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ARTICLE INFO ABSTRACT

Keywords: This work presents the analysis of paleomagnetic results obtained from four sampling areas of the Jurassic Bahia
Jurassic Laura Complex in the Deseado Massif and their implications on the regional deformation history during the
Deseado‘ Massif breakup of Gondwana. Paleomagnetic data show cessation of tectonic block rotations about vertical axes around
(P;it:gx;:a } éiO Magz;nd a change from a transtensional to a mainly extensional tectonic regime. Two biotite samples yielded
Paleomagnetism Ar—""Ar radiometric ages: one from the eastern outcrops of the Chon Aike Formation (plateau age of 184.66

+ 0.55 Ma) and the other from the La Matilde Formation (plateau age of 157.40 + 0.65 Ma), located at the
central part of the Deseado Massif. Finally, an apparent polar wander path (APWP) was calculated for the
Jurassic of South America (200 to 140 Ma). This APWP indicates that South America experienced a northward
drift between 200 Ma and 170 Ma, a clockwise rotation (~10°) between 170 Ma and 160 Ma, and a westward
drift between 160 Ma and 140 Ma. The 170-160 Ma rotation could has been triggered by the combined effects of
the uncoupling of the Antarctic Peninsula, the high rates of subduction of the Phoenix plate beneath Patagonia,
the opening of the Rocas Verdes basin and the Weddell Sea, and the cessation of the Tethys slab-pull. Further-

4OAr-3%Ar dating

more, the calculated APWP for South America does not support a Jurassic massive true polar wander event.

1. Introduction

The Deseado Massif (DM), a geological province located in southern
Patagonia within the Santa Cruz Province (Argentina), shows a well-
preserved geological record since early Paleozoic times (Fig. 1), which
represents a key element to unravel the Gondwana breakup. This massif
is bounded by the Deseado River to the north, the Chico River to the
south, the Atlantic Ocean to the east, and the Cenozoic sedimentary
succesions from the Andean foreland basins to the west (e.g., Fernandez
et al., 2016; Giacosa et al., 2002; Guido, 2004; Martino et al., 2020;
Moreira et al., 2009; Paez et al., 2016). The denomination of this
geological province has been an object of discussion because of its tec-
tonostratigraphic complexity. It was originally proposed as an inde-
pendent lithospheric massif (Feruglio, 1946), named Deseado Massif
(Leanza, 1958). Later on, Harrington (1962) recognized it as an area of
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sub-stable, sub-positive, undeformable units separated from the cratons
by negative belts (as is the case of the San Jorge Gulf Basin with respect
to the North Patagonian and Deseado massifs), and defined it as the
“Deseado Nesocraton”. Afterward, due to the thickness of the Late
Paleozoic-Mesozoic sedimentary units deposited in the DM, Homovc
and Constantini (2001) called it the “Deseado Basin”. The latest name
given to the DM was proposed by Fracchia and Giacosa (2006), calling it
the “Deseado Region” and discarding the definition of massif. In this
work, we maintain the original naming of Deseado Massif due to its own
crustal and geophysical characteristics (Ferpozzi and Johanis, 2004;
Ramos, 1999).

Since the Triassic period, the overall tectonic regime along Pangea
was extensional, which triggered the formation of the accommodation
space of the Mesozoic basins and, finally, the supercontinent breakup (e.
g., Vizan et al., 2017). In Gondwana, this extensional regime could be
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related with the collapse of the Godwanides (e.g., Kern et al., 2021;
Ramos, 2008), the later opening of the Weddell Sea and the Rocas
Verdes Basin during the Early-Middle Jurassic (e.g., Bastias et al., 2021;
Calderon et al., 2007; Cao et al., 2022; Dalziel et al., 1974; Ferris et al.,
2000; Ghidella et al., 2002; Grunow, 1993; Grunow et al., 1987; Jordan
et al., 2017, 2020; Konig and Jokat, 2006; Riley et al., 2020; Sudrez
et al., 2019), and finally with the opening of the South Atlantic Ocean
since the Early Cretaceous (e.g., Creer et al., 1972; Eagles, 2007;
Niirnberg and Miiller, 1991; Schult and Guerreiro, 1979; Torsvik et al.,
2009). Furthermore, the regional crustal thinning and the associated
uplift of the asthenosphere (e.g., Huang et al., 2019; Zhong et al., 2007),
aided in the formation of Large Igneous Provinces such as the felsic Chon
Aike Igneous Province (198-145 Ma; Kay et al., 1989), the mafic Para-
na-Etendeka Magmatic Province (130-132 Ma; Renne et al., 1992) and
the Central Atlantic Magmatic Province (190-202 Ma; May, 1971).
After this period of regional extension, the tectonic regime changed
during the mid-Cretaceous, and a compressional tectonic regime started
in the studied region, triggering the development of the Andean orogeny
(Somoza and Zaffarana, 2008). This orogeny caused the partial inver-
sion of extensional Jurassic structures and the reactivation of Paleozoic
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structures (e.g., Giacosa et al., 2010; Japas, 2001; Japas et al., 2013;
Navarrete, 2021; Renda et al., 2019).

