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Late Triassic - Jurassic igneous rocks of the Antarctic Peninsula and Patagonia provide evidence for the evolution
of the margin of southwestern Gondwana. We present new geochronological (LA-ICP-MS zircon U—Pb dates)
analyses of 12 intrusive and volcanic rocks, which are complemented by geochemical and zircon isotopic (Hf)
as well as whole rock isotopic (Nd, Sr) data. These are combined with similar analyses of 73 other igneous
rocks by previous studies, to constrain the magmatic evolution and Late Triassic - Jurassic tectonic setting. The
distribution of crystallisation ages reveals four main magmatic pulses that collectively span ~225-145 Ma, all
of which have compositions that are consistent with a continental arc setting. The first episode occurred between
~223-200 Ma, and records active margin magmatism within the Antarctic Peninsula and northern Patagonia, and
reveals the presence of a flat-slab that gave rise to magmatism in eastern Patagonia. After a period of magmatic
quiescence (~200-188 Ma), the second episode occurred between ~188 and 178 Ma, with a continuation of arc
magmatism above a flattened slab. The third episode spanned ~173-160 Ma, and its geographic distribution sug-
gests the slab was steepening, driving magmatism towards the south and west in Patagonia. Finally, the fourth
period occurred between ~157 and ~ 145 Ma, during which time magmas were emplaced along the Antarctic
Peninsula and western Patagonia, with no evidence for flat-slab subduction. The analysed rocks include the
Chon Aike magmatic province, which has been considered to have been influenced by the break-up of Gond-
wana, via heating associated with the Karoo plume in southern Africa and the active margin in western Patagonia
and the Antarctic Peninsula. Our new data and revised compilation now suggest that the Early - Middle Chon Aike
Jurassic silicic magmatic province in Patagonia and the Antarctic Peninsula can be entirely accounted by active
margin processes. We also show that the final stage of Jurassic magmatism (~157-145 Ma) was coincident
with rifting that formed oceanic lithosphere of the Weddell Sea and back-arc extension of the Rocas Verdes
Basin, potentially revealing the presence of a triple junction located between southern Patagonia and the north-

ern Antarctic Peninsula that led to the disassembly of southern Gondwana.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Most Jurassic magmatism in the southern hemisphere is exposed in
Large Igneous Provinces (LIP) that are thought to have been triggered by
processes that also disassembled Gondwana. These specific magmatic
pulses produced large volumes of igneous rocks in relatively short pe-
riods of time and have been used to develop a genetic link between
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LIPs and the initial stages of continental break-up (e.g. Cox, 1992). The
separation of Africa, South America, Antarctica and Australia formed
oceanic lithosphere in the late Jurassic, although the earliest
magmatism occurred during the Early Jurassic and coincided with the
Karoo-Ferrar event (e.g. Elliot and Fleming, 2000; Pankhurst et al.,
1998; Riley et al., 2020a), which formed at least two LIPs. These are
the Karoo in South Africa (Cox, 1988), the Ferrar (e.g. Storey et al.,
2013), which is mostly along the Transantarctic Mountains (Cox,
1992), and potentially also the Chon Aike silicic magmatic province,
which is exposed in Patagonia and the Antarctic Peninsula (Pankhurst
et al., 1998; Fig. 1). Although some authors have suggested that these
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Fig. 1. Paleogeographic reconstruction of the paleo-Pacific active margin of Gondwana
during the Late Triassic-Early Jurassic (e.g. Storey et al., 1992, Storey et al., 2001; Lawver
et al.,, 1998; Ghidella et al., 2002; Jokat et al., 2003; Jordan et al., 2017) showing the
schematic distribution of the exposures of the acidic Chon Aike (blue) and the basic
Karoo and Ferrar (green) LIPs. Estimates of the timing and extension of Chon Aike are
from Pankhurst et al. (2000), and this study (new data). The spatial extent of the Karoo
and Ferrar LIPs, along with crystallisation ages are from Elliot and Fleming (2004),
Sell and Ovtcharova (2014), Burgess et al. (2015) and Svensen et al. (2012).

three provinces are linked through a mantle-plume derived magmatic
event (i.e. they are frequently referred to as a continuous but
diachronous province; e.g. Storey et al., 2013), they have different
crystallisation ages, duration of crystallisation and chemical composi-
tion. Alternatively, the Chon Aike magmatic province has been also as-
sociated with the subduction of Pacific lithosphere beneath the
western margin of Patagonia (e.g. Pankhurst et al., 2000; Rapela et al.,
2005; Storey et al., 1992). Furthermore, while the Karoo and Ferrar
LIPs host mainly mafic rocks that span ~6 Myr (e.g. Burgess et al.,
2015; Greber et al., 2020; Storey et al., 2013; Svensen et al., 2012), the
rocks of the Chon Aike magmatic province are mainly felsic and span
at least ~35 Myr (e.g. Pankhurst et al., 2000; Riley et al., 2001). We
show that it is not necessary to invoke the involvement of the mantle-
plume to form the magmatic rocks of the Chon Aike magmatic province
in the Antarctic Peninsula and Patagonia.

Geochemical and isotopic data of the volcanic rocks of the Karoo-
Ferrar are generally interpreted to be indicative of an origin associated
with a thermal anomaly in the Earth's mantle (Duncan and Richards,
1991; White and McKenzie, 1989). However, the mechanisms that ini-
tiated this thermal event remain enigmatic (e.g. Storey et al.,2013). Pos-
sible explanations include supercontinent insulation (e.g. Coltice et al.,
2007), thermal upwelling of mantle-sources within a mantle plume
(Richards et al., 1989), plume capture (Dalziel et al., 2000) and decom-
pression related to plate tectonic processes (e.g. Elkins-Tanton, 2005).
The geographic distribution of the acidic Chon Aike magmatic province
has been explained as a combination of the peripheral thermal effect of
the Karoo mantle plume from Africa and active margin processes along
western Patagonia and the Antarctic Peninsula (e.g. Pankhurst et al.,
2000; Riley et al.,, 2001; Storey et al., 1992). Although the heat required
to initiate bulk crustal fusion may have been supplied by a mantle
plume, direct evidence for the involvement of the mantle remains ob-
scure and has been a focus of debate since early research that linked
LIPs with continental break-up (Hawkesworth et al., 1999). Here we
re-evaluate the origin of the Chon Aike magmatic province using new
geochemical and isotopic data acquired from Late Triassic-Jurassic igne-
ous rocks of the Antarctic Peninsula. Our data are combined with
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previous geochronological, isotopic and geochemical data from Patago-
nia and the Antarctic Peninsula that have been filtered for accuracy. Our
compilation includes whole rock major and trace element compositions,
U/Pb zircon dates, “°Ar/2°Ar hornblende dates, and whole rock (Sr, Nd)
and zircon (Hf) isotopic tracing. We conclude that the igneous rocks of
the Chon Aike magmatic province formed above an active margin with-
out the necessity to invoke the involvement of a mantle plume.

