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Abstract Understanding the tectonic framework of the Antarctic Peninsula is hindered by a paucity
of paleomagnetic data from key locations. In this study, we present paleomagnetic data from the South
Shetland Islands, to the northwest of the Antarctic Peninsula, which provides valuable paleoposition
constraints on the Western domain of the Antarctic Peninsula. We report a key reliable paleopole (58.1°S,
354.3°E, A , = 6.3°) from Livingston Island in the South Shetland Islands at ~102 Ma. Plate reconstruction
models from the Early Cretaceous attach the South Shetland Islands to the Pacific margin of southern
Patagonia-Fuegian Andes at ~140 Ma. The South Shetland Islands then experienced southward
translation to its current position to the northwest of the Antarctic Peninsula following counterclockwise
rotation during ~100-90 Ma. A similar counterclockwise rotation has also been identified from southern
Patagonia-Fuegian Andes but is absent in the Antarctic Peninsula, suggesting a direct affinity between
the South Shetland Islands and southern Patagonia-Fuegian Andes. However, the consistent, almost
northward Cretaceous paleomagnetic declination in the Antarctic Peninsula, and the near-synchronous
tectonic-magmatic history between the Antarctic Peninsula and the southern Patagonia-Fuegian Andes
support an autochthonous continental subduction model for most of the Antarctic Peninsula.

Plain Language Summary In this study, we applied paleomagnetic constraints on the
autochthonous continental subduction model and allochthonous terrane accretion model in the
explanation of the tectonic framework of the Antarctic Peninsula. Our new data reveal a consistent
counterclockwise rotation occurred both at the South Shetland Islands and southern Patagonia-Fuegian
Andes during ~100-90 Ma, suggesting the affinity of these places. This is supported by the previous
reported ~140 Ma plate reconstruction, which attached the South Shetland Islands to the Pacific margin
of southern Patagonia-Fuegian Andes. However, the lack of significant tectonic rotation suggests that
most parts of the Antarctic Peninsula were formed during the Pacific plate subduction and support an
autochthonous continental subduction model.

1. Introduction

There is a continuing debate on the tectonic framework of the Antarctic Peninsula and its paleoposition in
the Gondwana supercontinent during Cretaceous global plate reorganization (Dalziel & Elliot, 1982; Jor-
dan et al., 2020). The following models have been proposed for the Antarctic Peninsula: an autochthonous
continental subduction model (Burton-Johnson & Riley, 2015; Suarez & Pettigrew, 1976); an allochthonous
terrane accretion model (Vaughan & Storey, 2000); and a para-autochthonous geophysical model in which
part of the arc was formed in situ but part of it may have been exotic, even if not from a distant location (Fer-
raccioli et al., 2006). Plate reconstruction models are primarily based on syntheses of geological evidence,
paleomagnetic and relative plate reconstruction data and comparisons with models of plate motion within
the hotspot reference frame (Seton et al., 2012). However, the development of accurate solutions is hindered
by the absence of marine magnetic anomalies from the Pacific Cretaceous seafloor within the Cretaceous
normal polarity superchron (124-84 Ma). Therefore, the aim of this study is to address this gap by reporting
new paleomagnetic data, which place important constraints on the Western domain sector in the northern
Antarctic Peninsula paleoposition during the Cretaceous.
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Figure 1. (a) Geological map of the Antarctic Peninsula, (b) South Shetland Islands, (c) Byers Peninsula (modified from Burton-Johnson & Riley, 2015;
Hathway et al., 1999; Vaughan & Storey, 2000;), (d and e) Photos of the sampling sites in Byers Peninsula, Livingston Island. A’—B’: Cross section line.

2. Geological Setting and Sampling

The Antarctic Peninsula forms part of the West Antarctic collage of crustal blocks and basins (Figure 1a).
The Mesozoic tectonics of the Antarctic Peninsula were initially interpreted as an Andean-type arc-trench
system (Figure 1a; Smellie, 1981; Sudrez & Pettigrew, 1976). The geological units were composed of fore-
arc accretion-subduction complexes on the Pacific margin of the peninsula (Smellie, 1981; Suarez & Petti-
grew, 1976), a magmatic arc active during ~240-20 Ma, represented by the Antarctic Peninsula batholith
(Jordan et al., 2014; Leat & Riley, 2021; Leat et al., 1995; Riley et al., 2012; Zheng et al., 2018), and a thick
back-arc succession of the Larsen Basin and Latady Basin (Figure 1a; Hathway & Lomas, 1998; Hunter &
Cantrill, 2006). The Eastern Palmer Land Shear Zone is a major ductile to brittle-ductile shear zone that has
been identified along the spine of the southern Antarctic Peninsula (Vaughan & Storey, 2000). The reverse
to dextral reverse deformation is identified from breccia, mylonites and pseudotachylites in the shear zone
(Vaughan & Storey, 2000). This deformation event along the shear zone was identified as the Palmer Land
Event, which has been dated at 106.9 + 1.1 Ma and 102.8 =+ 3.3 Ma through “’Ar-**Ar dating of a syn-defor-
mation granitic dyke from southeastern Palmer Land and of a biotite from a shear zone mylonite from
eastern Palmer Land, respectively (Vaughan, Kelley, & Storey, 2002; Vaughan, Pankhurst, & Fanning, 2000).
Combined with the identification of the Eastern Palmer Land Shear Zone, Vaughan and Storey (2000) sep-
arated the Antarctic Peninsula into three distinct geological terranes: the allochthonous Western domain,
the allochthonous magmatic arc Central domain, and the parautochthonous Eastern domain (Vaughan
& Storey, 2000) (Figure 1a). They suggested that distinct geological terranes and large-scale shear zone in
the Antarctic Peninsula are comparable to the subduction-accretion complex in New Zealand, Marie Byrd
Land, and south-central Chile along the proto-Pacific margin of Gondwana, where allochthonous magmat-
ic arc terranes are in tectonic contact with parautochthonous cratonic or old mobile-belt basement through
a deformation zone, similar to the Eastern Palmer Land Shear Zone (Vaughan & Storey, 2000).

The turbiditic sandstones and allochthonous oceanic basalts and sediments of the Jurassic-Cretaceous ac-
cretionary complex, such as the LeMay Group of the Alexander Island (Figure 1a; Holdsworth & Nell, 1992),
and amphibolite with blueschist grade rocks of the Scotia Metamorphic Complex in the South Shetland

GAO ET AL.