During Late Triassic to Early Jurassic times, a major displacement of
the southern part of Patagonia (including the DM) was proposed
implying a movement of 500 km towards the west, from a near South
Africa position to its current location with respect to South America
(Rapela and Pankhurst, 1992). Several authors have widely invoked this
longitudinal displacement in their paleogeographic reconstructions (e.
g., Dalziel et al., 2000; Hole et al., 2016; Jordan et al., 2020; Macdonald
et al., 2003; Marshall, 1994; Storey et al., 1992; Torsvik et al., 2008).
However, other authors refute the displacement of the southern part of
Patagonia at that time, according to the multidisciplinary analysis
(paleomagnetism, anisotropy of magnetic susceptibility, petrology,
structural geology) of the structures and features linked with this event
(von Gosen and Loske, 2004; Renda et al., 2019; Ruiz Gonzalez et al.,
2020; Zaffarana et al., 2010; Zaffarana et al., 2014, 2017; Zaffarana
et al., 2012; Zaffarana and Somoza, 2012).

Due to the complex and discussed geological history of the DM, the
main objective of this work is to integrate field observations with
paleomagnetic and geochronological data in order to to analyze the
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Fig. 1. Map of the Deseado Massif (modified from Panza et al., 2003), with the sampling areas highlighted with a red square (see Fig. 2). Cenozoic units are omitted.
Also, reliable Jurassic radiometric ages are presented: 1) this work, 2) Matthews et al. (2021), 3) Navarrete et al. (2020), 4) Ruiz Gonzalez et al. (2019), 5) Paez et al.
(2016), 6) Jovic (2010), 7) Guido et al. (2006), 8) Moreira et al. (2006), 9) Guido et al. (2004), 10) Pankhurst et al. (2000), 11) Féraud et al. (1999), 12) Alric et al.
(1996). Ages determined by the Ar—Ar method are shown in black and those determined by the U-Pb method are shown in green. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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deformation recorded in the units of the Jurassic Bahia Laura Complex.
Also, this work aims to deduce the shape and paleogeography of this
massif with respect to the rest of Patagonia, South America, and
southwestern Gondwana during Jurassic times. Therefore, the previous
tectonic and paleogeographic proposals about the DM will be discussed.

2. Geological framework
2.1. Stratigraphic units

The Jurassic volcano-sedimentary units of the Bahia Laura Complex
and the sedimentary and volcanic Cenozoic units, cover most of the DM
along with scattered outcrops of Paleozoic, Triassic, and Cretaceous
units (Fig. 1). The oldest unit in the DM is the Ordovician (Moreira et al.,
2013) La Modesta Formation (Di Persia, 1962), croping out in the
western part of the massif. Mid-Paleozoic units are present in the eastern
part of the DM, where the Silurian-Devonian (Pankhurst et al., 2003)
mid- to high-grade metamorphic units of the Rio Deseado Complex crop
out (Viera and Pezzuchi, 1976). These are covered by the Permian
sedimentary units of La Golondrina (Archangelsky, 1967) and La Juanita
(Arrondo, 1972) formations (Fig. 1).

The first Mesozoic stratigraphic unit in the DM is the Triassic sedi-
mentary succession of the El Tranquilo Group (Di Persia, 1955; Jalfin
and Herbst, 1995). This group is intruded in the eastern part of the DM
by granites of the Upper Triassic (Navarrete et al., 2019; Pankhurst et al.,
1993) La Leona Formation (Arrondo, 1972). The Jurassic Period is
represented, from bottom to top, by the Roca Blanca (Herbst, 1965),
Cerro Leon (Pezzi, 1970), Bajo Pobre (Turic, 1969), La Matilde and Chon
Aike (Stipanicic and Reig, 1957) volcano-sedimentary formations. These
last four formations constitute the Bahfa Laura Complex (Feruglio,
1949). In the central part of the DM, the sedimentary Bajo Grande
Formation (Di Persia, 1958) lies in angular unconformity over the Bahia
Laura Complex, and it underlies in angular unconformity the sedimen-
tary units of the Baqueré Group from the Lower Cretaceous (Cladera
etal., 2002). The last Mesozoic units of the DM are the Upper Cretaceous
sedimentary units of the Chubut Group (Lesta and Ferello, 1972).

2.2. Structural features

The lithostratigraphic units of the DM record a complex tectonic
evolution consisting of different deformational phases. Each phase
produced a different set of structural features, aiding in their identifi-
cation and correlation (e.g., Giacosa et al., 2010, and references
therein). The deformation caused by the Paleozoic regional tectonism
left several major structures, which conditioned the subsequent defor-
mation throughout Patagonia (e.g., Navarrete, 2021; Renda et al., 2019;
Uliana and Biddle, 1987). Faults and fractures are the main features
formed during the Jurassic and Early Cretaceous in the DM (Fig. 1),
allowing the identification of different crustal tectonic blocks that
formed grabens and half-grabens with normal and horizontal shear
displacements (Giacosa et al., 2010; Homove and Constantini, 2001;
Japas et al., 2013; Reimer et al., 1996). Japas et al. (2013) divided the
faults and fractures on the Jurassic units into two main sets: Population
A (principal), indicating a direction of major extension between ENE and
NE (main kinematic axes azimuth: 130°-160°), and a younger Popula-
tion B (secondary), indicating a direction of major extension between
NNW and NW (main kinematic axes azimuth: 35°-85°).

During the late Early Cretaceous, some of the previous extensional
structural features were reactivated as reverse faults due to the tectonic
inversion triggered by the compressive stresses of the Andean orogeny
(e.g., Giacosa et al., 2010). These N-S reverse faults located in the central
part of the DM (see Fig. 1) are considered by Japas et al. (2013) as the
limit between the eastern and western domains of the DM, also proposed
as part of the Patagonian Broken Foreland by Bilmes et al. (2013).
Likewise, some late Early Cretaceous minor folds are reported, mainly in
the central part of the DM (Giacosa et al., 2010; Panza, 1982, 1984;
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Fig. 1).
2.3. Sampling sites

Paleomagnetic sampling was carried out in four areas comprising the
surroundings of the Bahia Laura bay, 17 km to the west of the Bahia
Laura ranch, to the Bajo Grande topographic depression, in the central
part of the DM (Fig. 1). All lithostratigraphic units studied in this work
belong to the Bahia Laura Complex: Chon Aike (Figs. 2a and b), Bajo
Pobre (Fig. 2c) and La Matilde (Fig. 2d) formations.

