
Austin Jr., 1997). The onset of strike-slip motion is thought to be related 
to either the start or end of West Scotia Sea spreading; i.e. late Oligocene 
(Klepeis and Austin Jr., 1997) or late Miocene (Lodolo et al., 2006). 
Based on balanced cross-sections, the latest phase of contractional 
deformation in the Magallanes fold-and-thrust belt occurred in the latest 
Oligocene to early Miocene (Torres-Carbonell et al., 2011; Torres-Car-
bonell et al., 2008b). A maximum early Miocene age is therefore inferred 
for the onset of strike-slip motion along the Magallanes-Fagnano fault 
system (Betka et al., 2016), which corresponds to widespread uplift and 
exhumation in the region measured through low-temperature thermo-
chronology (Fosdick et al., 2013). Based on displaced markers, Torres- 
Carbonell et al. (2008a) estimate ~50 km of sinistral strike-slip motion 
since the late Miocene. This age corresponds to the ~7 Ma onset of 
folding in the Falkland Trough, the offshore continuation of the South 
America-Scotia plate boundary (Esteban et al., 2020). 

Shortening in the Magallanes fold-and-thrust belt occurred between 
mid-Cretaceous and early Miocene time (Klepeis et al., 2010; Torres- 
Carbonell et al., 2013; Torres-Carbonell et al., 2014). The onset of 
shortening in the mid-Cretaceous is related to the final closure of the 
Rocas Verdes Basin (Klepeis et al., 2010). The youngest rocks infilling 
the Rocas Verdes Basin are Albian (Dott et al., 1977), and the oldest 
flysch related to closure was deposited during the Albian to Cenomanian 
(Scott, 1966; Wilson, 1991). Foreland basin deposits following closure 
are dated at ~101–88 Ma based on U-Pb detrital zircon analysis (Fildani 
et al., 2003; Fosdick et al., 2011; McAtamney et al., 2011), although the 
initiation of thrusting probably occurred earlier (Calderón et al., 2007). 
During the Late Cretaceous and into the Cenozoic convergence 
continued and the deformation front migrated towards the foreland 
(Fosdick et al., 2011; Torres-Carbonell and Dimieri, 2013; Torres-Car-
bonell et al., 2013; Torres-Carbonell et al., 2011; Torres-Carbonell et al., 
2008b). The Cenozoic phase of shortening was restored using balanced 
cross-sections, and here we follow the reconstruction of Schepers et al. 
(2017). Those authors restored a total of 50–80 km of Cenozoic short-
ening in the southern Patagonian and the Fuegian Andes based on es-
timates of Kley et al. (1999), Kraemer (1998), Ghiglione et al. (2014), 
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Fosdick et al. (2011), Betka (2013), and Klepeis et al. (2010). In addi-
tion, based on a structural restoration of a deformed geological cross 
section, Fosdick et al. (2011) infer that 32–40 km of pre-Cenozoic 
shortening occurred in the Magallanes fold-and-thrust belt following 
the final closure of Rocas Verdes Basin around 100 Ma, of which about 
27 km occurred between 88 and 74 Ma. 

Quantifying the amount of shortening related to Rocas Verdes Basin 
closure is more difficult due to absence of markers and loss of litho-
sphere through subduction related to closure of the basin (Klepeis et al., 
2010). South directed subduction led to the consumption of oceanic 
crust of the Rocas Verdes Basin below the Pacific margin of Patagonia, 
which hosts the Patagonian batholith (Klepeis et al., 2010). The width of 
the basin is debated, and estimates mostly range between 100 and 300 
km based on field, geochemical, and paleomagnetic arguments (Burns 
et al., 1980; Dalziel, 1981; De Wit, 1977; de Wit and Stern, 1981). Winn 
Jr (1978) proposed a maximum width of 300 km in Tierra del Fuego as 
the basin was filled with moderately coarse deep-sea fan sediments, 
which are unlikely to have been deposited if the basin edges were farther 
away. Kraemer (2003) estimated a minimum of 300 km and a maximum 
of 600 km of shortening across the entire southern Andes orogen since 
the Cretaceous. He attributed a maximum amount of 430 km to mid- 
Cretaceous shortening, of which 230 km was considered to be related 
to the mid-Cretaceous closure of the Rocas Verdes Basin, and 200 km to 
thick-skinned tectonics in the Cordillera Darwin (Kraemer, 2003). The 
age of opening of the Rocas Verdes Basin is estimated to be Late Jurassic 
to Early Cretaceous based on zircon U-Pb geochronology of ophiolitic 
rocks. These yielded ages of 139 ± 2 Ma in Patagonia (Stern et al., 1992) 
and 150 ± 1 Ma on South Georgia (Mukasa and Dalziel, 1996; Fig. 3). 
Additionally, Calderón et al. (2007) used magmatic and detrital zircon 
U-Pb geochronology to date volcanism and rifting in the basin, which 
occurred between at least ~152 to 142 Ma. 

For South America north of the southernmost Andes, we adopt the 
finite rotation poles of Schepers et al. (2017) for Cenozoic deformation 
in the Andes, and of Torsvik et al. (2009) for strike-slip deformation 
related to South America-Africa pre-drift extension. A controversial 
element in the latter reconstruction is the ~500 km of dextral strike-slip 
motion that is proposed to be accommodated on the Gastre Fault be-
tween initial breakup (182 Ma) and the onset of oceanic spreading (134 
Ma). The Gastre Fault System (Fig. 1) as a major Jurassic tectonic 
boundary was first proposed by Rapela and Pankhurst (1992), based on 
significant changes in geology across the shear zone, and scattered 
outcrops of mylonites and cataclasites with a NW-SE striking foliation 
that are thought to confirm the existence of a shear zone. Several ki-
nematic reconstructions include dextral motion on this fault to create 
space for the Antarctic Peninsula outboard of Patagonia in Gondwana 
reconstructions (Dalziel et al., 2000; König and Jokat, 2006; Macdonald 
et al., 2003). Additionally, Schimschal and Jokat (2019) recently used 
seismic data to identify Jurassic extension in the Falkland Plateau be-
tween Maurice Ewing Bank and the Falkland Islands, which occurred 
between ~178 and 154 Ma. This extension requires almost 500 km of 
dextral motion on the Gastre Fault during the same period to avoid 
crustal gaps and overlaps of continental crust. However, whether the 
Gastre Fault System served as a major dextral shear zone remains 
debated (e.g., González et al., 2020) as unequivocally demonstrating its 
presence in the field proves challenging (Von Gosen and Loske, 2004; 
Zaffarana et al., 2010; Zaffarana et al., 2017). 