2. Geological framework
2.1. The Karoo, Ferrar and Chon Aike magmatic provinces

The mafic igneous rocks of the Karoo and Ferrar provinces crop out
in southern Africa-East Antarctica-Mozambique, and the Transantarctic
Mountains-South Australia-New Zealand regions (Fig. 1). Despite minor
geochemical differences (e.g. Elliot and Fleming, 2000; Riley, 2006), the
rocks yield ages that reveal magmatic peaks that are closely spaced in
time (between 183.36 + 0.17/0.27 to 183.06 4 0.07/0.21 Ma for the
Karoo basin sills and 182.85 4 0.35 and 182.43 4- 0.06 Ma for Ferrar; zir-
con U—Pb geochronology; Svensen et al., 2012; Burgess et al., 2015;
Greber et al., 2020). The Chon Aike magmatic province is exposed
along major tracts of Patagonia and the Antarctic Peninsula (Fig. 1;
Pankhurst et al., 1998). Exposures are dominated by volcanic silicic
rocks, with minor mafic and intermediate igneous rocks (Pankhurst
et al., 1998, 2000; Riley et al., 2001). The rocks of the Chon Aike mag-
matic province have yielded ages that have been interpreted to span
more than ~35 Myr of magmatic activity (~188-153 Ma; zircon
206ph—238, whole-rock Rb—Sr and feldspar 4°Ar/?°Ar; Féraud et al.,
1999; Pankhurst et al., 2000). Pankhurst et al. (2000) identified three
main temporal magmatic pulses, which are V1 (188-178 Na), V2
(172-162 Ma) and V3 (157-153 Ma). The exposures in Patagonia of
the V1 and V2 episodes are mostly present in eastern and central Pata-
gonia (Fig. 2a), while the V3 episode dominates the western margin
(Fig. 2a). The exposures of these episodes in the Antarctic Peninsula
are dispersed along a north-south axis, where the V1 episode is found
in the south (Palmer Land) and the V2 and V3 episodes are exposed in
the north (Graham Land; Fig. 2b). Several authors have noted that the
timing of V1 brackets the peak of the Karoo-Ferrar event at 183 +
1 Ma (Encarnacion et al., 1996; Riley, 2006). This contemporaneity has
been a major factor when genetically linking the Karoo and Ferrar LIPs
with the Chon Aike magmatic province (Pankhurst et al., 2000). Com-
bined major and trace element abundances with whole-rock isotopic
data (Sr-Nd-0) suggests that the V1 and V2 magmas formed by anatexis
of Grenvillian-aged, mafic, lower crustal rocks, which subsequently
evolved by assimilation and fractionation (Pankhurst and Rapela,
1995; and Riley et al. (2001). Seitz et al. (2018) utilised O-isotope to
suggest partial melting of continental crust was the main mechanism
that formed the Chon Aike magmatic province. V1 magmas were con-
sidered to be melts of upper-crustal paragneiss that mixed with lower
crustal melts in magma chambers in the upper crust, whereas V2
magmas formed by assimilation-fractional crystallisation of isotopically
uniform magma in upper-crustal magma chambers. Riley et al. (2001)
suggested that these magmas are either related to the Karoo group of
plumes and/or to the presence of highly fusible crust in a long-lived con-
tinental active margin.

2.2. Active margin magmatism in Patagonia and the Antarctic Peninsula
during the Late Triassic-Jurassic

Navarrete et al. (2019) and Bastias et al. (2020) recently suggested
that the Gondwanan margin of the Antarctic Peninsula-Patagonia re-
gion was active during the Late Triassic, which is consistent with the in-
terpretations of Millar et al. (2002) and Vaughan et al. (2012). Bastias
etal. (2020) showed report that Late Triassic orthogneisses of the Rymill
Granite Complex in the Antarctic Peninsula reveal an active margin
along the south-central Antarctic Peninsula, which had probably been
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active since the Late Palaeozoic. Recently, Riley et al. (2020b) reported
that the rocks of the Rymill Granite Complex record a magmatic episode
at ~227 Ma, followed of a metamorphic overgrowths at ~207 Ma.
Navarrete et al. (2019) suggested that Late Triassic igneous rocks of
the Deseado Massif in eastern Patagonia also formed above an active
margin. The Deseado Massif is currently located ~1000 km inland from
the hypothetical paleo-trench (Fig. 2a), which implies a phase of Late
Triassic flat-slab subduction that has been referred to as the South
Gondwanan flat-slab (Navarrete et al,, 2019).

Jurassic magmatism is geographically widespread in Patagonia and
the Antarctic Peninsula, with exposures spanning from the Atlantic
margin to the Pacific margin in Patagonia (Fig. 2a), and almost covering
a complete north-south length of the continental crust of the Antarctic
Peninsula (Fig. 2b) and Patagonia (Fig. 2a). Previous studies of Jurassic
magmatism suggested that the igneous rocks in western Patagonia
and the northern Antarctic Peninsula are subduction-related, whereas
those in eastern Patagonia and the southern Antarctic Peninsula are ei-
ther derived from mantle-plume activity, or formed due to extension
and thinning during the disassembly of Gondwana (e.g. Pankhurst
et al., 2000; Riley et al., 2001; Storey et al., 1992). Active margin
magmatism along western Patagonia includes the Subcordilleran Plu-
tonic Belt (Rapela et al., 2005), the Patagonian Batholith (Pankhurst
et al., 1992; Hervé et al, 2007), and the V3 Chon Aike episode
(Pankhurst et al., 2000). Some of these units have been correlated
with rocks present in the Antarctic Peninsula (e.g. Riley et al., 2001,
2017). The plume-influenced igneous rocks includes the V1 and V2
Chon Aike, and these have been divided into several formations that
are located in eastern and central Patagonia, and in the southern and
central Antarctic Peninsula (e.g. Pankhurst et al., 2000). The involve-
ment of a mantle plume was considered by some authors (e.g.
Pankhurst et al., 2000; Riley et al., 2001) due to voluminous silicic volca-
nism in an extensional setting, and the juxtaposition of coeval rocks of
the Chon Aike magmatic province with the mantle plume-related
Karoo and Ferrar LIPs. Here we define two regions, which are, (i) the
Western Margin, which includes rocks of the Subcordilleran Plutonic
Belt, the Patagonian Batholith, V3 Chon Aike episode and the V1 and
V2 Chon Aike units in the Antarctic Peninsula, and (ii) the Inland Region,
which includes exposures of the V1 and V2 Chon Aike episodes from
Eastern Patagonia. These definitions facilitate a comparison of inland
versus classic arc rocks (i.e. Western Margin) that commonly form
within ~300 to 100 km of the trench.

3. Methods

We present a compilation of geochronological, geochemical and iso-
topic analyses that includes new data and relevant previous work.
While we have new data from the Antarctic Peninsula, we have incorpo-
rated previous work from Patagonia and the Antarctic Peninsula. Previ-
ous geochronological data was filtered for concordance (U—Pb) and the
topology of age spectra (“°Ar/>°Ar data). This was necessary due to the
ubiquitous presence of alteration products in the region (e.g. Bastias
etal, 2016; Leat et al., 2009).

Data are presented from 12 igneous rocks from the Antarctic Penin-
sula that were loaned by the British Antarctic Survey and the Polar Rock
Repository at Ohio State University (Table 1). The detailed methodology
and full dataset has been presented in Bastias et al. (2021).
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4. Results
4.1. Geochronology