The Jurassic silicic volcanic flare-up of the Chon Aike Igneous
Province (Kay et al., 1989) is well preserved in the outcrops of the Chon
Aike Formation (Cobos et al., 2003; Escosteguy et al., 2003; Giacosa
etal., 2001; Giacosa and Genini, 1998; Panza et al., 1994a, 1994b, 1998,
2001a, 2001b, 2018; Panza and Marquez, 1994). The units that form the
Chon Aike Formations type locality, near the Atlantic coast (Fig. 1), are
reddish, purplish, and greenish colored porphyritic rhyolites, rhyolitic
tuffs, and acid volcanic breccias (Stipanicic and Reig, 1955, 1957). This
lithological association is widely distributed throughout the DM and
comprises regional-scale ignimbritic plateaus, isolated domes, dikes,
and rhyolitic to dacitic lava flows (Archangelsky, 1967; De Giusto et al.,
1980; Echavarria, 1999; Fernandez et al., 2016; Guido, 2004; Herbst,
1965; Moreira et al., 2009; Navarrete et al., 2020, 2021; Sruoga and
Palma, 1984, 1986; Sruoga et al., 2008). In this work, the Chon Aike
Formation was sampled in two areas in the eastern part of the DM
(Fig. 1). One area near the Bahia Laura bay, 17 km to the west of the
Bahia Laura ranch (Fig. 1). Here the outcrops form brown-purplish
mounds of orange to gray-purplish welded rhyolitic to dacitic tuffa-
ceous units. A rock sample for *°Ar-—3°Ar dating was also collected
from a grayish dacitic ignimbrite at the CAO6 site (see the star in Fig. 2a).
In the second sampling area, near the La Golondrina ranch (Fig. 2b), the
outcrops of the Chon Aike Formation show greater lithological diversity
than those near Bahia Laura bay. These rocks vary between rheomorphic
ignimbrites and ignimbritic breccias, rhyolitic-dacitic lava-like flows,
and rhyolitic pyroclastic dykes (tuffisites). These units are similar to
those described by Navarrete (2021) and Navarrete et al. (2020, 2021),
linked to fissural eruptions.

The Bajo Pobre Formation (Fig. 2¢) comprises basaltic to andesitic
rocks (Lesta and Ferello, 1972; Pezzi, 1970; Turic, 1969). The typical
lithologic succession of this formation consists of a lower massive sec-
tion with marked columnar jointing and an upper vesicular or amyg-
daloidal section (Jovic, 2010). East of the Bosques Petrificados de
Jaramillo National Park, the outcrops of this formation form black to
purple mounds, among which are a few composed of basaltic and
andesitic lavas and andesitic breccias (Panza et al., 2001a, 2001b). Dark
purple and dark gray lavas were sampled from these outcrops which
have an approximate extension of 9 km? (Panza et al., 2001a, 2001b; see
Fig. 2¢).

The last studied unit is the La Matilde Formation, first described by
Stipanicic and Reig (1955) in the outcrops north of the eponymous
ranch, close to the Atlantic coast (Fig. 1). This formation is composed of
white-grayish and white-brownish tuffs and fluvial-lacustrine sedimen-
tary deposits in its type locality. There, the units present their charac-
teristic Middle Jurassic anuran fossils (Panza and Marquez, 1994, and
references therein). On the other hand, in the central part of the DM, the
lithologies assigned to the La Matilde Formation are composed funda-
mentally of white-yellowish to white-greenish tuffs and fine-grained
sandstones (Panza et al., 2001a, 2001b). Furthermore, in the Bosques
Petrificados de Jaramillo National Park (Fig. 2c), the units of this for-
mation contain petrified araucaria cones and logs of Middle Jurassic age
(Kloster and Gnaedinger, 2018). Also, in the Bajo Grande area (Fig. 2d),
these units are composed of the same lithologies as those in the National
Park, but they do not contain any fossil remains (Archangelsky, 1967; Di
Persia, 1955). The La Matilde Formation in the Bosques Petrificados de
Jaramillo National Park (Fig. 2c) and the topographic depression of Bajo
Grande (Fig. 2d) were sampled, drilling white-yellowish tuffs and
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Fig. 2. Aerial view of the sampling areas: (a) sites of the Chon Aike Formation
(purple circles and a star pointing the dated sample) near Bahia Laura bay; (b)
sites of the Chon Aike Formation (purple circles) near the La Golondrina ranch;
(c) sites of the Bajo Pobre and La Matilde formations (dark blue circles and light
orange circles, respectively, and a star pointing the dated sample) in the Bos-
ques Petrificados de Jaramillo National Park; d) sites of the La Matilde For-
mation (light pink circles) in the topographic depression of Bajo Grande.
Inferred faults are marked with discontinuous white lines, and visible faults are
marked with white solid lines. In addition, the inferred slip senses and block
rotations are marked with red arrows. The strike and dip of the units are shown
with yellow lines. Routes and roads are marked with continuous and discon-
tinuous black lines, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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pyroclastic deposits with abundant biotite crystals. A rock sample for
dating was also taken from a tuff underlying the layer with trunks from
the National Park (see the star in Fig. 2c).