20f17



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB022503

Islands (Figure 1a; Dalziel, 1972a; Dalziel & Elliot, 1971; Tanner et al., 1982; Trouw et al., 2000) are proposed
to constitute an allochthonous Western domain (Vaughan & Storey, 2000). To the east, pre-Late Triassic
marble tectonic breccia, Late Triassic K-feldspar megacrystic granitoids and quartzo-feldspathic granitoid
gneisses were intruded by Jurassic-Cretaceous plutons in the Central domain (Vaughan & Storey, 2000).
This domain was further suggested to be a composite magmatic arc terrane, separated into the allochtho-
nous Central domain western zone and the parautochthonous Central domain eastern zone based on the
distinct geologic, petrologic, isotopic and geophysical characteristic (Ferraccioli et al., 2006). The latest ex-
tension-controlled Jurassic to Early Cretaceous (141-127 Ma) adakitic plutons were emplaced in the Triassic
and Jurassic gneissic and plutonic rocks of Central domain western zone (Figure 1a; Ferraccioli et al., 2006;
Vaughan & Storey, 2000). This adakitic rocks resemble mantle-derived magmas of oceanic island arcs, with
some pre-existing continental imprint involved in magma generation (Ferraccioli et al., 2006; Wareham
et al., 1997). The ilmenite-rich and more felsic batholith (compared to the Central domain western zone) of
the Central domain eastern zone developed along the Eastern domain, with island arc magmatism emplace-
ment of tholeiitic dykes at ~120-107 Ma (Ferraccioli et al., 2006). The final suturing between the Central
domain western zone and Central domain eastern zone was ascribed to cause the transpressional events at
Eastern Palmer Land Shear Zone (Ferraccioli et al., 2006). Along the convergent margin of the Gondwana
supercontinent (Jordan et al., 2017), the Eastern domain was proposed to be separated from the Central
domain eastern zone by the Eastern Palmer Land Shear Zone (Figure 1a; Ferraccioli et al., 2006; Vaughan &
Storey, 2000). Late Paleozoic basement was covered by the Mesozoic sedimentary basins in the Eastern do-
main, including silicic volcanic rocks related to the breakup of Gondwana, and the marine clastic sequences
of the Latady Basin (Hunter & Cantrill, 2006). However, recent reinterpreted geological evidence gives more
support to the autochthonous continental subduction model (Burton-Johnson & Riley, 2015). They cite evi-
dence that include the similar Early Palaeozoic basements and deep crustal structures, and the stratigraphic
and geochronological correlation of different sequences between the autochthonous and previously sug-
gested allochthonous terranes among others (Burton-Johnson & Riley, 2015). Jurassic to Late Pleistocene
volcanic-sedimentary rocks are widely distributed in the South Shetland Islands, which are separated from
the Antarctic Peninsula by the Bransfield rift since the Pliocene (Figure 1b; Haase et al., 2012; Smellie &
Hole, 2021). The age of the magmatism has been constrained at ~140-20 Ma with a decreasing trend from
southwestern Livingston Island to northeastern King George Island (Figure 1b; Haase et al., 2012; Leat &
Riley, 2021; Smellie et al., 1984). The continuous magmatic events exclude large-scale relative plate motion
among these islands because large-scale relative motion would disturb the regular distributed magmatism.
On Livingston Island, there are three main stratigraphic units, the Miers Bluff Formation, the Byers Group,
and the Coppermine Formation (Smellie et al., 1984). The name Miers Bluff Formation was introduced by
Dalziel (1972b). This Formation crops out at the Hurd Peninsula, Livingston Island, which mainly consists
of turbiditic sandstones, mudstones, conglomerates and sedimentary breccias (Figure 1b; Dalziel, 1972b;
Hervé, Faundez, et al., 2006; Hervé, Miller, & Pimpirev, 2006). The age of this succession was assigned to
the Late Jurassic-Late Cretaceous based on SHRIMP U-Pb zircon age dating and calcareous nannoplankton
fossils (Hervé, Fatundez, et al., 2006; Pimpirev et al., 2002, 2006). This formation has been proposed to be
deposited in a multiple source, gravel-rich, deep-sea ramp system and has undergone significant deforma-
tion and was emplaced in a strike-slip fault setting (Mufioz et al., 1992). Byers Peninsula is located in the
western part of Livingston Island, South Shetland Islands (Figure 1a; Hobbs, 1968). The Byers Group is Late
Jurassic to Early Cretaceous in age and constitutes the dominant exposed succession in Byers Peninsula, it
was emplaced in a deep marine to continental fore-arc basin setting (Figure 1c; Bastias et al., 2019; Hathway
& Lomas, 1998; Smellie et al., 1980). This Group was divided into the following five formations: Anchor-
age (?Kimmeridgian-Tithonian), President Beaches (Berriasian), Start Hill (late Berriansian), Chester Cone
(?latest Berriasian-mid Valanginian), and Cerro Negro (Aptian) (Hathway & Lomas, 1998) (Figure 1c). The
age of these formations has been determined by isotope geochronology and palynology (Hathway & Lo-
mas, 1998; Smellie et al., 1980). The Cerro Negro Formation has been sampled for paleomagnetic analysis
as part of this study (Figures 1c-1e). This formation includes a lower interval of welded and non-welded
ignimbrites, intercalated with subordinate reworked silicic pyroclastic and epiclastic strata, and a poorly
sorted upper division which includes basalt, basaltic lapilli-tuffs, tuffaceous breccias, sandstone, and mud-
stone (Figure 1b; Hathway & Lomas, 1998).
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New paleomagnetic samples were collected from both basaltic lava flows and bedded tuffs from the upper
part of the Cerro Negro Formation across 28 sites on Byers Peninsula (Figure 1c). The Cerro Negro Forma-
tion is interpreted to be tilted but not folded (Smellie et al., 1980). However, both our field work and the
geological map (Hathway et al., 1999) suggest a possible slight syncline in this formation (Figure 1c). The
approximate NW-SE to NE-SW folding axis is similar to the NW-SE-oriented large-scale folds exposed at
Cape Shirreff (Pallas et al., 1999), which is only ~24 km away from the Byers Peninsula (Figure 1c). Two sec-
tions on both limbs of the syncline were sampled (Figure 1c). One section was located on the western limb
near the basalt lake area (WAP 16-25; GPS: 62.65°S, 61.07°W); the basalt yielded an age of 103.0 + 3.0 Ma
using whole rock “°Ar/*Ar dating (Gracanin, 1983), and the nearby welded silicic ignimbrite clast in the
lower part of the formation yielded an age of 119.1 + 0.8 Ma from “°Ar/*Ar dating of plagioclase (Hathway
et al., 1999). The other section was sampled at sites close to the Cerro Negro (WAP 30-47; GPS: 62.66°S,
61.00°W) (Figure 1c). This section is located on the east limb of the syncline, and whole rock “°Ar-*Ar
dating of basalt yielded an age of 102.4 + 1.3 Ma (Haase et al., 2012). To the east, the lower part of the
formation formed at 119.0 + 3.0 Ma based on *°Ar/*Ar dating of silicic ignimbrite plagioclase (Figure 1c;
Hathway et al., 1999).