4.4. Deformation within Antarctica 

To use the South Atlantic plate circuit to constrain relative motion 
between southern South America and the Antarctic Peninsula, it is 
crucial to establish whether the Antarctic Peninsula was tectonically 
part of East Antarctica or West Antarctica. The Antarctic Peninsula is 
bounded in the south by the Ferrigno Rift that separates it from Thurston 
Island (Bingham et al., 2012), and in the southeast by the Evans Rift that 
separates it from the Ellsworth-Whitmore Mountains (Jones et al., 2002; 

Fig. 3). There are no estimates on the magnitude and timing of 
displacement along these rifts, but one of these rifts may have served as 
the continuation of the West Antarctic Rift System (WARS), which 
formed the plate boundary between East and West Antarctica. 

It is commonly accepted that the continuation of the WARS was 
located between the Antarctic Peninsula and Thurston Island and that 
the Antarctic Peninsula has been tectonically part of East Antarctica 
since at least the Early Cretaceous (Bingham et al., 2012; Eagles et al., 
2009; Gohl et al., 2007; Jordan et al., 2010; Müller et al., 2007). Dalziel 
(2006), however, proposed that the WARS connects the Ross Sea with 
the Weddell Sea, which would imply that the Antarctic Peninsula is 
tectonically part of West Antarctica. In this setting, relative motion be-
tween the Antarctic Peninsula and East Antarctica may have occurred 
until the Miocene, based on marine magnetic anomalies from the 
Northern and Adare Basins that constrain motion in the WARS (Cande 
et al., 2000; Fitzgerald and Baldwin, 1997; Granot et al., 2013; Granot 
and Dyment, 2018; Luyendyk et al., 2001). 

We use paleomagnetic data from the Antarctic Peninsula to evaluate 
whether the peninsula was tectonically part of West Antarctica or East 
Antarctica in the Mesozoic and Cenozoic. We plotted the declination and 
paleolatitude of these sites (Fig. 5), rotated to East Antarctic coordinates 
for a reference point on the Antarctic Peninsula (70◦S, 65◦W), against 
the Global Apparent Polar Wander Path (GAPWaP) of Torsvik et al. 
(2012). The paleomagnetic data of the Antarctic Peninsula are in good 
agreement with the predicted GAPWaP for the last ~145 Ma (Fig. 5). 
Based on these paleomagnetic constraints, there is no reason to assume 
any relative motion between the Antarctic Peninsula and East Antarctica 
since the Early Cretaceous. In our reconstruction the Antarctic Peninsula 
is tectonically part of East Antarctica, which is in agreement with earlier 
conclusions (Bakhmutov and Shpyra, 2011; Gao et al., 2018; Grunow, 
1993; Milanese et al., 2019; Milanese et al., 2017; Poblete et al., 2011; 
Watts et al., 1984). 

5. Reconstruction 

5.1. Early Jurassic – Late Cretaceous 

Our reconstruction (see Supplementary Information for GPlates files) 
starts at 182 Ma (Fig. 6a), when East Gondwana (Antarctica, Australia, 
Zealandia, India) started to separate from West Gondwana (South 
America, Africa; Mueller and Jokat, 2019). Shortly after the onset of pre- 
drift extension between Africa and Antarctica, extension started at 178 
Ma between the Falkland Islands and Maurice Ewing Bank, creating the 
Falkland Plateau Basin (Schimschal and Jokat, 2019). During this time, 
the Maurice Ewing Bank remained in a fixed position relative to Africa, 
and we restore 450 km of extension in the Falkland Plateau that is 
accommodated by right-lateral strike-slip motion in South America 
along the Gastre Fault (Schimschal and Jokat, 2019). Both the extension 
in the Falkland Plateau Basin and strike-slip motion along the Gastre 
Fault ceased at 154 Ma (Fig. 6b; Schimschal and Jokat, 2019). 

After 300–500 km of pre-drift extension, seafloor spreading between 
Antarctica and Africa was established around 160 Ma (Mueller and 
Jokat, 2019) and caused an increase in divergence rates between East 
and West Gondwana. The increase in relative plate motion was con-
current with extension on the western margin of Gondwana. Subse-
quently, at 154 Ma, the Rocas Verdes Basin started opening (Calderón 
et al., 2007) and simultaneously, clockwise rotation of the Antarctic 
Peninsula relative to East Antarctica commenced (Figs. 6b and 5c). This 
rotation is consistent with paleomagnetic data and is required to avoid 
overlap between the Antarctic Peninsula and Patagonia in the Gond-
wana reconstruction (Grunow, 1993; Longshaw and Griffiths, 1983; 
Figs. 5a and 6a). The restoration of the Antarctic Peninsula outboard of 
Patagonia provides a straightforward explanation for why there is 
widespread pre-Late Jurassic arc magmatism due to Phoenix subduction 
below Gondwana on the Antarctic Peninsula and north of the Rocas 
Verdes Basin, but not in southern Patagonia (Navarrete et al., 2019). 
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Fig. 6. Snapshots of the kinematic 
reconstruction at selected time slices in 
an East Antarctica fixed reference 
frame. Dark green areas represent 
present-day coastal boundaries of the 
polygons, dark gray areas represent 
stretched and transitional continental 
crust. Red lines represent active plate 
boundaries, red arrows represent mo-
tions on the active plate boundaries. 
Dashed red lines are plate boundaries 
that are to become active soon after the 
reconstruction snapshot. Dark blue 
lines are marine magnetic anomaly 
lineations. The oceanic basins west of 
South America and Antarctica are not 
reconstructed, and therefore no marine 
magnetic anomalies are shown, plate 
boundaries in this region are given for 
reference and are based on the recon-
struction of Müller et al. (2019).   
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Fig. 6. (continued). 
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Following opening of the Rocas Verdes Basin, extension occurred along 
the eastern margin of Antarctica (Storey et al., 1996). Meanwhile, 
extension was also accommodated in the Weddell Sea between 
Antarctica and South America, where seafloor spreading was established 
around 140 Ma (Eagles, 2016a). This time marks the end of opening of 
the Rocas Verdes Basin (Calderón et al., 2007; Fig. 5c). The end of 
rotation of the Antarctic Peninsula in our reconstruction coincides with 
the end of Rocas Verdes Basin opening at 140 Ma (Fig. 6c). 