3. “°Ar—3%Ar geochronology

The Chon Aike and La Matilde formations were dated in the
40Ar—39Ar Laboratory of the Norwegian Geological Survey in Trond-
heim, obtaining the results from biotite grains. Raw dating data are in
Supplementary Data, Table B. A sample of the Chon Aike Formation
from the eastern part of the Deseado Massif (Fig. 2a) was taken from a
welded grayish dacitic tuff (CA06) with millimetric crystals, lithic
fragments and biotite crystals smaller than 1 mm. This sample was
located near a road 17 km to the west of the Bahia Laura ranch in the
Bahfa Laura Bay (48.34410°S, 66.64950°W; see Fig. 2a). The
40Ar—3%Ar plateau indicates an age of 184.66 + 0.55 Ma (61.88% of
39Ar released in 11/23 steps, MSWD = 1.34; Fig. 3a) and the inverse
isochron an age of 184.81 + 1.37 Ma (MSWD = 1.48; Fig. 3b).

The sample of the La Matilde Formation was collected close to the
ranger’s hut (47.66711°S, 67.99613°W; see Fig. 2¢) near one of the fossil
logs of the Bosques Petrificados de Jaramillo National Park (Fig. 2c),
specifically from a yellow-green rhyolitic tuff that contains the fossils of
araucaria. In this unit, the biotite crystals are up to 1.5 mm and do not
show corrosion edges, which facilitated subsequent separation. A
plateau age of 157.40 + 0.65 Ma in “°Ar—2°Ar (97.75% of *°Ar released
in 24/25 steps, MSWD = 0.367; Fig. 3c), and an inverse isochron age of
157.51 + 0.733 Ma (MSWD = 0.37; Fig. 3d) were determined.

4. Paleomagnetic methods and results

From 46 sites, 304 paleomagnetic samples were drilled, taking 5 to
13 rock cylinders (samples) per site. Every sample was obtained with a
hand-drilling machine and oriented with magnetic and sun compasses
(when the Sun could cast a shadow). Each sample was sliced into two or
more specimens. All directions were corrected by the declination of the
Earth’s magnetic field at the moment of the collection.

The paleomagnetic samples were demagnetized by thermal or
alternating magnetic fields (AF) methods, applying progressively higher
temperatures or bigger AF until the samples were utterly demagnetized
(Butler, 1992). Demagnetization by AF was performed as a pilot test at
every site, but the preferred method was thermal demagnetization. The
experimental procedure was carried out in the Paleomagnetism Labo-
ratory ‘Daniel A. Valencio® at the University of Buenos Aires. The ther-
mal demagnetization of the samples was performed with a TD-48 SC
thermal demagnetizer of the ASC Scientific brand. For AF demagneti-
zation, a rotating demagnetizer by alternating magnetic fields LDA-3A of
AGICO brand was used, and a JR6 rotating magnetometer of AGICO
brand was used for the remanence measurements. A 2G brand super-
conducting magnetometer with SQUID-DC SSR sensors was also used for
AF demagnetization, with an automatic measurement system and inte-
grated equipment for demagnetization by alternating currents. Only
characteristic remanent magnetizations (ChRM) calculated by averaging
at least three demagnetization steps and a maximum angular deviation
less than 15° were accepted (Kirschvink, 1980). Also, thermomagnetic
curves (susceptibility vs. T) were performed with CL3 and CLS attach-
ments for the AGICO MFK1A susceptibilitymeter. These curves indicate
that the possible carriers of the magnetic remanence in the ignimbritic
units are titanomagnetite and hematite (Fig. 4; Dunlop and Ozdemir,
1997).

4.1. Chon Aike Formation

4.1.1. Bahia Laura Bay Area

As presented above, an *“’Ar—2°Ar age was obtained from biotite,
yielding an age of 184.66 + 0.55 Ma (see Fig. 1). All samples obtained
from the rhyolitic and dacitic ignimbrites in the Bahia Laura bay area
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Fig. 3. Graphical representations of the *°Ar—>°Ar datings: (a) degassing diagram and (b) isochron diagram of the sample taken near the route 17 km to the west of
Bahia Laura ranch; (c) degassing diagram and (d) isochron diagram of the sample from the La Matilde Formation taken in the Bosques Petrificados de Jaramillo

National Park.

have remanence directions defined with high precision and high coer-
civity or unblocking temperatures (Fig. 5a). In all the samples analyzed,
a ChRM was determined between 330 °C and 600-680 °C, or between 5
and 10 mT and 40-80 mT (A component). The bulk susceptibility
changes did not condition the determination of ChRMs in every thermal
demagnetization step (bulk susceptibility data are in Supplementary
Data, Table A). The ChRMs obtained show reverse (positive inclination)
and normal (negative inclination) polarities (Fig. 5a).

The mean directions of ChRM were calculated with six to nine
samples for each sampling site (Fig. 6a). A reversal test was carried out
to validate the results, giving a positive (B) result with a critical angle of
6.9° and an observed angle of 4.8° (McFadden and McElhinny, 1990). In
addition, a fold test (McFadden, 1990) was calculated and the result was
not statistically significant, although positive. In addition, a virtual

geomagnetic pole (VGP) was calculated from each ChRM mean direction
(Table 1). Finally, a paleomagnetic pole for the Chon Aike Formation
near Bahia Laura bay was obtained using the VGPs from the tilt cor-
rected directions (Table 2).