Early attempts to date the Triassic-Jurassic rocks in Patagonia and
the Antarctic Peninsula utilised the K/Ar, Rb/Sr and “°Ar/>°Ar methods
(e.g. Rex, 1976), resulting in a large scatter of dates due to variable de-
grees of daughter isotope loss. We present (Fig. 2) a geochronological
dataset for Patagonia (Fig. 2a) and the Antarctic Peninsula (Fig. 2b)
that combines robust results from previous work and our new data
from volcanic and plutonic rocks of the Antarctic Peninsula. Our new
206pp_238(J zircon concordia ages (LA-ICP-MS) of four volcanic rocks
range between 179 4+ 1 Ma and 161 + 1 Ma, while eight intrusions
yield ages between 183 £ 1 and 151 4+ 1 Ma. These results are com-
bined with 74 U-Pb zircon concordia ages obtained using TIMS,
SHRIMP and LA-ICP-MS, and five previous “°Ar/3°Ar plateau dates
from Patagonia and the Antarctic Peninsula from previous work
(Bastias, 2020; Bastias et al., 2019; Bastias et al., 2020; Calder6n et al.,
2007; Fanning et al., 1997; Hervé et al.,, 2007; Leat et al., 2009;
Lovecchio et al., 2019; Mukasa and Dalziel, 1996; Navarrete et al.,
2019; Pankhurst et al., 2000; Rapela et al., 2005; Riley et al., 2012,
2016). The distribution of ages reveals four main magmatic pulses that
collectively span ~225-145 Ma (Figs. 2c, d). The oldest magmatic
pulse, which we refer to as VO, spans ~223-200 Ma and includes the
Rymill Granite Complex in the Antarctic Peninsula (Bastias et al.,
2020; Riley et al., 2020b), and the Calandria Formation of the Deseado
Massif in eastern Patagonia (e.g. Navarrete et al., 2019; Pankhurst
et al.,, 1993). This period is followed by magmatic quiescence during
~200-190 Ma. The timing of younger magmatism is only mildly differ-
ent to the V1, V2 and V3 pulses defined by Pankhurst et al. (2000) for
the Chon Aike magmatic province. We have slightly modified the time
limits of the previous magmatic pulses that were defined by
Pankhurst et al. (2000), although we continue to refer to these as V1,
V2 and V3. Our kernel density estimations suggest that these pulses
were active during ~188-178 Ma (V1; revised from ~188-178 Ma;
Pankhurst et al, 2000), ~173-160 Ma (V2; revised from
~172-162 Ma; Pankhurst et al., 2000) and ~ 157-145 Ma (V3; revised
from ~157-153 Ma; Pankhurst et al., 2000). The general distribution of
ages in the Antarctic Peninsula broadly reveals a northward migration
of magmatism that was first proposed by Pankhurst et al. (2000;
Fig. 2b). The distribution of ages in the southern Antarctic Peninsula is
dominated by the two oldest episodes (VO, ~220-200 Ma and V1,
~188-175 Ma; Fig. 2b), while the two youngest episodes are found in
the northern Antarctic Peninsula (V2, ~172-162 and V3,
~157-154 Ma; Fig. 2). The geographic distribution of episodes V0, V1
and V2 in Patagonia reveals an approximate east-west scatter of tempo-
rally overlapping magmatism at similar latitude (Fig. 2a), which par-
tially agrees with the migration of magmatism towards the western
margin, as suggested by the previous studies (e.g. Pankhurst et al.,
2000; Riley et al., 2001; Storey et al., 2013).

4.2. Major and trace element geochemistry

4.2.1. VO episode (~223-200 Ma)
The Late Triassic VO episode includes plutonic rocks of the Rymill
Granite Complex of the Antarctic Peninsula (Western Margin; Bastias

Fig. 2. Zircon 2°°Pb—238U concordia and “°Ar/*°Ar plateau ages of the Antarctic Peninsula and Patagonia during the Late Triassic-Jurassic (see also Table 1). The dates define four magmatic
episodes: ~223-200 Ma (pink), ~189-178 Ma (light blue), ~173-160 Ma (green) and ~ 157-145 Ma (yellow). (A) Map of present day Patagonia showing the geochronological results. Q-I:
El Quemado and Ibanez formations, Mar: Marifil Formation. The geographical extent of the Chonide Orogeny is from Thomson and Hervé (2002), Septlveda et al. (2008) and Willner et al.
(2009). (B) Map of the present day Antarctic Peninsula showing the geochronological results. B: Brennecke Formation, EPLSZ: Eastern Palmer Land Shear Zone (EPLSZ; Vaughan & Storey,
2000), Map: Mapple Formation, P: Mount Poster Formation. (C) Kernel density estimates of the distribution of U—Pb concordia and Ar/Ar plateau dates. Revised estimates of the time of the
Chon Aike episodes V0-V3 in brackets (D) Kernel density estimates of the distribution of crystallisation ages within the combined dataset acquired from the Antarctic Peninsula and
Patagonia. Data sources: Riley et al. (2001); Rapela et al. (2005); Hervé et al. (2007); Navarrete et al. (2019), Bastias et al. (2020a, 2020b) and this work. Dates are binned into 2 My

intervals. A detailed methodology and full dataset is presented in Bastias et al. (2021).
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Table 1