Pre-drift extension between South America and Africa preceding the 
opening of the South Atlantic Ocean started around 135 Ma (Torsvik 
et al., 2009), and the onset of seafloor spreading was around the time of 
magnetic anomaly M4 (~131 Ma; König and Jokat, 2006). A clockwise 
rotation of Antarctica relative to South America and Africa occurred 
during the mid-Cretaceous. The exact timing is uncertain due to lack of 
polarity reversals during the Cretaceous Normal Superchron 
(~125.9–83.6 Ma; Gradstein et al., 2012), but is evidenced from a bend 
in fracture zones of the Weddell Sea (König and Jokat, 2006) and 
Southwest Indian Ocean (Mueller and Jokat, 2019). In the western 
Weddell Sea region, the rotation of Antarctica caused a change in rela-
tive motion between Tierra del Fuego and the Antarctic Peninsula: from 
the extensional phase since Gondwana break-up, to a period of 

transcurrent motion (~125–113 Ma), and then to a phase of conver-
gence between ~113–102 Ma. The timing of these changes in relative 
plate motion is based on synthetic flowlines to fit fracture zones of the 
Southwest Indian Ridge, as marine magnetic anomalies are absent 
(Mueller and Jokat, 2019). The change in relative plate motion led to 
oblique convergence between the Antarctic Peninsula and the Pacific 
margin of the Rocas Verdes Basin, which is thought to have led to closure 
of the Rocas Verdes Basin (Eagles, 2016a). In addition, this change in 
plate motion is proposed to have led to closure of a whole series of back- 
arc basins that were present along the western margin of South America 
south of 5◦S (Dalziel, 1986). The change in plate motions allows for 
closure of the Rocas Verdes Basin between 113 and 102 Ma, in line with 
the ages of overlying flysch sediments (Scott, 1966; Wilson, 1991) and 
the formation of the fold-and-thrust belt (Fosdick et al., 2011), which we 
adopt in our reconstruction (Fig. 6d). 

5.2. Width of the Rocas Verdes Basin 

The width of the Rocas Verdes Basin is difficult to constrain, as no 
quantitative kinematic constraints are available. To assess the effects of 
minimum and maximum basin widths, we created two end-member 

Fig. 7. Paleomagnetic declination data from Tierra del Fuego plotted against declination curves of South America (green line) and the southwest margin of the Rocas 
Verdes Basin (blue line) relative to a reference point in Tierra del Fuego (55◦S, 65◦W). The yellow line is the APWP of the southwest margin of the Rocas Verdes Basin 
that includes post 7 Ma rotations related to strike-slip tectonics (see Section 5.2). Red data points are from igneous sites with less than 8 samples, blue data points are 
from sedimentary sites. The different plots show the declinations curves of the different width scenarios of Rocas Verdes Basin, as explained in Section 5.2. On the 
right: snapshots at 113 Ma of the different scenarios for the maximum width of the Rocas Verdes Basin just prior to closure. 
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scenarios (Fig. 7). We tested these against paleomagnetic data, as the 
closure of the Rocas Verdes Basin may be related to the formation of the 
Patagonian orocline (Burns et al., 1980; Carey, 1955; Cunningham et al., 
1991; Maffione, 2016; Maffione et al., 2010; Marshak, 1988). Declina-
tions from the Tierra del Fuego region in southern Patagonia show 
counter-clockwise rotations up to ~100◦ between ~110 and 60 Ma, 
relative to the Global Apparent Polar Wander Path (GAPWaP) of Torsvik 
et al. (2012) in coordinates of the stable Amazonia Craton of South 
America, rotated into a reference point (55◦S, 65◦W) in southern South 
America (Fig. 7). These rotations have been associated with the Late 
Cretaceous closure of the Rocas Verdes Basin (Poblete et al., 2016) based 
on the systematic pattern of ~90◦ counter-clockwise rotated rocks of 
Early Cretaceous age (although paleomagnetic data is scarce) and ~ 
35–50◦ counter-clockwise rotated rocks of Late Cretaceous and early 
Eocene age (Fig. 7). This would call for a ~ 40–55◦ rotation related to 
the closure of the Rocas Verdes Basin, and subsequent local rotations 
related to large sinistral strike-slip fault zones in the Tierra del Fuego 
region. Alternatively, the total rotations have been ascribed to strike-slip 
related deformation (Cunningham, 1993; Rapalini et al., 2015). 

In the minimum width scenario, the basin is closed by the 113–102 
Ma convergent motion between the Antarctic Peninsula and Tierra del 
Fuego only (Fig. 7a). This means that the south-western margin of the 
basin is rigidly attached to the Antarctic Peninsula during closure, which 
results in a 100–150 km wide basin. This scenario does not involve 
counter-clockwise rotation of the southwest margin of the Rocas Verdes 
Basin, thus suggesting that the paleomagnetic rotations are completely 
the result of local rotations related to strike-slip tectonics (Fig. 7a). 

In the maximum width scenario, we open the Rocas Verdes Basin by 
the maximum clockwise rotation of the southwest margin of Patagonia 
relative to stable South America that does not lead to convergence be-
tween this margin and Antarctica. The resulting Rocas Verdes Basin in 
our reconstruction is up to 500 km wide (Fig. 7b). Subsequent closure 
leads to ~50◦ counter-clockwise rotation of the southwest margin of the 
Rocas Verdes Basin, which has a better fit with the Early Cretaceous 
paleomagnetic poles (Fig. 7b). The implication of the rotation, however, 
is that it results in up to 600 km extension between the eastern margin of 
the Antarctic Peninsula and the south-western margin of the Rocas 
Verdes Basin. In addition, the maximum width scenario causes overlap 
with South Orkney Islands continental crust. Because the minimum 
width scenario does not include the paleomagnetic rotations, we prefer a 
mixed model (Fig. 7c). In this model we reconstruct the closure of the 
Rocas Verdes Basin with the maximum counter-clockwise rotation that 
does not lead to overlap between the southwest margin of the Rocas 
Verdes Basin and South Orkney Islands continental crust. This mixed 
scenario involves a ~ 250 km wide Rocas Verdes Basin and accommo-
dates about 25◦ counter-clockwise rotation during closure of the basin. 