4.1.2. La Golondrina Ranch Area

The age of these units (~180 Ma; Fig. 1) is assumed to be close to the
U-——Pb ages of zircon presented by Matthews et al. (2021) and Nav-
arrete et al. (2020) obtained from units that crop out 50 km to the east
and 70 km to the northeast, respectively, with very similar lithological
and structural features. The ChRM directions obtained from the samples
of rhyolitic ignimbrites and breccias were defined between 270 and
330 °C and 630-680 °C (Fig. 5b). The changes in bulk susceptibility did
not condition the determination of the ChRMs in every thermal
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Fig. 4. Characteristic thermomagnetic curves (susceptibility vs. T) of the units of the Chon Aike (CA and LM) and La Matilde (G and LAM) formations. Heating curves
(red) and cooling curves (blue) indicate that the likely carriers of the ChRM are titanomagnetite and hematite (Dunlop and Ozdemir, 1997). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

demagnetization step (bulk susceptibility data is available in Supple-
mentary Data, Table A). The ChRM directions obtained show positive
and negative inclinations (Fig. 5b).

Disperse directions from the LMOL1 site prevent the calculation of an
acceptable mean direction (k < 10; Van der Voo, 1990). Therefore,
seven mean ChRM directions were calculated by averaging three to nine
samples (Table 1). However, the mean ChRM directions from the LM08

and LM10 sites were not considered because their €95 was greater than
30° (Table 1; Fig. 6¢). The bedding planes measured in the field were not
considered because they were interpreted as rheomorphic structures.
Furthermore, after applying the structural correction, the remanence
directions dispersed instead of grouping (Fig. 6d), confirming that these
are rheomorphic structures related to volcanic flow deformation
generated by fissural eruptions (Navarrete, 2021; Navarrete et al., 2020,



V. Ruiz Gonzdlez et al.

Tectonophysics 834 (2022) 229389

Chon Aike Formation at Bahia Laura bay (tilt corrected)

ﬂ N Up N Up N Up
CA04-1A CA04-1B CAO07- 1A CA07-1§Om -
430° 10m #
50°C 50mT
W . leegec E W . E W 50mTY|°80mT E
$580°C omT
‘fszo"c 50mT
430°C 30mT
@
380°C
S |Down 10ngr own S Down S Down
Unit= 273-10°6 AIm Unit = 166:10°6 AIm Unit = 3.58-10°3 A/m Unit = 3.41-10°3 AIm > o™
Chon Aike Formation at La Golondrina ranch (in situ)
[b]
N U N U
LM02-8 P LMog-4 P LM06-5 LMO07-4
150°
80°
150°C 0°c
38000 430°C
w 60°C E w, 550°C& 660°C, E 30°C E w E
270 o
330°C
380°C 550°
270°C }
j Down S Down 330 S Down

Unit = 37-10°3 Al Unit = 10.8-10°3 Aim Unit = 4.26:10°3 AIm Unit= 5.72:10°3 AIm & Horizontal

Bajo Pobre Formation (in situ)

[c]
N_Up N_Up N_Up N_Up
B5-2A B5-2B B12-3 B12-2
w, E W E W 20°C E W E
620°C 50mTgP8omT 60m,
580°C 30mT)
80°C
580°C 300
5m
450° 10mT 3go°C SmT
200 Down Down S” Down S” Down
Unit= 430-10°3 AIm Unit= 479-10°% AIm Unit= 1.11 AIm Unit= 1.03 Al 2y zonsal
La Matilde Formation (tilt corrected)
d]
N U /480°C N U V] N U
g2-6a P g2-5a LAMO02-4A P LAMO1-6B :
530°C
480°C
10mT, 150°C
w 680°C E W 70m1g’ 10mT E W 150°C¥680°C E W \ E
100mT 600° 50mfp ;80mT
mT
20m
S Down S Down S Down Down
Unit = 9.28-10°3 Alm Unit = 26.3-103 AIm Unit = 6.49-103 Alm Unit = 60.5:10°6 Aim o Horizontal

Fig. 5. Vector diagrams (Zijderveld, 1967) of representative samples of: (a) Chon Aike Formation from the area near Bahia Laura bay; (b) Chon Aike Formation from
the area near the La Golondrina range; (c) Bajo Pobre Formation from the Bosques Petrificados de Jaramillo National Park; (d) La Matilde Formation from the
Bosques Petrificados de Jaramillo National Park and the topographic depression of Bajo Grande. The ChRM directions of the A component are highlighted in red and
the H component in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2021). A tilt test was calculated (McFadden, 1990), with a critical £ at
95% = 3.44, indicating a negative tilt test at a 95% confidence level
(Fig. 6e). Furthermore, a reversal test was calculated with the mean
ChRM in situ directions, giving a positive (indeterminate) result with a
critical angle of 31.85° and an observed angle of 8.16° (McFadden and
McElhinny, 1990). Finally, the VGPs with the in-situ directions for each
site (Table 1) and a mean paleomagnetic pole were calculated (Table 2).