Major oxide and trace element, including REE and isotopic tracing data from selected rocks of the Antarctic Peninsula.
Code PRR-5983  PRR-6037  PRR-32977  PRR-6230 R6569.9 R.6871.3  R.6607.1 R6602.3  R5957.3  R5257.5  R6307.1 R.6851.1
Internal Code ~ 15JB72 15JB73 16JB69 16JB70 18JB01 18JB04 18JB05 18JB07 18JB26 18JB32 18JB50 18JB52
Age 163 156 160 151 164 179 162 165 156 183 153 161
Error 3 2 2 1 2 2 2 1 3 8 1 1
Method U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr U-Pb Zr
South —63.55 —68.18 —63.42 —65.43 —65.60 —75.19 —65.53 —65.53 —70.70 —70.03 —71.58 —65.40
West —58.93 —67.00 —57.01 —65.48 —62.50 —71.42 —62.43 —62.20 —67.57 —67.65 —66.89 —62.70
Si0, 71.44 70.20 76.44 62.37 76.83 71.05 71.71 61.66 73.96 70.23 62.05 65.98
TiO, 0.36 0.16 0.16 1.12 0.29 1.07 0.40 0.01 0.46 0.14 0.79 0.63
Al,04 15.39 12.98 12.16 15.33 12.17 12.94 15.13 16.17 14.53 14.79 15.84 16.32
Fe,0; 2.83 1.71 197 6.96 1.69 4.53 2.80 7.29 3.06 1.44 6.76 4.01
MnO 0.04 0.04 0.04 0.09 0.06 0.08 0.05 n.d. 0.05 0.01 0.13 0.06
MgO 0.55 0.34 0.46 2.75 0.27 1.73 0.64 1.77 0.78 0.07 2.16 1.13
Ca0 3.17 137 0.43 343 0.98 1.30 1.90 4.22 345 0.52 4.87 2.07
Na,0 3.26 3.15 3.93 4.82 2.61 3.34 3.35 2.01 3.52 2.06 291 2.76
K>0 3.08 4383 3.28 1.36 5.20 333 424 3.44 0.80 9.85 1.96 5.09
P,05 0.08 0.04 0.02 0.19 0.04 0.25 0.10 0.19 0.05 0.22 0.16 0.15
Cry05 n.d. n.d. 0.01 n.d. n.d. 0.01 0.01 0.01 0.01 n.d. 0.01 n.d.
LOI 0.91 5.18 0.84 1.56 0.64 1.26 0.87 2.51 0.63 028 1.21 141
Total 100.21 94.81 98.89 98.42 100.12 99.63 100.33 96.79 100.66 99.33 97.63 98.21
Be 2.96 3.19 2.46 1.68 5.19 2.68 3.83 1.30 2.31 0.93 2.54 3.25
Sc 16.88 17.61 13.52 25.66 13.62 19.64 15.38 11.74 10.17 8.59 22.28 16.81
Ni 7.88 11.82 3.79 9.18 7.44 16.36 8.90 391 4.88 7.39 3.14 5.49
Cu 9.66 77.12 6.96 17.60 13.60 11.83 5.49 5.75 6.83 4.27 15.79 16.90
Zn 40.63 54.89 40.24 45.77 115.08 87.59 65.99 20.62 45.73 16.82 80.99 61.37
Rb 101.93 93.51 101.38 30.03 34191 87.02 153.42 5.74 19.78 234.73 73.85 156.47
Sr 287.66 247.71 96.26 302.69 59.32 58.97 210.13 156.84 202.56 272.38 290.42 228.14
Y 16.46 26.74 26.55 36.55 43.10 49.65 27.61 6.21 2.94 4297 24.02 22.36
Zr 111.64 101.79 145.49 200.76 120.94 375.21 160.10 14.03 166.94 11.38 155.80 248.73
Nb 9.04 9.10 8.49 431 11.23 17.75 9.97 4.24 149 2.62 7.87 11.33
Mo 0.49 1.03 0.76 0.42 1.14 0.88 124 0.75 1.05 0.51 0.84 0.57
Cs 227 2.19 0.58 0.68 8.59 147 1.49 5.61 0.79 0.53 1.95 4.97
Ba 750.59 304.33 740.92 135.38 290.82 621.33 745.48 2441 239.11 1976.30 647.25 1144.29
La 2333 2222 92.98 16.66 37.38 54.46 3743 5.64 5.85 7.50 26.13 41.12
Ce 49.86 47.90 163.19 38.69 87.55 114.64 77.64 5.75 9.88 17.79 50.04 80.83
Pr 5.29 5.71 18.14 4.96 9.00 13.17 8.51 3.61 0.94 2.57 5.78 8.97
Nd 19.69 23.25 66.87 22.78 33.73 53.44 33.02 5.70 3.38 13.08 23.65 34.50
Sm 3.83 5.02 9.78 5.62 7.14 10.65 6.40 3.82 0.63 4.57 4.77 6.21
Eu 1.01 0.72 0.93 1.46 0.39 153 0.93 1.81 0.85 1.70 1.15 1.56
Gd 3.55 4.68 7.13 5.89 6.57 10.02 5.57 3.66 0.58 6.25 4.52 5.12
Tb 0.53 0.72 0.86 0.92 1.05 1.45 0.80 0.84 0.07 1.22 0.66 0.69
Dy 341 481 533 6.55 7.44 9.41 5.24 3.25 0.50 7.86 434 427
Ho 0.69 0.98 0.93 132 149 1.85 1.00 1.00 0.10 1.60 0.88 0.82
Er 1.88 2.86 2.67 4.02 4.36 5.26 293 218 0.33 4.72 2.55 233
Tm 0.26 0.44 0.38 0.61 0.65 0.71 0.43 0.43 0.06 0.61 0.38 0.33
Yb 1.79 3.09 2.68 434 448 5.03 291 2.16 0.47 424 2.66 227
Lu 0.28 0.45 0.38 0.64 0.63 0.72 0.42 0.44 0.09 0.58 0.40 0.36
Hf 293 3.70 4.47 5.36 3.91 9.97 4.78 3.33 4.26 0.41 4.04 6.64
Ta 0.59 0.72 0.70 0.31 142 131 0.91 0.70 0.09 0.15 0.51 0.68
w 0.27 1.76 0.81 0.42 10.72 293 2.23 233 0.84 0.12 0.21 2.05
Pb 14.53 15.06 22.48 7.33 43.87 22.16 21.92 7.37 448 66.35 12.20 15.21
Th 7.55 11.01 18.64 4.65 26.22 18.35 16.35 2.84 0.73 1.65 6.34 12.30
u 0.92 2.24 2.87 134 298 3.28 3.21 131 0.34 0.74 1.79 2.40
Co 413 n.d. 1.14 15.97 3.89 10.78 5.55 11.43 5.52 0.97 13.61 541
Fe# 0.85 0.82 0.80 0.70 0.85 0.70 0.80 0.79 0.78 0.96 0.78 0.80
A/CNK 1.06 1.01 1.13 0.98 1.04 1.13 1.12 1.10 1.12 0.99 1.00 1.18
A/NK 1.77 1.25 1.21 1.63 1.23 1.42 1.50 2.30 2.18 1.05 2.29 1.62
Y + Nb 25.50 35.84 35.04 40.86 54.34 67.40 37.58 10.44 4.43 45.59 31.89 33.69
Sr/Y 17.48 9.26 3.63 8.28 1.38 1.19 7.61 25.27 68.90 6.34 12.09 10.20
Rb/Y 6.19 3.50 3.82 0.82 7.93 1.75 5.56 0.92 6.73 5.46 3.07 7.00
87Sr/56S; n.d. 0.7084 0.7074 0.7044 n.d. 0.7200 0.7081 0.7089 0.7042 0.7125 0.7079 0.7082
eNd; n.d. —2.57 —4.06 3.85 —2.64 —7.73 —3.70 —8.62 343 —0.28 —3.49 —3.64

n.d.: no data.

et al,, 2020) and the Late Triassic Deseado Massif in eastern Patagonia
(Inland Region; Pankhurst et al., 1993; Rapela and Pankhurst, 1996;
Navarrete et al., 2019). Plutonic rocks of the Rymill Granite Complex
are mainly alkali granites with minor monzogranites and quartz-
syenites, according to the multi-cation discrimination classification
scheme of de La Roche et al. (1980; Fig. 3a). Similarly, Late Triassic in-
trusions within the Deseado Massif are dominantly alkali granites
with some syenogranites, diorites, monzogranites and tonalites
(Fig. 3a). The Rymill Granite Complex and the Deseado Massif yield

metaluminous and peraluminous Aluminum Saturation Indices (ASI)
of 1.16-0.91 and 1.03-0.91, respectively (Fig. 3b). These ASI values de-
fine metaluminous and peraluminous compositions, although the Late
Triassic Deseado Massif also hosts rocks that yield peralkaline composi-
tions. N-MORB normalised trace element abundances of the Rymill
Granite Complex show an enrichment in Light lon Lithophile Elements
(LILE), with negative Nb, Ta, Sr, P and Ti anomalies, suggesting that a
subduction derived component is incorporated into these rocks, and
that they may have formed within a continental arc (Fig. 3d). Minor
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negative Ba, Eu and Sr anomalies, combined with a strong negative Ti
anomaly, suggest that plagioclase and Fe—Ti oxides have fractionated,
and the positive Pb anomaly is likely to have been derived from an
upper crustal source. N-MORB normalised trace element abundances
of the Late Triassic Deseado Massif (Fig. 3e) are extremely similar to
the Rymill Granite Complex.

4.2.2. V1 episode (~188-178 Ma)

Igneous units of the V1 episode are exposed along the southern Ant-
arctic Peninsula and in western and eastern Patagonia (Fig. 2a, b). Expo-
sure of the plutonic record is limited compared to volcanic exposures,
and is present in the Subcordilleran Plutonic Belt of western Patagonia
(Rapela et al.,, 2005) and in the southern Antarctic Peninsula, from
where we present new geochemical data (alkali granite with the
R.5257.5; Fig. 3a). The volcanic rocks are mostly part or associated to
the V1 Chon Aike magmatic province (e.g. Pankhurst et al., 2000; Riley
et al., 2001, 2017, 2020a), and we include geochemical data from the
Marifil Formation of eastern Patagonia (Inland Region; Navarrete
et al.,, 2019) and the Mount Poster Formation of the southern Antarctic
Peninsula (Western Margin; Riley et al., 2001). The rocks of the Mount
Poster Formation are rhyolites and dacites, whereas coeval volcanic
rocks of the Marifil Formation are rhyolites (Fig. 3c). Major element
compositions designate the plutonic rocks of the Subcordilleran Plu-
tonic Belt in western Patagonia as granodiorites, monzogranites and
minor syenogranites (Fig. 3a). Aluminum Saturation Indices of the
Mount Poster Formation of the Antarctic Peninsula, and the Marifil For-
mation of eastern Patagonia span between 1.31 and 0.70 and 1.12-0.94,
respectively (Fig. 3b). The rocks of the Subcordilleran Plutonic Belt of
western Patagonia and alkali granite R5257.5 of the Antarctic Peninsula
have metaluminous compositions (Fig. 3b). N-MORB normalised trace
element abundances of the Western Margin reveal enriched LILE and
Pb abundances, and negative Nb, Ta, Sr, P and Ti anomalies (Fig. 3d),
which suggest the incorporation of subduction-related material into
these rocks. These include the Subcordilleran Plutonic Belt of western
Patagonia (Rapela et al., 2005) and the Mount Poster Formation of the
V1 Chon Aike episode in the Antarctic Peninsula (Riley et al., 2001).
The Marifil Formation of the Inland Region of eastern Patagonia yields
similar geochemical compositions to the Western Margin (Fig. 3e;
Navarrete et al., 2019). V1 magmatism in the Western Margin and the
Inland Region have extremely similar geochemical characteristics, and
they probably formed within a continental active margin (Fig. 3).