The Apparent Polar Wander Path (APWP) of the southwest margin of 
the Rocas Verdes Basin (blue line; Fig. 7) lies north of all paleomagnetic 
data points in all scenarios, which suggests additional counter-clockwise 
rotation after closure of the Rocas Verdes Basin. These post-Early 
Cretaceous rotations cannot be the result of a whole-block rotation of 
the southwest margin, however, as this does not fit geometrically. The 
additional rotation is therefore interpreted as the result of local rotations 
related to post 7 Ma counter-clockwise rotation associated with left- 
lateral strike-slip motion of the Magallanes-Fagnano fault zone. To 
illustrate how this fits better with paleomagnetic data, we plotted the 
APWP of a block that is part of the southwest margin of the Rocas Verdes 
Basin (Fig. 7c, yellow line), which underwent an additional 50◦ counter- 
clockwise rotation since 7 Ma. We note that there is only a very limited 
amount of paleomagnetic data available from Tierra del Fuego, and the 
quality of data available is generally poor. There is a need for more 
paleomagnetic data to get better constraints on the timing and amount 
of rotation in this region. 

5.3. Late Cretaceous subduction initiation in the Scotia Sea region 

After closure of the Rocas Verdes Basin, the Magallanes fold-and- 
thrust belt started forming in the Late Cretaceous, where shortening 
continued into the Neogene. Meanwhile seafloor spreading remained 
active in the Weddell Sea. Around 80 Ma, South America started moving 
westwards relative to Antarctica (Fig. 6e). This led to transcurrent mo-
tion in the future Drake Passage, where the Antarctica-Tierra del Fuego 
motion was accommodated along a transform system (Fig. 6e). 
Concurrently, shortening was renewed in the Magallanes fold-and-thrust 
belt (Klepeis et al., 2010; Fosdick et al., 2011). The Weddell Sea mid- 
ocean ridge, separating East Antarctica (including the Antarctic Penin-
sula) and South America, was still located southeast of the northern tip 
of the Antarctic Peninsula and South Orkney Islands continental crust. 
The mid-ocean ridge and the transform fault north of the Antarctic 
Peninsula were connected by a NE-SW striking plate boundary along the 
eastern margin of the Antarctic Peninsula and South Orkney Islands 
continental crust. This boundary was a transform fault during pre-80 Ma 
N-S extension in the Weddell Sea (Figs. 6d, 8a). The change in relative 
plate motion between South America and Antarctica at 80 Ma caused 
convergence on this boundary between the South American oceanic 
lithosphere of the North Weddell Sea, and the Antarctic Peninsula/South 
Orkney Islands continental crust (Figs. 6e, 8b). As noted by many au-
thors before us (Barker, 2001; Lagabrielle et al., 2009; Vérard et al., 
2012; Eagles and Jokat, 2014), this change in relative plate motion 
caused the initiation of subduction of South American oceanic litho-
sphere below the Antarctic Peninsula/South Orkney Islands continental 
crust along the former transform fault (Fig. 8b). Following Ghidella et al. 
(2002) who called this region the Endurance collision zone, we refer to 
this as the Endurance subduction zone. Previous authors inferred initi-
ation ages of the Endurance subduction zone varying from 70 to 46 Ma 
(Barker, 2001; Lagabrielle et al., 2009; Vérard et al., 2012; Eagles and 
Jokat, 2014). However, the anomalies of the Weddell Sea (Ghidella 
et al., 2002; Eagles, 2016a; König and Jokat, 2006) reveal that the sharp 
change in spreading direction from N-S to NW-SE, accommodated by 
Endurance subduction, already occurred between chrons C34y and 
C33y, around 80 Ma (Figs. 4; 8a and b). 

5.4. Northward propagation of Endurance subduction and delamination 
of lithospheric mantle 

Magnetic anomalies and fracture zones of the Weddell Sea may thus 
straightforwardly identify the onset of Endurance subduction, but do not 
explain why subduction also occurred below continental crust originally 
belonging to South America. In particular, the previously inferred 
closure of the Rocas Verdes Basin (Barker, 2001; Dalziel et al., 2013) 
does not offer a straightforward driver for the evolution of the South 
Sandwich subduction zone: the Rocas Verdes Basin was lost to south- 
dipping subduction or underthrusting with a suture in Tierra del 
Fuego (Klepeis et al., 2010). The South Sandwich subduction zone had 
an initial orientation at high angles to the Rocas Verdes one, had an 
opposite polarity, and does not logically follow from Rocas Verdes Basin 
closure. Others assume that the oldest dated arc volcanic rocks dredged 
from the Scotia Sea floor (~28.5–33 Ma; Barker, 1995; Dalziel et al., 
2013) indicate that subduction initiated in the Scotia Sea region around 
34 Ma (Crameri et al., 2020; Pearce et al., 2014). Because there is no 
plate convergence at that time, Pearce et al. (2014) assumed that sub-
duction initiated spontaneously and immediately led to ocean basin 
formation in the upper plate. But absence of evidence for older arc 
volcanism from such a scarcely sampled and poorly accessible region 
does not provide a conclusive argument against older subduction. We 
therefore explore scenarios that explain the formation of the wide South 
Sandwich subduction zone by northward, lateral propagation of the 
Endurance subduction zone. Such propagation should have ruptured 
South American lithosphere and transferred continental crust of South 
America into an upper plate position, while the trench propagated 
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Fig. 8. Snapshots of the kinematic reconstruction (Antarctica 
fixed) that serve to highlight the delamination and subsequent 
accretion of part of South America to the Antarctic Plate. Different 
plates have different colors, where darker shades represent con-
tinental crust and lighter shades represent oceanic crust: Yellow =
South American Plate (SAM); Blue = Antarctic Plate and Antarctic 
Peninsula (AP); Green = Scotia Platea; Gray = (Paleo-)Pacific 
plates. Horizontal/vertical hatching: Continental crust that origi-
nates from the South American/Antarctic Plate; White and black 
arrows represent absolute plate motion of the South American and 
Antarctic Plates respectively. Snapshots G and H are at a smaller 
scale as these encompass a larger area.   
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northward. Transfer of crustal units from a downgoing to an overriding 
plate in subduction zones is a common process and typically forms 
narrow belts of stacked upper crustal nappes that were decoupled from 
their original mantle and lithospheric underpinnings forming the sub-
ducted slab (van Hinsbergen and Schouten, 2021), such as in the Aegean 
region, Alps, or Himalaya (e.g., Capitanio et al., 2010; Handy et al., 
2010; Van Hinsbergen et al., 2005). But the South American crust that 
transferred to the upper plate of the South Sandwich subduction zone 
occupied a wide region and there is no evidence that it ever formed a 
narrow fold-and-thrust belt. Moreover, such accretionary orogens are 
not associated with lateral propagation of the trench. Perhaps a better 
analogy is the evolution of the Sula Spur and Banda Sea region in SE Asia 
(Fig. 9; Spakman and Hall, 2010). There, the Java trench, consuming 
Australian Plate lithosphere, came into contact with a continental 
promontory of Australia, the Sula Spur. Australian Plate subduction 