All samples were located with a handheld GPS and oriented with a magnetic compass in the field. We meas-
ured the strike and dip of the lava flows and tuffs at the lithologic boundaries (Figures 1d and 1e). Samples
were collected from 23 lava flows with average thickness of ~1.5 m, and 5 sites from tuffs with the average
thickness of ~2 m. All samples were collected away from the faults to avoid any influence from the local
deformation. The magnetic compass did not show any obvious deviation when it was gradually moved close
to the basalt. Meanwhile, solar compass was used by previous studies, which showed insignificant magnetic
variation (<3°) compared to the predicted magnetic direction (Grunow, 1993). A platform drill in the labo-
ratory was used to take standard paleomagnetic specimens (150 core specimens). The twelfth Generation
International Geomagnetic Reference Field was used to correct for the present-day declination (D = 13.0°)
(Thébault et al., 2015).

3. Methods
3.1. SHRIMP U-Pb Zircon Dating

The fresh tuff samples were crushed, and heavy liquids and a Frantz magnetic separator were used to ex-
tract the zircons. Then, the zircons were handpicked, mounted in epoxy resin, and polished to expose the
center of the grains. To better identify the morphology and internal textures of these grains and help us to
choose potential target site without influence from fracture and inclusion for later U-Th-Pb analysis of the
grains, we used an optical microscope to take photographs. Meanwhile, a scanning electron microprobe
(SEM) was applied to take cathodoluminesce (CL) images. In order to obtain the youngest age, the con-
centric oscillatory zoning in the magmatic zircon was set as our first choice to perform measurement. For
those with small concentric oscillatory zoning, we prefer to analyse place with the same color as concentric
oscillatory zoning. We set the target point in the core, when analysing the metamorphic zircon.

‘We undertook the isotope analyses on a SHRIMP II ion microprobe at the Beijing SHRIMP Center, Institute
of Geology, Chinese Academy of Geological Sciences. Detailed analytical procedures have been described
in Compston et al. (1992). Analytical mass resolution was 5000 (1% definition). The intensity of the primary
ion beam was 5-8 nA with the beam size of 25-30 um. Prior to analysis, we rastered each site with 120-
200 s, followed with five scans through the mass stations. The standard TEM (2°Pb/?3%U age = 416.8 Ma)
was used to calibrate the isotope ratios. The data were processed with the SQUID and ISOPLOT programs,
and the measured 2*Pb was used to correct the common lead (Ludwig, 2003). The uncertainties for individ-
ual analyses are applied at the 1o confidence, and 95% confidence level for pooled ages. The reported ages
are primarily determined from the 2°Pb/?*U ratios.

3.2. Paleomagnetism and Rock Magnetism

The specimens were progressively demagnetized using thermal (99 specimens) or alternating field (AF)
(42 specimens) demagnetization with 9-16 steps, up to ~610°C or 180 mT. The remaining nine specimens
were not used in further demagnetization process, because some samples are too small or have an irregular
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Figure 2. Cathodoluminesce images of zircon crystals with the analyzed spots and ages.

shape, while others exploded into small fragments after heating to ~400 °C. After each step, the remanent
magnetization was measured with an AGICO JR6 spinner magnetometer in a magnetically shielded room
with a background magnetization of <10 nT. Principal components analysis (Kirschvink, 1980) was used
to calculate the characteristic component directions. Fisherian statistics was applied to calculate the site-
mean direction (Fisher, 1953). All data were processed with the KIRSCH and PMSTAT software packages of
Enkin (1994) and “PaleoMac” software (Cogné, 2003).

Before demagnetization, the anisotropy of magnetic susceptibility (AMS) was measured for eight tuff speci-
mens using a KLY-3 Kappabridge. To further identify the magnetic carriers in these specimens, we conduct-
ed systematic rock magnetic experiments, including measurement of hysteresis loops, first order reversal
curves (FORCs), and isothermal remanent magnetization (IRM) acquisition, which were performed on
representative specimens with a peak field of 0.45 T. We obtained the saturation magnetization (Ms), sat-
uration remanent magnetization (Mrs), coercive force (Bc), and remanent coercivity (Bcr) values from the
hysteresis loops and FORCs using an alternating gradient magnetometer (MicroMag Model 3900, Princeton
Measurements Inc.) at room temperature. All data were corrected for paramagnetic contributions prior to
data processing, which was conducted with FORCinel 1.18 software (Harrison & Feinberg, 2008).

To determine the primary thermoremanent (TRM) characteristics of the basalt specimens, we selected rep-
resentative specimens for natural remanent magnetization/isothermal remanent magnetization (NRM/
IRM) demagnetization experiments (Cisowski et al., 1990). The AF demagnetization spectra of both NRM
and IRM were compared using equivalent fields. These experiments were conducted at the Key Laboratory
of Paleomagnetism and Tectonic Reconstruction of the Ministry of Land and Resources, Beijing and Paleo-
magnetism and the Environmental Magnetism Laboratory of the China University of Geosciences, Beijing.