4.2. Bajo Pobre Formation

Jovic (2010) performed a geochronological study on units of this
formation, presenting an age of 168.64 + 4.34 Ma obtained by the
Y0Ar—39Ar method (see Fig. 1). From the andesitic rocks of this unit,
collected in the Bosques Petrificados de Jaramillo area (Fig. 2¢), a ChRM
direction was determined between 150 and 200 °C and 600-620 °C, or
5-20 mT and 40-80 mT (Fig. 5c). No relevant changes in the bulk sus-
ceptibility of the samples during heating was determined, suggesting
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Fig. 6. Stereographic projection of the paleomagnetic directions of the Chon Aike Formation units near the Bahia Laura Bay: (a) mean ChRM directions, (b) mean
values of the normal (negative inclination) and reverse (positive inclination) ChRM mean directions. The Chon Aike Formation units near the La Golondrina ranch:
(c) mean in situ ChRM directions (LM0O8 and LM10 sites are marked with a solid red line), (d) mean tilt-corrected ChRM directions (LM08 and LM10 sites are marked
with a solid red line), (e) mean values of the normal (negative inclination) and reverse (positive inclination) ChRM mean directions. The Bajo Pobre Formation units
in the eastern area of the Bosques Petrificados de Jaramillo National Park: (f) mean in situ ChRM directions, (g) mean tilt corrected ChRM directions (B6 site is
marked with a discontinuous red line, and the B8 site is marked with a solid red line), (h) VGPs plotted on their geographic coordinates (B8 site in outlying position
about the 40° cutoff; Wilson et al., 1972). Units of the La Matilde Formation in the eastern area of the Bosques Petrificados de Jaramillo National Park and the
topographic depression of Bajo Grande: (i) mean ChRM directions, (j) mean values of the mean ChRM normal (negative inclination) and reverse (positive inclination)
ChRM mean directions. The reverse means are transposed to normal polarity (gray-colored discontinuous lined circles) to appreciate the coincidence between the

mean values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that no secondary magnetic minerals were formed during the heating
steps (see Supplementary Data, Table A). The samples from site B2
contain amygdales filled with calcium carbonate, making them burst
above 500 °C when heated in the oven. The ChRM directions present
positive inclinations exclusively (Fig. 6f).

With the ChRM directions of three to six samples, the means of the
ChRMs per site were calculated. Three sites were not considered since
the dispersion of their ChRM was unacceptable (k < 10; Van der Voo,
1990). Nine mean ChRM directions were calculated, but site B6 was not
considered due to its anomalous direction (Fig. 6f and g). The structural
corrections taken in the field were also not considered because, as in the
previous case, when applied, the mean directions of the ChRM increased
their dispersion (Fig. 6g; Table 1). Thus, a fold test (McFadden, 1990)
was calculated, and the result was not statistically significant, although
negative. Hence, it was assumed that the remanence was recorded after
a non-tectonic structure because the sampled lavas belong to a volcanic
dome and their inclinations were acquired during extrusion (see Eche-
veste et al., 2001). Also, the directions have positive inclinations,
opposite to the current geomagnetic field. Therefore, the VGPs per site
were calculated using the in-situ directions (Table 1), of which the B8
site was not considered because it was outside the 40° cutoff window
(Wilson et al., 1972; Fig. 6h). Thus, a paleomagnetic pole was obtained,
with geographic coordinates and statistical parameters (Fisher, 1953)
presented in Table 2.

4.3. La Matilde Formation

The La Matilde Formation was sampled in two sites in the Bosques
Petrificados de Jaramillo National Park (Fig. 2c) and in 12 sites in the
Bajo Grande topographic depression (Fig. 2d), obtaining 92 samples.
These rhyolitic tuffs yielded an age of 157.40 + 0.65 Ma in *“’Ar—°Ar,
as presented above. Several samples burst at around 450 °C in the oven
due to the expansion of the biotite crystals because of the alteration into
vermiculite (Deer et al., 2013).

A ChRM was determined above 20 mT or between 450 °C and
600-680 °C (A component), except in samples that burst in the oven.
Likewise, in some samples, a higher temperature component (H) was
determined above 600 °C. The A component was probably carried by
titanomagnetite and hematite, and the H component was carried by
hematite in some samples (see Fig. 4). ChRMs show positive and nega-
tive inclinations (Fig. 5d). During heating, it was possible to detect a
substantial increase in susceptibility to 350 °C and then a decrease to
400 °C, probably related to the formation of greigite (see Fig. 4; Dunlop
and Ozdemir, 1997), after which there were no significant variations in
bulk susceptibility of the samples (see Supplementary Data, Table A).

Hence, 11 ChMR mean directions were calculated (Fig. 6i), aver-
aging the results of three to six samples (Table 1). The mean directions of
three of the sites were not calculated due to their high dispersion (k <
10; Van der Voo, 1990), and two mean directions were not considered
because of their unacceptable a95 (Table 1). One of the mean directions
corresponds to the H component of the LAMO2 site, which was assumed
to be the record of a polarity prior to that recorded by the A component.
To validate this assumption, a reversal test was calculated with the di-
rections of the A and H components of the LAMO02 site (McFadden and
McElhinny, 1990), which was class C positive (critical angle = 15.73°;

observed angle = 14.01°). Likewise, a reversal test was calculated with
the mean normal and reverse directions, giving a class C positive result
(critical angle = 17.9°; observed angle = 14.8°; McFadden and McEl-
hinny, 1990). However, a tilt test yielded a positive but not statistically
significant result (McFadden, 1990). Finally, the VGPs per site were
obtained with the tilt-corrected directions, and a paleomagnetic pole
was calculated with the average of these VGPs (Table 2).

5. Discussion
5.1. Interpretation of the deformation using paleomagnetic data

Possible tectonic motions within the DM were calculated using the
paleomagnetic poles obtained from the units of the Bahia Laura Complex
in this work, and those presented by Vilas (1974) and Ruiz Gonzadlez
et al. (2019) from the eastern and western outcrops of the Chon Aike
Formation, respectively (Fig. 7a). These poles were compared with the
mean poles of 180 Ma, 170 Ma, and 160 Ma from the global apparent
polar wander paths (APWP) calculated by Kent and Irving (2010), and
Torsvik et al. (2012). These mean poles were transferred to South
American coordinates, applying the Euler Rotation Parameters taken
from each work (Table 3). Possible rotations about the vertical axes of
crustal blocks were calculated using the method developed by Demarest
(1983), Beck (1980), and Beck et al. (1986).