continued by propagating into the Australian Plate through delamina-
tion of mantle lithosphere from the Sula Spur, leaving the Sula Spur crust 
as fragments separated by extensional and partly oceanic basins in the 
upper plate (Fig. 9; see also Spakman and Hall, 2010; their Fig. 3). 

We propose that the evolution of the Scotia Sea region has strong 
parallels with the evolution of the Banda region. This is best explained in 
a mantle reference frame, for which we take the modern moving hotspot 
reference frame of Doubrovine et al. (2012). This is possible because we 
embedded our regional reconstruction within the global framework of 
plate motion evolution. The Endurance slab had a free edge in the north 
where it was bounded by a transform (Fig. 8b). A lateral, northward 
propagation of the Endurance subduction zone to the full width of the 
South Sandwich subduction zone may occur by delamination of the 
South American continental lithosphere (Fig. 10), in analogy to the Sula 
Spur and the invasion of the Java subduction zone into the Banda 

Fig. 9. Snapshots of a kinematic reconstruction showing the subduction of the Australian Plate below the Sunda Plate and the formation of the Banda Sea Plate to 
illustrate the analogy with the formation of the Scotia Plate. Figures are based on the reconstruction of Hall (2002). 
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embayment (Fig. 9; Spakman and Hall, 2010). 
It is interesting to note that between 70 and 50 Ma, the absolute plate 

motion direction of South America was southward (Fig. 11; Doubrovine 
et al., 2012). This means that the northwestward subducting Endurance 
slab was dragged southward through the mantle by the subducting plate 
(for slab dragging see Chertova et al., 2014; Spakman et al., 2018; van de 
Lagemaat et al., 2018). Such slab dragging is resisted by the mantle and 
leads to northward indentation of South American lithosphere by the 
slab edge. An analogy of such geodynamic process is the indentation of 

the north African margin by the edge of the Gibraltar slab (Spakman 
et al., 2018). We propound that this indentation may have increased the 
propensity for the Endurance subduction zone to propagate northward. 

Delamination allowed for transfer of the crustal blocks, comprising 
the future Terror Rise, Bruce Bank, Pirie Bank, Discovery Bank, the 
North Scotia Ridge and South Georgia microcontinent, to the upper plate 
(Figs. 8 and 10). The reconstructed South American continental blocks 
of the Scotia Sea region came close to the Endurance trench from ~71 
Ma onwards, and delamination may have started then, but must have 

Fig. 10. 3D snapshots of the kinematic reconstruction in a mantle reference frame (see also Fig. 11) and 3D sketches showing the process of delamination and 
northwards propagation of the Endurance subduction zone and the subsequent transfer of South American continental crust to the overriding plate. 
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Fig. 11. Snapshots of the kinematic reconstruction of the Scotia Sea region since subduction initiation at 80 Ma in a mantle reference frame (Doubrovine et al., 
2012). A-H show major plate boundaries, present-day coastlines and continental polygons, while A’-H′ show the positions of Isla Grande de Tierra del Fuego and the 
South Sandwich trench relative to the mantle through time. A’-H′ serve to illustrate the respective contributions of overriding plate escape and slab rollback to 
overriding plate extension through time. The locations of the South Sandwich trench and Isla Grande de Tierra del Fuego that correspond to the snapshot are shown 
in dark blue, while the location of the previous snapshot is light blue. Earlier locations are in gray. 
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been underway by 50 Ma when extension in the Scotia Sea likely started 
(Fig. 10). In this scenario, it is kinematically feasible that during this 
northward widening of the subduction zone the Central Scotia Sea 

formed between South Georgia and Discovery Bank due to N-S extension 
(Fig. 6h; see section 5.6). 

As a result, post ~50 Ma subduction occurred along the entire width 

Fig. 11. (continued). 
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of the North Weddell Sea oceanic lithosphere, from the ridge with 
Antarctica to the southern margin of Patagonia (Figs. 6f; 8F, 10). This 
new trench connected in the north to the transpressional Magallanes 
fold-and-thrust belt that roughly followed the suture of the Rocas Verdes 
Basin, and transferred the plate boundary to the trench along the Fue-
gian Andes. 

5.5. Extension in the Scotia Sea 

Following formation of the South Sandwich-Endurance subduction 
system, pre-drift extension in te overriding plate started at 50 Ma (Liv-
ermore et al., 2005; Fig. 6g). This caused the South American margin to 
break up in multiple microplates and the separation of the South Orkney 
microcontinent and Jane Bank from the Antarctic Peninsula around 40 
Ma (Eagles and Livermore, 2002; Figs. 6h, 5i, j). We used the South 
America-Africa-East Antarctica plate circuit to determine the location of 
the northern ocean-continent transition conjugate to the southern 
Weddell Sea margin of Antarctica. This original South American ocean- 
continent transition was located 150–250 km north of the restored po-
sition of the Scotia Sea microcontinents at the onset of oceanic spreading 
at 36 Ma (Fig. 6h). Such values for pre-drift continental extension are 
similar to those estimated for passive margins elsewhere (Torsvik et al., 
2008). We restored the Scotia Sea microcontinents to the north and west 
of the reconstructed South American ocean-continent transition 
(Fig. 6g). We assume a 50 Ma onset for pre-drift extension as widely 
inferred (Eagles et al., 2006; Livermore et al., 2007; Livermore et al., 
2005; Mao and Mohr, 1995). 