4.2.3. V2 episode (~173-160 Ma)

V2-aged rocks are mostly found within the V2 Chon Aike magmatic
province, which occurs in the northern Antarctic Peninsula and in cen-
tral and eastern Patagonia (Fig. 2). We present new geochemical data
from three plutonic and four volcanic rocks of the Antarctic Peninsula
that crystallised during the V2 episode (Table 1). These units do not
form part of an a priori classified rock formation and remain
stratigraphically unclassified. We combine these results with published
work from the Mapple Formation of the northern Antarctic Peninsula
(e.g. Riley et al.,, 2001, 2010) and the Bahia Laura Volcanic Complex of
eastern Patagonia (Navarrete et al., 2019), which correspond to the
Western Margin and Inland Region magmatism, respectively. Major el-
ement abundances designate the rocks of the Mapple Formation (Riley
etal, 2001) as dacites and rhyolites, with minor andesites (Fig. 3c). The
new data yield alkali granite, monzogranite (Fig. 3a), rhyolite, dacite
and andesite compositions (Fig. 3c), which is consistent with the
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lithologies reported from the Mapple Formation. The volcanic rocks of
the Bahia Laura Volcanic Complex in eastern Patagonia yield bi-modal
compositions defined by rhyolites (>75% wt% SiO,) and basaltic-
andesites, and andesites with minor dacites and trachy-andesite
(<68% wt% Si0;). ASI values of the volcanic and plutonic rocks in the
new dataset yield peraluminous compositions, with values of 1.18 to
1.10, and 1.12 to 1.01, respectively (Fig. 3b). These overlap with ASI
values obtained from the Mapple Formation of the Antarctic Peninsula,
which span between 1.36 and 0.94. The volcanic rocks that define the
Inland Region (Bahia Laura Volcanic Complex in eastern Patagonia)
yield ASI values that range between 1.24 and 0.70 (Fig. 3b), overlapping
with the compositions of coeval, V2 volcanic and plutonic rocks of the
Western Margin. N-MORB normalised trace element abundances of
the V2 episode are indistinguishable from the Inland Region (Fig. 3e;
Bahia Laura Volcanic Complex) and the Western Margin (Fig. 3d;
Mapple Formation in the Antarctic Peninsula and the new data), and
are characterized by negative Ti, Nb and Ta anomalies with enriched
LILE and Pb abundances (Figs. 3d, e). Similar to VO and V1-aged rocks,
these geochemical features suggest the inclusion of a subduction-
derived component in V2-aged magmatism, and these rocks probably
formed in an active margin setting.

4.24. V3 episode (~157-145 Ma)

Episode V3 only includes intrusions that are exposed along the west-
ern margin of Patagonia and the Antarctic Peninsula, and thus this pe-
riod is missing in the Inland Region. We present new geochemical
data from three plutonic rocks of the Antarctic Peninsula, which yield
syenogranite, granodiorite and alkali granite compositions according
to their major element abundances (Fig. 3a). Previous geochemical
studies were restricted to the Patagonian Batholith in western Patagonia
(Hervé et al., 2007). This unit is mainly composed of alkali granites and
minor syenogranites, diorites and gabbros (Fig. 3a), rendering it similar
to the new V3 intrusions in the Antarctic Peninsula. V3-aged plutons of
the Antarctic Peninsula are peraluminous and metaluminous with ASI
values ranging between 1.13 and 0.98, which overlap with those ob-
tained from the Patagonian Batholith, which span between 1.16 and
0.81 (Fig. 3b). N-MORB normalised trace element abundances of the
V3 intrusions (Fig. 3d) are extremely similar to those obtained from ig-
neous rocks of the VO, V1 and V2 episodes, and corroborate previous re-
ports that the V3-aged rocks formed above an active margin (e.g. Hervé
et al., 2007).

4.3. Sr—Nd bulk rock isotopes

Whole rock, time-corrected Sr—Nd isotopic compositions of the Late
Triassic - Jurassic igneous rocks of the Patagonia-Antarctic Peninsula re-
gion are presented in Fig. 4 (summarized in a and b). Isotopic data from
episode VO (Fig. 4 c and d; ~223-200 Ma) was obtained from the Rymill
Granite Complex along the western margin (Bastias et al., 2020), and
the plutons of the Deseado Massif located in eastern Patagonia (Rapela
and Pankhurst, 1996). These intrusions yield Nd isotopic compositions
that are less radiogenic than CHUR (e.g. Bouvier et al., 2008; Fig. 4a),
with eNd; values that range between —6.2 and — 0.3, and radiogenic
87Sr/86sr ratios of 0.714-0.705 compared to the present-day depleted
mantle (37Sr/3%Sr ~ 0.702; Zindler and Hart, 1986; Fig. 4b).

Volcanic and plutonic rocks that crystallised during the V1 episode
(Fig. 4 e and f; ~188-178 Ma) along the Western Margin and Inland Re-
gion yield highly varied eNd; and 87Sr/8°Sr; values that range between

Fig. 3. Geochemical data from Late Triassic-Jurassic igneous rocks in the Antarctic Peninsula and Patagonia. (A) Multi-cation discrimination plot for plutonic rocks from De La Roche et al.
(1980). (B) Aluminum saturation index (ASI). Molar (Al/Na + K) and (Al/Ca + Na + K) are defined as molecular ratios and take into account the presence of apatite so that rocks with
ASI > 1.0 are corundum normative and are termed peraluminous. (C) Discrimination based on major oxide content for volcanic rocks from Peccerillo and Taylor (1976). Alkaline-
subalkaline discrimination is presented as a dashed line according to Miyashiro (1978). (D, E) Rare earth element and trace element abundances normalised to the N-MORB values of
Sun and McDonough (1989) for igneous rocks exposed along the Western Margin (D) and the Inland Region of eastern Patagonia (E). Data sources are 1: Bastias et al. (2020); 2: Riley
et al. (2001); 3: Rapela et al. (2005); 4: Hervé et al. (2007); 5: Navarrete et al. (2019). The detailed dataset is presented in Bastias et al. (2021).
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Fig. 4. (A, B) Temporal evolution of whole rock eNd, (A) and 87Sr/3%Sr; (B) isotopic compositions of Late Triassic-Jurassic igneous rocks in Patagonia and the Antarctic Peninsula. Data are
only reported from samples that are considered to yield accurate crystallisation ages. (C to H) Compilation of eNd, and 87Sr/%5Sr; values shown in (A) and (B) for rock units of the Inland
Region and the Western Margin. Data from VO are presented in (C) and (D), V1in (E) and (F) and V2 in (G) and (H). Data sources 1: Leat et al. (2009) and Riley et al. (2016); 2: Riley et al.
(2001); 3: Bastias et al. (2019, 2020a); 4: Rapela et al. (2005); 5: Pankhurst and Rapela (1995); 6: Rapela and Pankhurst (1996). The detailed methodology and full dataset are presented in

Bastias et al. (2021).

~2 and —9 (Fig. 4a), and ~0.721 and 0.705, respectively (Fig. 4b; Riley
et al,, 2001, 2016; Rapela et al.,, 2005; Leat et al., 2009). Furthermore,
while the V1-aged units of the western margin yield eNd; and
875r/86Sr; values that range between 1.9 and —7.8, and 0.720 and
0.704, respectively (Leat et al., 2009; Riley et al.,, 2001, 2017),
Pankhurst and Rapela (1995) reported bulk-rock isotopic compositions
in the Inland Region, which yield eNd; and 87Sr/8Sr; values of —4 + 2
and 0.707 + 0.0003, respectively (Fig. 4a, b). A larger range in Nd and
Sr isotopic compositions is recorded in V1-aged rocks when compared
to episodes VO, V2 and V3 (Fig. 4a, b), suggesting they may be derived
from more heterogeneous source regions, with a dominant crustal com-
ponent, corroborating Riley et al. (2001).