Our plate reconstructions are based on both the paleomagnetic data and geological evidence. The paleo-
magnetic declination and inclination were used to constrain the plate rotation and latitude translation. The
geological records were also used to constrain the opening and closing of Rocas Verdes basin and the tecton-
ic evolution of the Antarctic Peninsula. We used the GPlates software to do the plate reconstruction (www.
gplates.org; Boyden et al., 2011; Miiller et al., 2018). The best-fit small circle of paleopoles and the position
of Euler poles were calculated with “PaleoMac” software (Cogné, 2003). Detailed calculation processes of
Euler poles can be found in the appendix of Butler (1998).

4. Results and Data Analysis
4.1. SHRIMP U-Pb Zircon Dating

Eighteen zircon grains were analyzed from two tuff samples, and the results are listed in Table S1 in Sup-
porting Information S1. These two samples were collected from the same location of Cerro Negro Forma-
tion; therefore, we analyzed all the data together. The zircon grain size is ca. 50-100 um in length, and the
length/width ratios range from equant to about 3:1 (Figure 2). We identified three groups of ages, which
are 1810-2258 Ma (4 grains), 342.5-442.5 Ma (2 grains), and 101.8-156.2 Ma (12 grains). The younger ages
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Figure 3. (al, bl) Representative Zijderveld diagrams of the thermal and AF demagnetization of NRM; (a2, b2) Hysteresis loops; (a3, b3) FORC diagram for
representative specimens from Byers Peninsula; (a4, b4) Isothermal remanent magnetization acquisition curves. Bc and Hc: Coercive force.

(101.8-156.2 Ma) are mainly from the euhedral-subhedral zircon grains, exhibiting concentric oscillato-
ry zoning, strongly suggesting a magmatic origin. Spots WAP 38-1 (1844 + 22 Ma), 38-6 (1931 =+ 22 Ma),
and 39-4 (2258 + 27 Ma) have lower Th/U values (<0.4), with no oscillatory zoning indicating that they
may be metamorphic in origin (Table S1 in Supporting Information S1). Zircon analyses of WAP 38-2
(101.8 £ 1.3 Ma) and WAP 39-8 (342.5 + 4.0 Ma) exhibit higher contents of Th and U than normal val-
ues, indicating that these grains might be modified by hydrothermal alteration (Figure 2; Table S1 in Sup-
porting Information S1). Thus, these grains were excluded from the data analyses. The youngest grains
(~123-105 Ma) correspond well with the Cretaceous magmatism flare-up episodes at ~125 Ma, 115 Ma,
and 105 Ma in the Antarctic Peninsula (Riley et al., 2018, 2019). The youngest age (105.7 + 2.1 Ma) is con-
sistent with previous “°Ar/*Ar dating results on basaltic units (102.4 + 1.3 Ma-103.0 + 3.0 Ma; Hathway
et al., 1999; Haase et al., 2012), and it is likely that the tuff unit was deposited soon after this.

4.2. Paleomagnetism and Rock Magnetism

The natural remanent magnetization intensities range from 0.057 to 10.99 A/m for the basalt and from
0.084 to 1.75 A/m for the tuff. One or two components were isolated during the thermal and AF demag-
netization (Figure 3). The magnetization direction obtained from the thermal demagnetization technique
is almost identical to the direction isolated from the AF demagnetization technique (Figures 3al and 3b1).
A low-temperature component or low-coercivity component was isolated around 200°C or 12.5 mT, and
subsequent to its removal, a high-temperature or high-coercivity component was revealed at ~590°C or
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10 ~110 mT (Figure 3), indicating the presence of magnetite. The hysteresis
loops closed below 200 mT and exhibited a less divergent contour pattern
q in FORC diagrams, with a peak Hc value at ~20 mT, indicating the dom-
inance of single domain magnetite (Figures 3a2, 3b2, 3a3, and 3b3; Dun-
lop & Ozdemir, 2001; Roberts et al., 2000). The IRM acquisition curves
g o1 support the conclusion that magnetite is the dominant magnetic carrier
= (Figures 3a4 and 3b4). The NRM/IRM values for basalt specimens exceed
£ oo 1072, also indicating that magnetite carries the primary TRM (Cisowski
et al., 1990) (Figure 4).
—v— WAP17-2
0.001 1 _ i nie We discarded paleopole (WAP42; eight specimens) that was away from
x aiggg:; the averaged paleomagnetic pole by >45° (Table 1). Reliable high-tem-
6.0004 . . : perature or high-coercivity components were isolated from 133 samples
0.01 0.1 10 100 1000 of 21 sites (Figures 5a and 5b). They yielded mostly normal and one
IRM (A/m) reverse-polarity site-mean directions, giving an in situ site-mean direc-

Figure 4. Results of natural remanent magnetization/isothermal
remanent magnetization analysis. Note that values exceed 1072 for five
representative basalt specimens, indicating that they carry the original
thermoremanent.

tion of D, = 330.8°, I, = =70.8°, k, = 23.5, a,; = 6.7° and D, = 286.1°,
I, = —75.5° k, = 82.7, a,, = 3.5° after tilt correction (Figures 5a and 5b;
Tables 1 and S2 in Supporting Information S1). Remanence of WAP 33
(five specimens) with reverse-polarity may have been acquired during
the short reverse-polarity zone in Albian (M-3r; ~103 Ma; Ogg, 2020),
which is consistent with the age data. The positive fold test result and
100% optimum unfolding result during syn-tilting Fisher analysis indicate that the magnetization may have
been acquired prior to the folding event (Figure 5d; Enkin, 2003; Watson & Enkin, 1993). The directions of
the maximum (k,), intermediate (k,), and minimum (k,) ellipsoid axes are shown on a stereonet projection
(Figures 5e and 5f). AMS results of bedded tuffs show that the k, axes became generally vertical after tilt
correction, and the k, and k, axes are separated in the horizontal plane. This is a typical depositional mag-
netic fabric without significant deformation influence (Hrouda, 1982) and support the use of tilt-corrected
paleomagnetic direction (Figures 5e and 5f).