The rotation about vertical axes of the crustal blocks containing the
sampled units decreases from the oldest to the youngest units (Fig. 7b;
Table 4). The poles of the Chon Aike Formation in the eastern zone of the
DM indicate counterclockwise rotations of 27° + 7° in the area near
Laura Bay, 18° + 10° in the Puerto Deseado area (Vilas, 1974), and 4° +
19° that of the La Golondrina ranch area (although this last rotation is
not representative since the uncertainty of the method is greater than
the result). However, the lower degree of apparent rotation of the units
of the La Golondrina ranch area could be ascribed to the fact that these
units correspond to the fill of the vertical fissures of the volcanic erup-
tions, and not to deposits over the rotated blocks (Matthews et al., 2021;
Navarrete, 2021; Navarrete et al., 2020, 2021). Furthermore, the pole of
the Bajo Pobre Formation in the central area of the DM (see Figs. 2¢ and
8b) suggests an apparent clockwise rotation of 19.8° + 17.8° when
compared with the mean poles by Torsvik et al. (2012), which would
coincide in the shear direction and the directions of the fault sets
described by Giacosa et al. (2010) for the area (see Fig. 2c). However,
this rotation is not representative when compared with the mean poles
proposed by Kent and Irving (2010) since the uncertainty of the method
is greater than the result (9.8° + 18.4°). Finally, the La Matilde For-
mation pole and the Chon Aike Formation pole by Ruiz Gonzalez et al.
(2019) indicate that there were no rotations about vertical axes since
157 Ma. The absence of rotations since 119 Ma (Aptian) was also indi-
cated by Somoza et al. (2008) with the obtained pole from the Punta del
Barco Formation, part of the Baqueré Group.

Paleomagnetic results partially agree with the proposals of different
authors on the evolution of deformation in DM during the Jurassic
period. Somoza et al. (2008) propose that there could be a rotation of the
entire DM at some point between the Jurassic and the Early Cretaceous.
This assumption was based on the results obtained from the Triassic and
Cretaceous units of the DM and those from the North Patagonian Massif
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ChRM mean directions, the corresponding VGPs, and the statistical parameters (Fisher, 1953) of the Chon Aike Formation, the Bajo Pobre Formation, and the La
Matilde Formation. n / N: number of samples used in the mean calculation vs. total samples per site. ' Mean directions not considered for having a bigger «95 than 25°.
2 Mean directions not considered for having an anomalous direction. > Mean directions not considered because their respective VGP lies outside the 40° cutoff angle

(Wilson et al., 1972).

Site Site coordinates n/N In situ Bedding Tilt corrected VGP (tilt corrected)

Lat. (°S) Long. Dec. Inc R k «95 (Strike / Dec. Inc. R k o95 Lat. Long.

W) Dip) (@) (E)

Chon Aike Formation at Bahia Laura bay
CAO01 48.34041 66.63655 9/10 139 69.7 8.95 159 4.1 100 /12 156.6 60.7 8.95 159 4.1 72.3 36.6
CA02 48.34108  66.63575 6/7 1524 71.8 5.99 520 2.9 100 /12 166.6  61.4 599 519 29 79 50
CA03 48.34137  66.63792 7/8 1446 74 6.96 163 4.7 100/ 12 163.2  64.1 6.96 163 4.7 78.3 29.2
CA04 48.34169 66.63557 6/6 176.3 74.2 5.98 267 4.1 100 /12 182 62.4 5.98 267 4.1 85.1 130.9
CAO05 48.33968  66.63280 6/6 157.5 69.6 5.99 386 3.4 100 /12 168.8 58.8 599 388 34 78.1 66.7
CA06 48.33410  66.64950 8/8 339 —-81.8 7.98 381 28 44 /14 3234 -683 7.98 381 28 66.5 2
CA07 48.35312  66.65585 8/8 9.6 —726 7-98 440 26 44 /14 346 —-623 798 441 26 79.2 44.2
CA08 48.35386  66.65914 7/8 3489 -728 6.98 281 3.6 44 /14 334 -60.2 698 283 3.6 70.3 35
CA09 48.35713  66.65950 8/8 2.1 -71 7.96 199 3.9 44 /14 3429 -59.9 7.97 201 39 75.7 49.1

Mean normal 4/9 3575 —-748 398 190 6.7 3374 —-629 398 190 6.7 Paleomagnetic pole

Mean reverse 5/9 153.3 723 4.99 280 4.6 167.4 61.7 499 281 46

Total mean 9/9 3431 737 895 167 4 343 -62.3 896 212 35 77.3 38
Chon Aike Formation at La Golondrina ranch VGP (in situ)
LMO02 48.15175  67.37790 4/8 154 60.9 3.81 15 242 292/52 58.5 52.6 381 15 241  70.7 31.7
LMO04 48.14988  67.36859 5/9 350.7 —64.1 4.61 10 25.1 340/45 286.6 —43.9 4.61 10 25.1 833 39.5
LMO5 48.16519  67.38598 1(1) / 2175 65.8 9.65 26 9.7 289 / 52 355 65.4 882 8 18.7  65.2 216.7
LMO06 48.15279  67.37616 7/8 188 64.8 6.88 48 8.8 193 /58 2535 30.7 6.88 48 8.8 84.4 191.5
LMO07 48.15271 67.37426 5/13 203.9 66 4.94 69 9.3 45 /75 124.7 61.3 4.29 6 35.3 74.1 212.1
LMO8! 48.15237  67.37243 3/8 187.7  36.2 2.84 13 36.4 330/45 155.8  50.1 2.84 13 36.4 61.3 127.8
LM10! 48.14985  67.36725 3/8 30 —68.6 287 15 325 340/45 276.9 -58.8 287 15 326 705 225.2