Volcanic and plutonic rocks that crystallised during the V2
(~173-160 Ma) and V3 (~157-145 Ma) episodes yield similar eNd;
and 87Sr/3%Sr; compositions to V0-aged rocks, with values spanning be-
tween ~ — 9 to —1 (eNd;; Fig. 4a), and ~ 0.704 and 0.720 (87Sr/®6sr;;
Fig. 4b; Riley et al., 2001). Exceptions are syenogranites R.5957.3 (V2;
156 + 1 Ma) and PRR-6230 (V3; 151 &+ 1 Ma), and andesite R.6602.3
(V2; 165 £ 1 Ma) from the Antarctic Peninsula, which yield either
significantly higher (>3; PRR-6230 and R.5957.3; Fig. 4a) or lower
(<—9; R6602.3; Fig. 4g) €Nd; values. We consider these rocks to record
anomalous magmatism, which is discussed in the following section. The
plutonic and volcanic rocks of the VO and V2 episodes yield small varia-
tions in their whole rock Nd and Sr isotopic compositions compared to
V1 and V3-aged rocks (Fig. 4 a, b). A comparison of crystallisation age
with isotopic composition reveals no distinct trend, although the most
juvenile rocks formed during the V3 episode (Fig. 4a, b).

4.4. Hf isotopes in zircon

A comparison of in-situ zircon eHf; compositions and crystallisation
age (zircon 2°°Pb—238U) of plutonic and volcanic rocks of the Antarctic
Peninsula is presented in Fig. 5. This dataset combines our new data,
which spans the V1, V2 and V3 episodes within the Antarctic Peninsula,

with data from the Triassic Rymill Granite Complex (VO; Antarctic Pen-
insula; Bastias et al., 2020). Triassic zircons yield eHf; compositions that
are less radiogenic than CHUR with values ranging between ~0 and
—10. With the exception of rhyolite R.6871.3 and granite R.5957.3,
most of the Jurassic zircons yielded eHf; values between ~0 and — 5.
Granite R.5957.3 yields an elevated eHf; value of >5, while rhyolite
R.6871.3 yields a relatively unradiogenic value of <—8 (Fig. 5).

5. Discussion

5.1. The tectonic history of Patagonia and the Antarctic Peninsula between
~223 and ~ 145 Ma: An active margin origin for the Chon Aike magmatic
province

A combination of the geochemical and isotopic compositions of the
Jurassic igneous rocks exposed along the Western Margin and in the In-
land Region suggests they all formed in a continental arc setting
(Figs. 3-5). This conclusion modifies previous interpretations (e.g.
Bryan et al., 2002; Pankhurst et al., 2000; Riley et al., 2001; Storey
et al., 1992) that suggested the early deposits of the Chon Aike mag-
matic province in eastern and central Patagonia formed by the coupled
action of an active margin and the peripheral thermal effect of the Karoo
mantle plume. A supra-subduction zone origin is supported by:
(i) enriched LILE and LREE, with negative Nb, Ta, Sr and Ti anomalies
(Fig. 3d, e) in all of the Jurassic igneous rocks, which are typical of
slab-dehydration reactions and thus active margins, (ii) the trace ele-
ment compositions of Jurassic igneous rocks in the Inland Region (east-
ern and central Patagonia) and the Western Margin (Patagonia and the
Antarctic Peninsula; Figs. 3d, e) are indistinguishable, and thus it is
likely that they evolved via the same magmatic processes, and (iii) the
whole rock Nd and Sr, and zircon Hf isotopic compositions of Late
Triassic-Jurassic igneous rocks (Figs. 4, 5) show that the magmas formed
from mixed sources that resided within the continental crust. Therefore,
unlike the igneous units of the Karoo and Ferrar LIPs, the involvement of
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a mantle plume is not necessary to generate any of the chronological,
geochemical or isotopic characteristics of the Chon Aike magmatic prov-
ince. Here we present a revised geological evolution for the Late
Triassic-Jurassic in Patagonia and the Antarctic Peninsula.

5.1.1. VO episode: ~223-200 Ma

Active margin magmatism commenced as early as ~223 Ma, forming
the Rymill Granite Complex in the Antarctic Peninsula (Bastias et al.,
2020; Riley et al., 2020b) and Late Triassic magmatism in the Deseado
Massif in eastern Patagonia (Navarrete et al., 2019; Pankhurst et al.,
1993). The location of the Deseado Massif within eastern Patagonia
would have been at least ~1100-1000 km distant from the
palaeotrench, suggesting these magmas formed above a low angle
slab (the South Gondwanian flat-slab of Navarrete et al.,, 2019). The
presence of a flattened slab is supported by a Late Triassic-Early Jurassic
contractional metamorphic phase that is recorded in the southwestern
Patagonian fore-arc (Chonide Orogeny; e.g. Thomson and Hervé,
2002; Septlveda et al., 2008; Willner et al., 2009; Fig. 6a). However,
Late Triassic arc plutons are exposed along the Antarctic Peninsula
(Rymill Granite Complex; e.g. Pankhurst, 1982; Wever et al., 1994;
Leat and Scarrow, 1995; Flowerdew et al., 2006; Bastias et al., 2020),
proximal to the palaeotrench, implying that any flattened slab must
have been spatially restricted to present-day southern Patagonia and
the northern Antarctic Peninsula (Fig. 6a). Interestingly, this is entirely
consistent with several paleogeographic reconstructions that juxtapose
the northern Antarctic Peninsula and southern Patagonia during the
Late Triassic-Middle Jurassic (e.g. Lawver et al., 1998; Ghidella et al.,
2002; Jokat et al., 2003; Fig. 6a).

5.1.2. Magmatic quiescence: ~200-188 Ma

Magmatism is not recorded within Patagonia or the Antarctic Penin-
sula during the interval ~ 200-188 Ma. Coeval magmatic quiescence has
been proposed for central Chile and the Neuquen Basin in Argentina
(e.g. Howell et al., 2005; Oliveros et al., 2019), revealing a paucity or
lack of magmatism along a potential trench parallel distance of
~5000 km (see also the publications of Miskovic¢ et al., 2009 and
Spikings et al., 2015). Some studies equate this magmatic gap with a

lack of active subduction to the south of ~18°S within South America
during the Early Jurassic (e.g. Mpodozis and Ramos, 2008).

5.1.3. V1 episode: ~188-178 Ma

Arc-related magmatism resumed at ~188 Ma (Fig. 3d, e) along the
western margin of northern Patagonia, the southern Antarctic Peninsula
and in eastern Patagonia (Figs. 2, 6b). The igneous rocks in eastern Pat-
agonia have been grouped into the V1 Chon Aike episode (e.g.
Pankhurst et al., 2000), and were interpreted by Riley et al. (2001) as
melts of subduction-modified lower crust, where melting was triggered
by extension associated with the break-up of Gondwana, with periph-
eral heating from the Karoo mantle plume (Riley et al., 2001). However,
the compiled and new data do not require the existence of heat derived
from a mantle plume, and the simplest explanation of the geochemical
and isotopic compositions data, combined with geographic distribution,
is that these magmas formed above a flattened-slab, implying a resump-
tion of flat-slab subduction, which would be consistent with their geo-
chemical and isotopic compositions and geographic location (Fig. 6b).
The whole rock Nd—Sr and zircon Hf isotopic compositions of the
rocks that formed during the V1 episode (Fig. 4a, b) reveal a dominance
of crustal sources, partially corroborating the model of Riley et al. (2001,
2017). The V1-aged flat-slab may have either been a reactivated section
of the Triassic flat-slab (Fig. 6a), or it may correspond to younger and
buoyant oceanic lithosphere that was subducted beneath Gondwana to-
wards the end of magmatic quiescence between ~200-188 Ma. Never-
theless, the nature of the subducted oceanic lithosphere that resumed
the subduction during the V1 episode remain unknown.