Following pre-drift extension, oceanic spreading first occurred in the 
Scan Basin between 35.7 and 29.5 Ma (Schreider et al., 2017; Fig. 6h), 
followed by the Powell Basin between 29.5 and 21.2 Ma (Eagles and 
Livermore, 2002). Next, seafloor spreading started in the West Scotia 
Sea around 26 Ma, in a WNW-ESE direction (Eagles et al., 2005; Fig. 6i). 
While this spreading ridge remained active, first the Dove Basin opened 
between 25.3 and 23.3 Ma (Schreider et al., 2018). Around 17.5 Ma, 
oceanic spreading started in two basins simultaneously, with spreading 
continuing until 14.2 Ma in the Jane Basin (Bohoyo et al., 2002) and 
until 13.6 Ma in the Protector Basin (Galindo-Zaldívar et al., 2006; 
Schreider et al., 2018; Fig. 6j). Finally, spreading started in the East 
Scotia Basin around 17 Ma and remains active today (Larter et al., 2003; 
Fig. 6k). 

Shortly after formation of anomaly C6 (~19.7 Ma), segments of the 
South America-Antarctica spreading ridge started to arrive in the South 
Sandwich subduction zone that bordered the South Scotia Ridge 
(Fig. 6j). The arrival of the ridge segments in the trench propagated east 
due to the obliquity of subduction. In absence of net plate convergence, 
with subduction being balanced by upper plate extension, the arrival of 
the spreading ridge led to the arrest of subduction, which propagated 
eastwards along the South Scotia Ridge (Barker et al., 1984). After 
complete shut-down of the southern segment of the trench, only the ~N- 
S striking portion of the subduction zone in the east remained, with E-W 
oriented back-arc spreading in the East Scotia Sea (Larter et al., 2003). 
At 7 Ma, transform motion started in the north, forming the Magallanes- 
Fagnano Fault Zone, and thereby the Scotia Plate (Torres-Carbonell 
et al., 2008a; Esteban et al., 2020). Shortly after, seafloor spreading in 
the West Scotia Basin ceased, at ~6 Ma (Eagles et al., 2005). Subduction 
continued in the eastern segment of the trench, where South American 
lithosphere is currently subducting below the South Sandwich Plate, 
with active E-W back-arc spreading restricted to the East Scotia Basin 
(Larter et al., 2003; Fig. 6k). 

Our reconstructed subduction evolution thus suggests that the 
Endurance-South Sandwich subduction system involved a single slab 
during its Late Cretaceous to early Cenozoic evolution. This is consistent 
with the interpretations of Van der Meer et al. (2018), but we note that 
the tomography in the Scotia region is of poor resolution. It has been 
proposed that the eastern part of the slab is related to ongoing South 
Sandwich subduction, while a more westerly located high velocity zone 

represents a fossil part of the slab that formed at an Ancestral South 
Sandwich subduction zone (Beniest and Schellart, 2020). In this inter-
pretation, the Ancestral South Sandwich subduction zone became 
inactive in the Miocene after the arrival of the South America-Antarctica 
Ridge in the southern segment of the trench (Pearce et al., 2014), which 
led to slab tearing and the onset of oceanic spreading in the East Scotia 
Basin, separating the South Sandwich arc from the Ancestral South 
Sandwich arc (Govers and Wortel, 2005; Pearce et al., 2014). The 
Ancestral South Sandwich subduction zone is the equivalent of our 
Endurance-South Sandwich subduction zone and these interpretations 
of the tomography are consistent with our reconstruction. 

5.6. Age of the Central Scotia Sea 

For the reconstruction of the Central Scotia Sea, with present-day E- 
W trending magnetic anomalies (Fig. 4; Barker, 1970) two scenarios 
have previously been proposed. On the one hand, De Wit (1977) sug-
gested that the Central Scotia Sea represents a piece of trapped Mesozoic 
oceanic crust, as the basin lacks a fossil ridge axis (De Wit, 1977) leading 
to various scenarios involving a Mesozoic Central Scotia Sea (e.g. Dalziel 
et al., 2013; Eagles and Jokat, 2014; Pearce et al., 2014). On the other 
hand, Hill and Barker (1980) speculated an Oligocene-Miocene age and 
many subsequent reconstructions have assumed a Cenozoic Central 
Scotia Sea opening (e.g. Barker et al., 1991; Carter et al., 2014; Liver-
more et al., 2007; Nerlich et al., 2013; Vérard et al., 2012). Here we 
discuss the implication of our reconstruction for both options. 

If we assume a Mesozoic age for the Central Scotia Sea, we restore its 
position with the opening of the West Scotia Sea until 26 Ma, and with 
the South Georgia microcontinent before that time. In this reconstruc-
tion, the orientation of the Central Scotia Sea anomalies become parallel 
to the Weddell Sea anomalies. In this case the Central Scotia Sea oceanic 
crust formed part of the overriding plate above the subduction zone that 
consumed the Rocas Verdes Basin, which means the width of the Rocas 
Verdes Basin has implications for the age of the Central Scotia Sea. Our 
preferred Rocas Verdes Basin model predicts that the anomalies of the 
Central Scotia Sea formed as part of the Weddell Sea spreading system 
from ~132–125.9 Ma (chrons M7 – M0). 

If we assume that the Central Scotia Sea opened in the Cenozoic, it 
must be younger than the 50 Ma onset of pre-drift extension (Livermore 
et al., 2007). The E-W trending lineations imply a N-S opening direction 
of the basin. In this case the Central Scotia Sea accommodates the 
northward motion of South Georgia from its 50 Ma position south of 
Burdwood Bank towards the North Scotia Ridge. To avoid overlap with 
the marine magnetic anomalies of the West Scotia Sea (Eagles et al., 
2005), this northward motion must have occurred before 26 Ma. The 
bulk of the northward motion occurs before opening of the Scan Basin, 
and we reconstruct the opening of the Central Scotia between 48.5 and 
36.9 Ma, corresponding to chrons C22-C17. 