To ensure that paleosecular variation (PSV) of the basalt specimens was fully averaged out, we calculated
their PSV (Deenen et al., 2011). The A, = 3.14° calculated from the specimen-level paleopole is located
within the range of A, = 4.40°and A, . = 1.87° (N = 104). Therefore, the basalt specimens reliably
record the geomagnetic field. In addition, the tuff specimens carried a Detrital Remanent Magnetization,
which has almost the same direction as that of the basalt specimens (Table S2 in Supporting Informa-
tion S1), confirming that the PSV of the basalt specimens has been fully averaged. Although it is difficult
to determine the folding time, combining the primary TRM character of the basalt specimens, the positive
folding test result, and the high value of optimum grouping during the syn-tilting Fisher analysis, leads us
to conclude these rocks mostly carried a characteristic remanent magnetization (ChRM). Meanwhile, both
the in situ (73.3°S, 42.4°E, A, = 10.9°) and tilt corrected (58.1°S, 354.3°E, A , = 6.3°) paleopoles are far away
from the Late Cretaceous-Eocene Antarctic Peninsula and South Shetland Islands paleopoles (Figure 5c;
Gao et al., 2018; Milanese et al., 2019; Poblete et al., 2011; Tobin et al., 2012), which further excluded the
possibility of remagnetization.

5. Discussion

5.1. Cretaceous-Early Eocene Paleomagnetic Data From the South Shetland Islands and
Antarctic Peninsula

Cretaceous-early Eocene paleomagnetic data have been reported from different areas of the South Shet-
land Islands and Antarctic Peninsula, which were used in plate reconstructions of different domains of
the Antarctic Peninsula (Bakhmutov & Shpyra, 2011; Blundell, 1962; Dalziel et al., 1973; Gao et al., 2018;
Grunow, 1993; Kellogg & Reynolds, 1978, 1989; Milanese et al., 2019, 2020; Poblete et al., 2011; Watts
et al., 1984). Among these studies, data from sedimentary rocks and lava flows of Livingston Island have a
similar age (~140 Ma) but different mean directions (Figure 1c; Grunow, 1993). The mean direction of lava
flows (D, = 320.1°, I, = —62.2° after tilt correction) passed both fold test and reversal test and differ from
other directions after ~140 Ma, therefore, this direction is considered reliable. The geomagnetic polarity
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Table 1
Site-Mean Directions Used in the Calculation of ~102 Ma Paleopoles of the Byers Peninsula, Livingston Island, South Shetland Islands

In situ Tilt corrected Bedding Paleopole

Site name n D(®)I(®) D) I(®) ks s () Strike (°) Dip angle (°) Lat. (°S) Long. (°E) Ay, (°)
Byers Peninsula-Basalt lake area (GPS: 62.65°S, 61.07°W)
WAP 16 4 148.7-81.7 241.1-77.9 999.9 2.4 5.015.0 46.8 329.2 4.4
‘WAP 17-18 6 27.1-85.7 291.8-76.0 103.8 6.6 5.015.0 60.6 356.4 11.7
‘WAP 19-20 6 180.4-89.1 271.6-75.0 60.4 8.7 5.015.0 52.1349.115.2
WAP 21 5 18.1-82.1 305.8-74.7 304.3 4.4 5.015.0 65.37.47.6
WAP 22 4 30.4-88.7 279.6-75.5 999.9 2.4 5.015.0 55.5352.04.2
WAP 23 4 68.8-78.3 323.8-83.2 302.3 5.3 5.015.0 71.8 325.010.3
‘WAP 24-25 9 43.2-79.5 319.7-78.2 78.7 5.8 5.015.0 72.7 355.8 10.6
Mean 7 59.2-85.4 288.4-78.4 155.8 4.9 61.4347.39.1

Byers Peninsula-Cerro Negro area (GPS: 62.66°S, 61.00°W)

‘WAP 30 6 329.3-74.2 189.9-82.6 270.6 4.1 252.0 22.0 48.2302.77.9
WAP 31 5 319.6-57.6 287.0-75.5 343.1 4.1 252.0 22.0 58.3355.77.2
WAP 32 9 317.9-53.1 292.4-71.3 999.9 0.9 252.0 22.0 56.58.81.5
WAP 33 5 122.477.4 15.775.4 678.9 2'9 252.0 22.0 35.7307.95.1
‘WAP 34-36 9 319.0-60.2 288.2-70.3 112.7 4.9 252.0 22.0/275.0 16.0 53.78.07.9
WAP 37 8 312.1-55.7 284.1-64.7 999.9 1.4 269.018.0 46.213.52.0
WAP 38 4 325.4-65.3 280.9-67.1 999.9 2.4 298.019.0 47.38.13.6
WAP 39 8 354.2-65.4 305.5-76.5 111.5 5.3 298.019.0 66.4 0.6 9.5
‘WAP 40 7 328.9-57.6 300.6-66.0 299.9 3.5 286.017.0 55.024.8 5.2
WAP 41 9 331.7-56.2 293.6-74.2 491.8 23} 268.0 24.0 59.7 2.6 4.0
WAP 42%* 8 27.2-25.2 32.2-31.0 58.3 7.3 241.011.0 38.9160.0 6.1
WAP 43 8 341.7-57.0 317.0-69.0 601.5 2.3 286.017.0 65.433.33.6
‘WAP 44-45 6 354.0-59.5 275.0-75.0 89.3 7.1 293.0 32.0 53.3351.012.4
WAP 46 5 309.0-53.0 279.2-68.4 306.7 4.4 293.032.0 47.95.16.8
WAP 47 6 318.5-55.5 289.4-73.5 291.8 3.9 293.032.0 57.42.06.6
Mean 14 326.0-61.3 285.2-74.0 68.7 4.8 56.3 357.4 8.6
Mean (All) N=21 330.8-70.8 286.1-75.5 82.7 3.5 58.1354.36.3

g

Note. Paleopole with “*” was not used because it was away from the averaged paleomagnetic pole by >45°.

changed frequently during the Jurassic. Samples from lava flows have dual polarity, but those from the
sedimentary rocks record only normal polarity (D, = 24.5°, I, = —66.9°). This indicates that the sedimentary
rocks are most likely remagnetized (Grunow, 1993). This remagnetization event may have occurred during
the Late Cretaceous, as the paleopoles from these data are close to the widespread ~90 Ma remagnetized
paleopole from the northern Antarctic Peninsula (Poblete et al., 2011).