5.1.4. V2 episode: ~173-160 Ma

The V2 magmatic episode occurred during the interval ~ 173-160 Ma,
and is exposed along the western margin of southern Patagonia, the
Deseado Massif in eastern Patagonia and the northeastern Antarctic
Peninsula (Figs. 2a, b). The period was temporally separated from the
older V1 episode (~188-178 Ma) by an apparent magmatic gap during
~178-173 Ma, although a few zircon grains yield 2°°Pb—238U concordia
ages that span this gap (Fig. 5). The magmas produced during the V2 ep-
isode yield trace element compositions that are similar to those that
formed during the VO and V1 episodes (Figs. 3d, e), suggesting a
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Fig. 6. Schematic paleo-reconstruction of southwestern Gondwana for the Late Triassic-Jurassic. (A) VO: ~223-200 Ma, initiation of flat-slab subduction and active margin magmatism in
the Deseado Massif (DM), along with metamorphism associated with the Chonide Orogeny (CO; e.g. Thomson and Hervé, 2002). The geographic extent of the flat-slab is limited to the
south by the arc rocks of the Rymill Granite Complex (Bastias et al., 2020). FI: Falkland Islands. (B) V1: ~189-178 Ma, following magmatic quiescence during ~200-188 Ma, the active
margin resumed forming arc rocks in the southern Antarctic Peninsula and in Patagonia. (C) V2: ~173-160 Ma, migration of the arc axis towards the north of the Antarctic Peninsula,
and trenchward within Patagonia. The Antarctic Peninsula drifted southward with respectively to Patagonia, which is shown as a series of outlines of the Antarctic Peninsula in gray.
(D) V3: ~157-145 Ma, emplacement of the arc along the West Margin of the Antarctic Peninsula and Patagonia. Back-arc extension formed oceanic lithosphere in the Rocas Verdes
Basin (RVB; Calderén et al., 2007). Coeval deep-marine sedimentary rocks were deposited in the fore-arc and back-arc of the Antarctic Peninsula, which corresponds to the Byers Basin

(BB; Bastias et al.,, 2019) and the Larsen Basin (LB; Hathway, 2000), respectively.

continuation of active margin magmatism. The whole rock Sr—Nd iso-
topic compositions of the V2 episode yield a smaller range than during
V1 (Fig. 5), although they are not significantly different to the rocks
that formed during the Late Triassic (episode V0). The presence of coe-
val arc magmas in the northern Antarctic Peninsula (Fig. 2b) and eastern
Patagonia (Fig. 2a) implies a continuation of apparently persistent flat-
slab subduction during ~173-160 Ma in Patagonia (Fig. 6¢). The V2
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episode within Patagonia is exposed to the southwest of the V1 rocks
(~188-178 Ma), although they are both attributed to flat-slab
magmatism (Figs. 2b, c). We consider this to be a result of modification
of the slab architecture (Fig. 6¢), perhaps via either slab failure or slab
steepening. This complement previous authors (e.g. Bryan et al., 2002;
Riley et al., 2001) suggesting that the migration of the volcanism
was partially generated by the action of the active margin. The presence
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of V2-aged arc magmas in the northern Antarctic Peninsula
(~173-160 Ma, Fig. 2b), which were coeval with those in eastern Pata-
gonia (Deseado Massif; Fig. 2a), suggests that the Antarctic Peninsula
may have migrated south relative to Patagonia during ~180-170 Ma
(Fig. 6¢), which is consistent with several reconstructions (e.g.
Ghidella et al., 2002; Grunow, 1993; Hervé et al., 2006; Lawver et al.,
1998). A lack of evidence for rifting between Patagonia and the Antarctic
Peninsula during the V2 time (~173-160 Ma) suggests that this
transcurrent sinistral displacement did not significantly extend the
crust. Sinistral displacement during the Middle or Late Jurassic was
also suggested by Hervé et al. (2006), to account for similarities and dif-
ferences in the Mesozoic sedimentary rocks of western Patagonia and
the northern Antarctic.

5.1.5. V3 episode: ~157-145 Ma

Magmatism during the V3 episode is recorded along the western
margin of Patagonia and the Antarctic Peninsula (Fig. 2a, b). Previous
authors interpreted this period as a transition from mantle-plume re-
lated to active margin magmatism (e.g. Hervé et al., 2007; Pankhurst
et al., 2000). Most of the rocks that formed during the V3 episode in Pat-
agonia are located within the South Patagonian Batholith (Hervé et al.,
2007), and minor exposures are found in central Patagonia (Fig. 2a).
With a few exemptions in the southern Antarctic Peninsula (Fig. 2b),
V3-aged magmatism is mostly constrained to the north of the Antarctic
Peninsula and has a similar geographic distribution to rocks of the V2
episode (Fig. 2b). Whole rock geochemistry (Figs. 3d, e) and isotopic
tracing (Figs. 4a, b) suggest these magmas formed above an active mar-
gin, and thus it is likely they formed above the same subducted slab that
gave rise to the older Jurassic and Triassic igneous rocks (Pankhurst
et al.,, 2000). Importantly, there are no clear geochemical differences be-
tween the V3-aged, and older Jurassic and Triassic igneous rocks. Whole
rock (Sr—Nd) and zircon (Hf) isotopic data from four rocks suggest that
the source regions for V3 magmatism were similar, or perhaps the same
as those for the earlier VO-V2 periods (~223-160 Ma), albeit with a
higher proportion of a juvenile component. Granite R.5957.3 (V3 epi-
sode, ~156 Ma) and gabbro PRR-6230 (V3 episode, ~151 Ma) yield the
most juvenile Sr—Nd whole rock compositions (Fig. 4), which are con-
sistent with zircon gHf; values that range between 8 and 5 (Fig. 4; gran-
ite R.5957.3). We propose that these rocks were located at the
boundaries of the postulated flat-slab (Fig. 6d), and thus they could
have been influenced by asthenospheric upwelling through a slab win-
dow, inducing greater amounts of melting of isotopically juvenile man-
tle rocks.

Progressive western migration of V1- and V2-aged magmatism
(Figs. 6b, ) ceased during the V3 episode, by which time a majority of
magmatism was focused along the Western Margin (Fig. 6d).
Trenchward migration of magmatism from the Inland Region in Patago-
nia was most likely caused by gradual steepening of the flat-slab during
~188-160 Ma. Back-arc extension during V3 time lead to the formation
of oceanic lithosphere in the Rocas Verdes Basin (Fig. 6d; Stern and de
Wit, 2003; Calderén et al., 2007), which is exposed along southwestern
Patagonia (Stern and de Wit, 2003). The basement of the Rocas Verdes
Basin is composed of pillow lavas, dykes and gabbros that have been
interpreted as part of an ophiolite sequence that formed along a mid-
ocean-ridge (Stern and de Wit, 2003). The prime cause of an increased
flux of mantle-derived material in the Rocas Verdes Basin may be re-
lated to decompression associated with crustal thinning, although its re-
lationship, if any, to modifications of the slab architecture (e.g.
steepening) are unclear (Fig. 6d).