Although both a Mesozoic and Cenozoic Central Scotia Sea are 
feasible within our reconstruction, we prefer a Cenozoic age for the 
Central Scotia Sea. Delamination of the South American lithosphere is 
most likely to have occurred along the passive margin at the transition 
from continental to oceanic crust. In the case of a Mesozoic Central 
Scotia Sea, however, part of the oceanic crust was trapped, which means 
delamination occurred intra-ocean. This may have occurred along a 
transform fault, but we find the passive margin a more likely location. 
Moreover, the northward motion of South Georgia that is required by 
the reconstruction and Cenozoic opening of the Central Scotia Sea fits 
exactly in the gap that forms when South Georgia separates from Dis-
covery Bank. In addition, the extensive data review by Beniest and 
Schellart (2020) of currently available geological and geophysical data 
from the Scotia Sea region advocates for a Cenozoic Central Scotia Sea. 
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6. Discussion 

6.1. Causes for the time lag between subduction initiation and back-arc 
extension 

The onset of Scotia Sea extension started around 50 Ma (Livermore 
et al., 2005), based on subsidence in the Patagonia-Antarctic Peninsula 
land bridge around 49–47 Ma (Mao and Mohr, 1995), long after initia-
tion of Endurance subduction. Why did it take so long for upper plate 
extension to start? To find an explanation, we first explore the contri-
butions of the two potential drivers of upper plate extension: roll-back, i. 
e., the retreat of the subducting slab through the mantle in the direction 
of the down-going plate; and upper plate retreat, i.e., the absolute mo-
tion of the overriding plate away from the trench (Lallemand et al., 
2005; Lallemand et al., 2008; Schepers et al., 2017; van Hinsbergen 
et al., 2015). We investigate this in the mantle reference frame of 
Doubrovine et al. (2012) (Fig. 11). 

In the mantle frame of reference, Scotia Sea extension since 30 Ma 
has had a greater contribution from eastward slab roll-back than WNW- 
ward upper plate retreat. Of the total post-30 Ma extension, ~600 km 
resulted from WNW-ward upper plate retreat, and ~ 1250 km from slab 
rollback (Fig. 11e, f, g). But between 50 and 30 Ma, the South Sandwich 
trench is almost mantle-stationary in the mantle reference frame 
(Fig. 11c, d, e), suggesting that most, if not all, extension was the result 
of WNW-directed upper plate retreat (Fig. 11c, d, e). 

Interestingly, this WNW-ward motion of the South American Plate 
started around 50 Ma following a period of ~20–30 Ma of south-directed 
absolute plate motion (Fig. 11). As noted in the previous section, the pre- 
50 Ma southward absolute motion of South America (Fig. 11) was 
oblique to the NE-SW-striking trench and the NW-dipping Endurance 
slab, whose southward dragging was resisted by ambient-slab mantle 
(Fig. 11 a-c). This would have increased the propensity for northward 
propagation of the subduction zone. We thus infer that the ~50 Ma onset 
of extension is a reflection of an absolute plate motion change of South 
America from southward to WNW-ward. Initially, the trench remained 
almost mantle stationary. This led to pre-drift extension within the 
delaminated South American crustal blocks (Fig. 10 c-d). The mantle- 
stationary trench continued until 30–25 Ma, during which the drag-
ging of the subducted slab (extended by then to ~500 km) to the west- 
northwest was largely compensated by east-southeast rollback. Such 
interaction between advancing plate motion and rollback has been 
observed in laboratory experiments (Schellart, 2005). 

Finally, accelerating ESE-ward slab roll-back started around 30–25 
Ma when spreading ridges had formed across the upper plate (Eagles 
et al., 2005). This reduced the dynamic coupling between the down- 
going South Sandwich slab and the escaping South American Plate, 
which allowed the slab to roll back more freely. The direction of back- 
arc basin opening can be related to the changes in slab pull that con-
trol slab rollback. The oldest back-arc basins open in a WNW-ESE di-
rection, in the same direction as the absolute plate motion of the South 
American Plate. When segments of the South America-Antarctica Ridge 
of the Weddell Sea started to arrive in the southern trench, subduction 
stopped there. As the existing slab lacked a strong connection to the 
surface, and slab pull was gradually concentrated to the north where the 
influence of slab-rollback on back-arc basin opening becomes dominant. 
This led to a change in the direction of overriding plate extension, from 
WNW-ESE in the West Scotia Sea to E-W in the East Scotia Sea. 

Our analysis illustrates that placing a kinematic reconstruction in a 
mantle reference frame can reveal the slab motions and controlling 
geodynamic processes that determine the style of regional subduction 
and basin evolution, previously also shown by e.g., Spakman et al. 
(2018) and Van de Lagemaat et al. (2018). Relative reconstructions 
cannot provide such insights in case subduction is involved. Our 
reconstruction, placed in a mantle frame of reference, indicates that the 
onset of Scotia Sea extension and the opening of Drake Passage (Section 
6.2) relate to the far-field driven absolute plate motion change of the 

South American Plate. This started to drive South America WNW-ward 
relative to the mantle around 50 Ma (Fig. 11) while the slab assumed 
a near-stationary position in the mantle for a 20–25 Ma period. Slab roll- 
back, which was previously inferred to be the sole driver of Drake Pas-
sage opening in the Eocene, probably did not start until 30–25 Ma when 
slab pull started to dominate the forcing of subduction in concert with 
back-arc basin opening (Fig. 11). 