In addition, data from Vietor Rock of Livingston Island were used to calculate the ~107-108 Ma paleopole
(Figure 1; Gao et al., 2018; Grunow, 1993; Watts et al., 1984); the in situ site-mean direction for Vietor
Rock is Dg = 27.0°, Ig = —-73.0°, kg = 111.0, and a5 = 11.8° (Grunow, 1993). This direction differs from the
tilt-corrected site-mean direction of the Cerro Negro Formation. The discrepancy may be caused by the
tilting of the strata considering the very similar depositional age and primary magnetization characteristics.
The tilt-corrected site-mean direction for Vietor Rock is D, = 298.1°, I, = —79.4°, k = 112.0, and ot = 11.7°
(Grunow, 1993). This direction is close to the tilt-corrected site-mean direction of the Cerro Negro Forma-
tion from this study (Figure 5g; D, = 286.1°, I, = —75.5°, k = 82.7, o, = 3.5°). Therefore, the similar tilt-cor-
rected site-mean directions from Vietor Rock and Cerro Negro Formation favor the use of tilt-corrected
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Figure 5. (a and b) Equal-area projections for the site-mean direction of the high-temperature and high-coercivity components, before (IS) and after (TC) tilt
correction. Solid (open) symbols denote lower (upper) hemispheres. Red stars represent the average direction and the shaded circles are the 95% confidence
circles; (c) Equal-area projections for the paleopoles from this study and previous studies (Gao et al., 2018; Milanese et al., 2019; Poblete et al., 2011; Tobin

et al., 2012); (d) Syn-tilting Fisher analyses show that the optimum grouping of high-temperature and high-coercivity components occurs at 100% unfolding,
supporting a pre-folding origin of the magnetization; (e, f) Stereonet projection of AMS before and after tilt correction; (g) Equal-area projection for site-mean
direction of the South Shetland Islands, Antarctic Peninsula and southern Patagonia-Fuegian Andes.

paleomagnetic data of Vietor Rock. The site-mean direction of upper part of the Cerro Negro Formation
is close to the almost flat lower part of this formation at ~120 Ma (D, = 304.3°, I = —73.2°, k. = 159.1,
oy = 4.2°) (Figure 5g; Gao et al., 2018). In contrast, Cretaceous paleomagnetic data (~106 Ma) from Moot
Point of the Central domain (western zone) and the Lassiter Coast of the Eastern domain (~95-110 Ma)
show a consistent, almost northward paleomagnetic declination (Figure 1a; Bakhmutov & Shpyra, 2011;
Grunow, 1993; Kellogg & Rowley, 1989). The overlapping Late Cretaceous and Paleocene-Eocene paleopo-
les of South Shetland Islands and the Antarctic Peninsula (90 Ma and 55 Ma; western part of the northern
Antarctic Peninsula; Grunow, 1993; Gao et al., 2018; Poblete et al., 2011; Watts et al., 1984), James Ross
Island (80 Ma and 75 Ma; eastern part of the northern Antarctic Peninsula; Milanese et al., 2019), and
Marambio Island (65 Ma; eastern part of the northern Antarctic Peninsula; Tobin et al., 2012) support the
absence of interior relative plate rotation between the South Shetland Islands and the Antarctic Peninsula
since ~90 Ma (Figure 5c). Therefore, a new summarized paleopole at ~90 Ma for the South Shetland Islands
and Antarctic Peninsula from Poblete et al. (2011) (113.0°E, 86.8°S, A, = 3.4) is used in the Late Creta-
ceous plate reconstruction and overlaps with the previously reported ~90 Ma paleopole (152.0°E, 86.0°S,
Ays = 7.5; Grunow, 1993). This represents counterclockwise rotation that occurred between Livingston Is-

9
land and the Central domain and the Eastern domain of the Antarctic Peninsula during ~100-90 Ma.

5.2. Tectonic Framework in the Antarctic Peninsula

The combination of plate reconstructions and geological evidence provides spatio-temporal control on
the tectonic history of different domains of the Antarctic Peninsula during the Cretaceous (Figures 6
and 7). We use our newly obtained paleopole at ~102 Ma, and the previously reported ~140 Ma paleopole
(Grunow, 1993), ~90 Ma paleopole (Poblete et al., 2011) to reconstruct the paleopositions of the South Shet-
land Islands (Figure 6). We also used the well-constrained paleopoles from South America (Beck Jr, 1999;
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Figure 6. Equal-area projection for Cretaceous-Cenozoic paleopoles of the South Shetland Islands, Antarctic Peninsula, southern Patagonia-Fuegian Andes
and South America. Both the South Shetland Islands and southern Patagonia-Fuegian Andes show small-scale plate motion at ~120-100 Ma, followed by

a change to rapid paleopole migration at ~100-90 Ma. This supports a close relationship between these places. The South Shetland Islands experienced a
counterclockwise change with the rotation pole located in the Weddell Sea, and counterclockwise rotation of the southern Patagonia-Fuegian Andes occurred

around the northern Fuegian Andes.

Somoza, 2007; Somoza & Zaffarana, 2008), southern Patagonia-Fuegian Andes (SPFA) (Poblete et al., 2016),
and the Antarctic Peninsula (Torsvik et al., 2012) to reconstruct the paleoposition of these locations during
the Cretaceous (Figure 6; Table 2).

Our paleomagnetic reconstruction demonstrates the attachment of Livingston Island to the SPFA at
~140 Ma and was adjacent to the post-Early Permian to pre-Early Cretaceous Duque de York Complex of
the SPFA (Figure 7a). The Duque de York Complex consists predominantly of turbidites, which are older
than the Miers Bluff Formation of Livingston Island, and crop out along the Pacific margin of the Patagon-
ian Batholith (Hervé, Miller, & Pimpirev, 2006). The similarities in provenance between the Duque de York
Complex and the Miers Bluff Formation, as indicated by the U-Pb detrital zircon age patterns support the
close affinity between these successions (Figure 7a; Barbeau et al., 2010; Castillo et al., 2016; Hervé, Fatun-
dez, et al., 2006; Hervé, Miller, & Pimpirev, 2006). Although there is no direct coeval counterpart for the
Miers Bluff Formation identified from the Pacific margin of Patagonia and the Antarctic Peninsula/South
Shetland Islands, rocks with a similar age as the Miers Bluff Formation are well represented in the Austral
Basin of South America (Figure 7a; Hervé, Faundez, et al., 2006; Hervé, Miller, & Pimpirev, 2006). There-
fore, it is proposed that the Miers Bluff Formation was deposited under a complete erosion of Jurassic and
Cretaceous sedimentary rocks from the western Patagonian Andes (Hervé, Miller, & Pimpirev, 2006), which
is consistent with the paleomagnetic reconstruction (Figure 7a).