5.2. Implications for the formation of the Rocas Verdes Basin and the open-
ing of the Weddell Sea

The Weddell Sea is located to the east of the Antarctic Peninsula
(Fig. 2b), and its Jurassic-Cretaceous formation (e.g. Konig and Jokat,
2006) lead to the opening of the south Atlantic and the separation of
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the South American, African and Antarctic plates (Fig. 7). The initial ex-
tent and paleopositions of the crustal blocks that formed Gondwana are
still debated (e.g. Elliot, 1992; Lawver et al., 1998; Verard et al., 2012),
although there is a general consensus that the earliest oceanic litho-
sphere in the Weddell Sea formed during ~160-145 Ma (e.g. Ghidella
et al,, 2002; Konig and Jokat, 2006; Lawver et al., 1998; Riley et al.,
2020a). This period coincides with V3-aged magmatism along the
Western Margin of Patagonia (~157-145 Ma), and within the Rocas
Verdes Basin (Fig. 6d, 7; e.g. Dalziel, 1981), which started rifting during
~152-142 Ma (Calderén et al., 2007). These coeval events perhaps re-
veal common causes for the formation of oceanic lithosphere in the
back-arc Rocas Verdes Basin and the opening of the Weddell Sea.
Mafic crust of the basement of the Rocas Verdes Basin strikes parallel
to the western margin of Patagonia, whereas the earliest oceanic litho-
sphere of the Weddell Sea had a sub east-west orientation according
to numerous paleo-geographic reconstructions of the Weddell Sea
(e.g. Ghidella et al., 2002; Konig and Jokat, 2006). Therefore, we specu-
late that V3-aged oceanic lithosphere in southern Patagonia, and along
the present boundaries of the northern Antarctic Peninsula formed at
a triple plate junction (Fig. 7). In this scenario, the Weddell Sea would
represent a fully rifted, successful arm of the triple junction that gener-
ated oceanic lithosphere until ~33 Ma (e.g. Ghidella et al., 2002), while
the Rocas Verdes Basin formed oceanic lithosphere during the Late Ju-
rassic, but stalled during Cretaceous basin inversion events. No clear

South
America

Africa

East
Antarctica

A
~
®
—

Raroos. - . ..
~370,000km?
~182-184Ma

Fig. 7. Reconstruction of Gondwana during the Jurassic (after Grunow, 1993, Elliot and
Fleming, 2000, and Jordan et al., 2017) illustrating the schematic distribution of the
Karoo and Ferrar LIPs, and the Chon Aike magmatic province. The coeval opening of the
Weddell Sea and the formation of ophiolite sequences in the Rocas Verdes Basin
suggests the potential presence of a triple junction located in southern Patagonia or to
the north of the Antarctic Peninsula. CR: Chatham Rise, TI: Thurston Island, EWM:
Ellsworth-Whitmore Mountains, MBL: Marie Byrd Land, CP: Campbell Plateau, WNZ:
West New Zealand, ENZ: East New Zealand, LHR: Lord Howe Rise, T: Tasmania,
MEB: Maurice Ewing Bank.



J. Bastias, R. Spikings, T. Riley et al.

evidence is known for the third arm of this suspect triple junction, al-
though we predict that it may have influenced the Antarctic Peninsula.

5.3. Implications for the Karoo-Ferrar event and the Early Jurassic environ-
mental crisis

The Karoo-Ferrar event has been traditionally considered to include
the Karoo and Ferrar LIPs, and the V1 episode of the Chon Aike mag-
matic province (e.g. Storey et al., 2013; Sensarma et al., 2017), given
the contemporaneity and spatial juxtaposition of these units. This
Early Jurassic event represents one of the most voluminous Phanerozoic
magmatic episodes (e.g. Riley and Knight, 2001; Storey et al., 2013;
Sensarma et al., 2017), and it has been proposed as the leading ex-
planation for environmental changes that triggered the Toarcian-
Pleinsbachian Oceanic Anoxic Event, which in turn drove multi-phase
mass extinction (e.g. Caruthers et al,, 2014). Several authors have sug-
gested that these igneous rocks formed as a consequence of mantle
plume activity that accompanied the onset of the break-up of south-
western Gondwana (e.g. Storey et al., 2013). However, our new data
and compilation show that the Chon Aike magmatic province can be
accounted for entirely by active margin processes. This significantly im-
pacts estimates of the volume of magma produced by Early Jurassic
plume-related magmatism. The total volumes of the magmatic products
emplaced by the Karoo and Ferrar LIPs are ~370,000 km> (Svensen et al.,
2012) and ~190,000 km? (Elliot and Fleming, 2000; Storey et al., 2013),
respectively, while the Chon Aike magmatic province has an estimated
volume of ~235,000 km?> (Pankhurst et al., 1998; Storey et al., 2013),
representing up to ~30% of the Karoo-Ferrar event. Therefore, the extent
of the Karoo-Ferrar event should be revised with the exclusion of the
Chon Aike magmatic province, and thus the causes of rapid Jurassic en-
vironmental changes may need to be reassessed.

The original sensu stricto use of the term LIP refers to a group of
mafic igneous rocks that were emplaced within a few million years
and with exposures covering an area of at least 100,000 km? (e.g.
Coffin and Eldholm, 1992). Although this terminology has been revised
with the introduction of felsic members (e.g. Bryan et al., 2002), there
are significant uncertainties about the volume of the V1, V2 and V3 ep-
isodes of the Chon Aike magmatic province. In addition, the Chon Aike
magmatic province lacks a high-precision geochronological framework,
which is required to accurately constrain the duration of a short igneous
event (e.g. Karoo LIP, Svensen et al., 2012; Sell and Ovtcharova, 2014;
Ferrar, Burgess et al., 2015; Greber et al., 2020). Therefore, we suggest
that further work is required to determine the timing and volume of
magmatism that is associated with the Chon Aike magmatic province
in Patagonia and the Antarctic Peninsula.

6. Conclusions

A combination of the geochemical and isotopic compositions of the
Late Triassic to Jurassic volcanic and plutonic rocks (~223-145 Ma) ex-
posed along the Western Margin and in the Inland Region of the Antarc-
tic Peninsula and Patagonia suggests they formed in a continental arc
setting. This conclusion argues against the necessity to invoke the in-
volvement of the Karoo mantle plume in the formation of the Chon
Aike magmatic province, and supports previous interpretations that
suggest it formed via Jurassic active margin magmatism along Patagonia
and the Antarctic Peninsula. A supra-subduction zone origin is sup-
ported by (i) enriched LILE and LREE, with negative Nb, Ta and Ti anom-
alies, which are typical of slab-dehydration reactions and thus active
margins, (ii) indistinguishable major oxide and trace element composi-
tions of Late Triassic and Jurassic igneous rocks in both the Inland Re-
gion (eastern and central Patagonia) and the Western Margin
(Patagonia and the Antarctic Peninsula), and (iii) whole rock Nd and
Sr, and zircon Hf isotopic compositions of Late Triassic-Jurassic igneous
rocks that reveal mixed sources that resided within the continental
crust. We argue against the hypothesis that these rocks formed by the
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same mechanisms that created the Karoo and Ferrar LIPs. We suggest
that the extent of the Karoo-Ferrar event should be revised, and the
Chon Aike magmatic province should be excluded from this province,
and thus the causes of rapid Early Jurassic environmental change should
be reassessed.

The spatial distribution of arc magmas suggests a subducted flat slab
segment existed since at least ~223-200 Ma, and formed a broad spatial
geographic spread of active margin magmatism within Patagonia,
which gradually migrated towards the trench, via slab steepening,
reaching a normal trench-arc distance at ~157-145 Ma. The attainment
of a normal trench-arc distance temporally coincided with rifting that
formed oceanic lithosphere of the Weddell Sea, and back-arc basin ex-
tension of the Rocas Verdes Basin, possibly revealing a causal relation-
ship between these processes. We speculate that the two rift axes may
have originated from a triple junction that was located between south-
ern Patagonia and the northern Antarctic Peninsula, and lead to the dis-
assembly of southern Gondwana.
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