6.2. Opening of the Drake Passage and onset of circumpolar ocean flow in 
a global plate kinematic context 

The opening of the Drake Passage occurred after the 50 Ma onset of 
overriding plate extension in a time interval of global geodynamic and 
climatic change. The onset of westward absolute South American Plate 
motion that is thought to have driven the rise of the Andes (Faccenna 
et al., 2017; Schellart, 2017) occurred in a time of global plate reorga-
nization that also affected the Indian, Australian, and Pacific Plates 
(Müller et al., 2016; Torsvik et al., 2017; Vaes et al., 2019; Whittaker 
et al., 2007). It also coincides with first throughflow of ocean water 
through the Tasmanian Gateway between Australia and Antarctica (Bijl 
et al., 2013). Long-term global cooling started around the same time 
(Cramwinckel et al., 2018) and is thought to be related to global at-
mospheric CO2 decline through enhanced weathering, stimulated by 
enhanced silicate rock exposure from uplift of the Himalaya and Andes 
(Kump et al., 2000). This study shows that the same major plate reor-
ganization responsible for the mid-Eocene tectonic development of 
climate-cooling mountain ranges also initiated the opening of the Drake 
Passage, clearing a major barrier for circumpolar flow of ocean water (a 
proto-Antarctic Circumpolar Current (ACC); e.g., Hill et al., 2013; 
Houben et al., 2019). Independent of CO2 decline, this paleogeographic 
change promoted further regional cooling of Antarctica (Sijp et al., 
2014), which preconditioned Antarctica for glaciation. This study thus 
demonstrates the influence of geodynamic changes in critical areas on 
the sensitivity of Antarctic climate and cryosphere to radiative forcing in 
the Cenozoic. Our reconstruction shows that a deep oceanic connection 
between the Pacific and the Atlantic started sometime between 50 and 
36 Ma, in line with the 41 Ma onset of deep-water throughflow through 
the Drake Passage shown in geochemical records (Scher and Martin, 
2006). However, it also shows this ocean connection was not unique: 
Cretaceous deep-water connections may have existed, and connections 
may have closed post-41 Ma as well. Ocean connections remained 
strongly constricted until <26 Ma, by obstruction through continental 
blocks and narrow deep-ocean passageways. This agrees with in-
terpretations of a weak ACC and relatively flat latitudinal sea surface 
temperature gradients across the Southern Ocean during the Oligocene 
(Bijl et al., 2018; Evangelinos et al., 2020; Hartman et al., 2018; Sala-
barnada et al., 2018), which continued into the Miocene (~10 Ma; 
Sangiorgi et al., 2018). Although this may not be all due to the devel-
opment of the Scotia Sea and other factors may have contributed 
(climate deterioration and ice sheet expansion), the Drake Passage was 
strongly constricted for most of the late Paleogene-early Neogene, and 
strengthening of the ACC coincides with major tectonic widening of the 
Scotia Sea (Fig. 10g; see also Supplementary Fig. 1). 

7. Conclusions 

Here we present a new kinematic reconstruction of the Scotia Sea 
region since the Early Jurassic (182 Ma). The aim of this study was to 
assess when and why subduction initiated that led to the formation of 
the South Sandwich subduction zone, and to explain the overriding plate 
position of both the Antarctic and South American plates. Our recon-
struction results from systematic integration of available quantitative 
kinematic constraints, derived from marine geophysical, geological and 
paleomagnetic data, and the implementation of a global plate circuit, 
and enables the following conclusions: 
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1) The present-day South Sandwich subduction zone has its origin in 
the formation of a Late Cretaceous (~80 Ma) subduction zone below 
South Orkney Islands continental crust: the Endurance subduction 
zone. The occurrence of convergence along the South Orkney con-
tinental margin follows from the South American-Africa-Antarctica 
plate circuit and marine magnetic anomalies and fracture zones in 
the Weddell Sea. We suggest that delamination of the South Amer-
ican continental lithosphere led to the northward propagation of the 
Endurance subduction zone to form the South Sandwich subduction 
zone. Delamination allowed for transfer of part of South American 
continental crust to the upper plate. Delamination was underway by 
50 Ma when extension in the Scotia Sea started, but may have started 
around 71 Ma, when the South American continental margin came 
close to the Endurance trench.  

2) Our kinematic reconstruction predicts that the Rocas Verdes Basin 
was up to 250 km wide. Cretaceous (~113–102 Ma) closure of the 
basin was accompanied by 25◦ counter-clockwise rotation of its 
southwestern margin. Excess rotations within Tierra del Fuego are 
ascribed to local block rotations related to post 7 Ma left-lateral 
strike slip motion of the Magallanes-Fagnano Fault Zone.  

3) Overriding plate extension and subsequent opening of the Drake 
Passage started at 50 Ma. The time lag between subduction initiation 
and overriding plate extension is explained by the absolute plate 
motions of South America and Antarctica. Between Late Cretaceous 
subduction initiation and 50 Ma the absolute plate motion of South 
America was to the south, dragging the Endurance subduction sys-
tem southward, and not contributing to lithosphere subduction. 
Around 50 Ma, the absolute plate motion of South America changed 
to west-northwest. The length of the slab was sufficient to provide a 
temporal balance between advancing motion and rollback, which led 
to the onset of upper plate extension as a result of motion of South 
America away from the trench. Our analysis thus suggests that early 
extension in the Scotia Sea region was the result of far-field changes 
in absolute plate motions.  

4) The formation of oceanic spreading centres in the Scotia Sea around 
35–25 Ma reduced the dynamic coupling between the down-going 
slab and escaping overriding plate, allowing the slab to roll-back 
freely. Subsequently, overriding plate extension resulted from both 
upper plate retreat and slab roll-back, dominated by the latter 
mechanism. The direction of back-arc basin opening is related to the 
relative influence of upper plate retreat and slab rollback. These 
inferences of slab evolution can only be made when using a mantle 
frame of reference, which our global circuit approach allows.  

5) We deduce that the closely spaced micro-continental blocks in the 
Drake Passage Region must have initially limited throughflow of the 
Antarctic Circumpolar Current. Strengthening of the Antarctic 
Circumpolar Current in the Miocene coincides with major tectonic 
widening of the Scotia Sea. 
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Appendix B. Supplementary data 

1) The data files of the GPlates reconstruction of the Scotia Sea re-
gion: a rotation (.rot) file, a GPlates shapefile (.gpml) containing poly-
gons, and a GPlates shapefile (.gpml) of the isochrons based on marine 
magnetic anomaly lineations; 2) The paleomagnetic data compilation: 
an excel file of the paleomagnetic data and two .pub files of the data that 
can be loaded into Paleomagnetism.org (Koymans et al., 2020); Sup-
plementary data to this article can be found online at [https://doi.org/ 
10.1016/j.earscirev.2021.103551]. 
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