The lithospheric rifting and depositional process of both the Rocas Verdes Basin and Larsen Basin (Norden-
skjold Formation) developed in the interval ~150-140 Ma, coincident with the emplacement of syenogran-
ite and alkali granites (Bastias, 2020; Dalziel et al., 1974; Guillot, 2016; Hathway, 2000; Hervé, Miller, &
Pimpirev, 2006; Hervé et al., 2007). This demonstrates a close spatio-temporal relationship between the
Antarctic Peninsula and the SPFA during the Early Cretaceous. This is also supported by the paleomagnetic
reconstruction (Figure 7a; Beck Jr, 1999; Torsvik et al., 2012). Meanwhile, the emplacement of a syn-ex-
tensional batholith occurred along both the western margin of the SPFA and the Antarctic Peninsula at
~141-129 Ma (Figure 7a; Vaughan et al., 1998; Vaughan & Storey, 2000). Its development in Palmer Land
included trench-ward migration from ~146 Ma to ~131 Ma (Figure 7a; Bastias, 2020). This magmatic event
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margin of Antarctic Peninsula and SPFA after ~90 Ma. Cross sections of the evolution of Antarctic Peninsula were modified from Jordan et al., (2020). a—b and
a’—b’: Cross section line.

is akin to the first trench-ward shift of magmatism along the SPFA, which was ascribed to the roll-back of
the subducting Pacific Plate (Figure 7a; Guillot, 2016; Hervé et al., 2007).

Paleomagnetic data reveal that the South Shetland Islands translated southward along the Pacific mar-
gin of SPFA and experienced a clockwise rotation at ~140-120 Ma, which matches an episode of sinistral
shear along the western margin of the South America, which occurred at ~139-119 Ma (Figures 7a and 7b;
Seymour et al., 2020). The overlapping paleopoles indicate that South America, the SPFA, and the South
Shetland Islands experienced small-scale plate motion at ~120-102 Ma (Figure 6), which is supported by
analyses of absolute motion beneath the moving-hotspot reference frame (Somoza & Zaffarana, 2008).

In the Antarctic Peninsula, Early Cretaceous (~146-131 Ma) magmatism crops out primarily in western
Palmer Land, with limited exposures identified from Graham Land. Whereas mid-Cretaceous magmatism
is widely distributed across both Palmer Land and Graham Land in the interval, ~125-100 Ma (Figures 7a
and 7b; Bastias, 2020; Riley et al., 2018, 2020). In the southeastern Antarctic Peninsula, the sedimentary
succession of the Latady Basin was intruded by the enigmatic inboard arc-magmatism of the Lassiter Coast
Intrusive Suite (LCIS), with three distinct magmatic peaks identified at 130-126 Ma, 118-113 Ma, and 108-
102 Ma and controlled by sinistral transpression during the Palmer Land Event (Riley et al., 2016, 2018).
The outcrop of the LCIS represents an eastward migration of magmatism from the western part of the
Peninsula to the eastern part of the Peninsula. This was ascribed to slab flattening or secondary subduction
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Cretaceous-Cenozoic Paleomagnetic Data of the South Shetland Islands, Antarctic Peninsula, and South America
Paleopole
Age Sampling site Dec Inc ys Lat. (S) Long. (E) Ay () Reference
South Shetland Islands and Antarctic Peninsula
140 Ma Byers Peninsula, Livingston Island 320.1 —62.2 6.3 60.0 50.0 9.5 (@)
120 Ma Byers Peninsula, Livingston Island 304.3 —73.2 4.2 63.4 11.4 7.1 2)
107 Ma Byers Peninsula, Livingston Island 298.1 —79.4 11.8 63.2 331.3 29.9 1)
102 Ma Byers Peninsula, Livingston Island 286.1 —75.5 3.5 58.1 354.3 6.3 This study
90 Ma South Shetland Island and Antarctic Peninsula 359.2 —-72.1 2.0 86.8 113.0 3.4 3)
55 Ma South Shetland Island and Antarctic Peninsula 167.1 74.0 34 85.0 45.5 5.6 2)
Antarctic Peninsula
140 Ma Apparent Polar Wander Paths 28.0 —68.8 3.8 70.8 176.8 6.0 (4)
Reference site: 65.2°S, 295.9°E (Moot Point)
100 Ma Apparent Polar Wander Paths 11.8 —76.5 1.9 84.9 202.0 33 (@)
Reference site: 65.2°S, 295.9°E (Moot Point)
95-110 Ma Northern Lassiter Coast (Eastern Domain) 354.7 —80.7 3.6 88.0 62.5 6.8 (5)
95-110 Ma Central Lassiter Coast (Eastern Domain) 0.8 —84.3 2.7 85.6 294.2 53 (5)
117-106 Ma Moot Point (Central Domain) 19.0 -73.1 4.3 80.3 167.6 8.1 (1, 6)
South America
130 Ma = = = = 84.6 65.9 L2 7
125-100 Ma Florianolopolis Dykes - - - 88.7 354.0 2.3 (8)
Baquer6 Group
Santo Agostinho Lavas
85-65 Ma Pocos de Caldas Complex - - - 80.6 345.1 4.3 (©))
Sao Sebastiao Island
Passa Quatro - Itataia complexes
Patagonian Basalts
55-40 Ma Patagonia - - - 81.0 337.4 5.7 )
Southern Patagonia-Fuegian Andes
125-100 Ma Ballenero-Obrien C. 225.7 —69.9 18.6 25.1 317.3 29.6 (10)
115-100 Ma Hardy Pen 261.6 —72.9 4.6 41.1 335.4 7.7 (10)
90-75 Ma Beagle-Murray Channel 316.8 —72.9 4.6 66.4 355.4 7.7 (10)
60-50 Ma Ballenero Brecknock 320.8 —74.2 3.9 68.6 347.3 6.7 (10)

Note. References: (1) Grunow (1993); (2) Gao et al. (2018); (3) Poblete et al. (2011); (4) Torsvik et al. (2012); (5) Kellogg and Reynolds (1978); (6) Bakhmutov
and Shpyra (2011); (7) Beck (1999); (8) Somoza and Zaffarana (2008); (9) Somoza (2007); (10) Poblete et al. (2016). Lat. (S): Latitude of the paleopole; Long. (E):
Longitude of the paleopole; A .: Radius of the 95% confidence circle about the mean paleopole position. N: Site numbers.

(Bastias, 2020; Ferraccioli et al., 2006). Spank Subduction-related epidote-amphibolite facies rocks, also
developed on Elephant Island in the South Shetland Islands, at ~120-80 Ma (Dalziel, 1972a). This marks a
trenchwards-younging trend of magmatism from the LCIS (eastern Palmer Land) to western Palmer Land
(Riley et al., 2020) and may be a consequence of progressive roll-back of a flat-slab segment following the
magmatic peak at ~118-113 Ma (Figures 7b and 7c). The subduction of oceanic crust also continued with
magmatism shifting craton-ward at the SPFA after ~130 Ma (Hervé et al., 2007), which was also suggested
to be caused by slab flattening (Guillot, 2016; Stern et al., 1991). Therefore, the Antarctic Peninsula and
SPFA experienced a near-synchronous tectonic-magmatic history from extensive arc and back-arc tectonics
during the Early Cretaceous at ~140-120 Ma, to the westward migration of magmatism at ~120-100 Ma,
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during the Pacific Plate subduction (Figures 7a and 7b). The continuous magmatism and consistent Cre-
taceous northward paleomagnetic declination within the Central domain and the Eastern domain of the
Antarctic Peninsula are consistent with the autochthonous continental subduction model (Figures 1, 7b
and c; Burton-Johnson & Riley, 2015; Suarez & Pettigrew, 1976).

Our new data reveal that Byers Peninsula underwent counterclockwise rotation at ~102-90 Ma, with a
Euler pole at 71.2°S, 314.6°E (Figures 5g, 6, and 7). Byers Peninsula is a part of Livingston Island, South
Shetland Islands, which was considered to form part of the Western domain in the terrane accretion model
of Vaughan and Storey (2000). The regular distribution of magmatic rocks from Livingston Island to King
George Island suggests that there was no significant relative plate motion among these islands (Figure 1b;
Haase et al., 2012; Smellie et al., 1984). Also, we exclude the local deformation induced counterclockwise
rotation of Byers Peninsula within the South Shetland Islands. Because if counterclockwise rotation was
induced by regional strike-slip fault movement and horizontal block rotation, we should observe the similar
variation between the bedding strike and paleomagnetic declination (Milanese et al., 2020), and the fault
offset during the block rotation within the South Shetland Islands. However, there is no geological evidence
in support of the existence of a large-scale fault offset in Byers Peninsula or other areas within the South
Shetland Islands. Paleomagnetic declination also did not change with bedding strike direction within the
South Shetland Islands (Figure 1b). Therefore, we exclude the possibility of local fault strike-slip induced
counterclockwise rotation between Byers Peninsula and other parts of the South Shetland Islands.

In addition, basin inversion and the closure of the Rocas Verdes Basin were initiated after the Aptian
(Bruhn & Dalziel, 1977), continuing with the similar counterclockwise rotation of the Fuegian Andes from
~100 Ma to ~90 Ma (Figures 5g and 7; Somoza, 2007; Somoza & Zaffarana, 2008; Poblete et al., 2016). The
paleopoles can be fitted with a small circle rotated around the northern Fuegian Andes (Figure 6a; 51.7°S,
286.1°E). Therefore, the synchronous equivalent counterclockwise rotation further supports an affinity be-
tween the South Shetland Islands and southern Patagonia-Fuegian Andes before ~90 Ma. The overlapping
paleopoles between ~90-75 and ~60-50 Ma support the conclusion that the Rocas Verdes Basin was almost
closed (Dalziel et al., 1974), and the cessation of tectonic rotation between the South Shetland Islands and
the Antarctic Peninsula at ~90 Ma (Figure 6).

The counterclockwise rotation of the SPFA and the South Shetland Islands was contemporaneous with the
increased spreading rate experienced along the South Atlantic ridge (Figure 7b; Granot & Dyment, 2015;
Seton et al., 2012) and the speeding up of southwestward drift of South America from ~100 to 90 Ma (Fig-
ures 7b and 7c). Therefore, we suggest that the increased southwestward drift of South America caused
counterclockwise change in the rotation of the SPFA and the South Shetland Islands, and the closure of the
back-arc basin system from Rocas Verdes to northern Peru (Figures 7b and 7c; Dalziel, 1986).

In summary, the subduction related continuous magmatism and consistent, almost northward paleomag-
netic declination between the Central domain and the Eastern domain support an autochthonous model
in the tectonic development of the Antarctic Peninsula. Plate reconstructions also suggest that the South
Shetland Islands may have originated from the Pacific margin of southern Patagonia-Fuegian Andes. The
translation of the South Shetland Islands to its location adjacent to the northern Antarctic Peninsula was
accomplished by a counterclockwise rotation at ~100-90 Ma. Counterclockwise rotation has been from the
same period in southern Patagonia-Fuegian Andes. Therefore, the existing paleomagnetic data and geo-
logical evidence support that the Central domain and the Eastern domain were most likely formed in situ,
but the South Shetland Islands of the Western domain in the northern Antarctic Peninsula may have been
exotic, from the nearby proto-Pacific margin of southern Patagonia-Fuegian Andes.

6. Conclusions

A new mid-Cretaceous paleopole (58.1°S, 354.3°E, A,, = 6.3°) has been obtained from Livingston Island,
South Shetland Islands of the Western domain in the northern Antarctic Peninsula. Plate reconstructions
based on the paleomagnetic data are consistent with the geological evidence and support the recently pro-
posed autochthonous model for the tectonic development of the Antarctic Peninsula (Burton-Johnson &
Riley, 2015). However, plate reconstructions at ~140 Ma reveals that the South Shetland Islands may have
originated from the western margin of the southern Patagonia-Fuegian Andes. The South Shetland Islands
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then underwent southward translation from ~140 to ~120 Ma, which was followed by a period of small-
scale plate motion at ~120-100 Ma. Lastly, a counterclockwise rotation occurred at both the South Shetland
Islands and the southern Patagonia-Fuegian Andes during ~100-90 Ma as a consequence of the southwest-
ward drift of South America. The South Shetland Islands current location adjacent to the northern Antarc-
tic Peninsula at this period, is a result of a counterclockwise rotation.
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