Mean normal 1/5 350.7 —64.1 1 0 0 286.6 —43.9 1 0 0

Mean reverse 4/5 189.5 66.4 3.93 46 13.7 13.6 85.9 3.1 3 59.9

Total mean 5/5 5.5 —-66.1 493 54 10.5 89.3 78.9 3.8 4 48 86 209.8
Bajo Pobre Formation VGP (in situ)
B4 47.67772  67.95983 3/6 207.7 57.6 2.97 76 143 279/33 290.3 799 297 76 143 67.8 187
B5 47.67728 67.95983 4/5 208.4 48.8 3.97 106 9 290/ 20 215.1 68.4 3.97 106 9 61.8 172.8
B6> 47.67789  67.96258 4/6 209.7 -2 3.92 37 154 313/25 208.7 223 3.92 37 154 349 149.2
B8® 47.67858  67.97472 5/6 149.4  27.6 4.91 46 11.4 267 /37 127.3 57.4 491 46 11.4 484 64.1
B9-1 47.67822  67.97439 4/9 180.7 53.5 3.94 48 13.4 267 /37 279.6  87.7 3.94 48 13.4 76.3 114.5
B9-2 47.67822  67.97438 5/7 2342  66.3 4.98 242 4.9 260 / 26 294 64.1 498 242 49 54.6 224.5
B10 47.67664  67.97547 4/6 154.8 65.4 3.82 16 234 260/26 61.5 83.4 3.82 16 235 73 13.3
B11 47.67567  67.97694 4/6 237.8 50.5 3.99 220 6.2 246 / 30 272 45.5 399 220 6.2 43.7 203
B12 47.67558  67.97750 6/6 199.3 38.7 5.94 79 7.6 239 /32 230.3 526 594 78 7.6 59.9 149.6
B13 47.68222  67.98000 5/6 163.5 57 4.96 91 8.1 212 /30 2224  68.5 4.96 90 8.1 74.3 55.8

Total mean 8/8 199.4 57.7 7.65 20 12.7 253.4 73 7.58 17 14 74.1 181.1
La Matilde Formation VGP (tilt corrected)
M 47.67632  67.93581 4/8 358 —-67.8  3.83 18 221 30/12 341.6 582 3.83 17 228 74 48.9
LAMO1 47.66918 67.98501 6/6 173 57.3 5.7 17 17 180 /10 188.7 57.2 5.7 17 16.9 78.3 147.8
LAMO2 47.84225  68.76106 3/6 339.3 -621 298 112 11.7 254/15 3342 77 298 113 11.6 67.9 320.3
LAMO2H  47.84225  68.76106 3/6 156.1  48.2 2.97 61 159 254/15 152.4 63 297 62 158  70.7 20.9
LAMO3 47.84147 68.76250 4/6 359.4 -56.3 3.91 32 16.5 254 /15 10.1 -70.4 3.91 32 16.5 80.8 251.9
LAMO4! 47.84175  68.75844 3/6 206.2 21.8 2.81 11 40 254 /15 211.7 325 281 11 40 50.3 162.8
LAMO5 47.84104  68.75762 4/6 174 28.5 3.86 22 20.1 254/15 176.1  43.3 3.86 22 20.1  67.2 102.1
G1 47.84058 68.75242 5/6 341.2 -75 4.64 11 24.1 148 / 19 23.8 —63.4 4.64 11 24.1 73.4 200
G2 47.84411  68.76222 5/6 59.7 -76.2 492 49 11 148 /19 58.8 -57.2 492 49 11 46.8 210.3
G3 47.84503  68.76578 4/6 359.7 -70.6 3.93 42 143 148/19 27.1 -56.6 3.93 42 143 675 200.8
G5 47.84553  68.75778 3/5 163 62.3 2.95 38 20.2 148 /19 189.8 529 295 38 20.3 738 141.9
G7! 47.83936  68.76458 3/6 39.5 -67.8 2.89 19 29.2  254/15 80.1 -71.8 289 19 29.1 431 243.4

Mean normal 6/10 3582 —69.5 59 48 9.7 17.3 -66.5 5.82 27 13

Mean reverse 4/10 167.1  49.4 3.88 26 18.4 178.1 549 393 43 14.2

Total mean 18 / 3521 -61.6 9.63 24 10 7.8 -62.2 9.67 27 9.4 84.1 179.2

by Geuna et al. (2000) and Somoza and Zaffarana (2008). On the other
hand, Giacosa et al. (2010) suggested that a change in the directions of
the structures was generated by the change of stresses in the DM from
the Jurassic extension to the late Early Cretaceous compression. Unify-
ing both criteria, Japas et al. (2013) proposed that the structures had a
clockwise rotation about vertical axes from successive increments of
progressive deformation and that the vertical-axis rotation of crustal

10

blocks would have ceased at 156 Ma.

According to the previous references and the results obtained in this
work, it could be asserted that the crustal-scale rotations within the DM
ceased in the Oxfordian. Also, the kinematic direction of the previous
local rotations was not only clockwise but also counterclockwise. In the
eastern area of the DM, the paleomagnetic results obtained from the
granites of the La Leona Formation of Raethian age (Navarrete et al.,
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Table 2
Geographic coordinates and statistical parameters (Fisher, 1953) of the calculated paleomagnetic poles. Ar-Ar ages by: a) Féraud et al. (1999), b) this work, c)
Matthews et al. (2021), d) Jovic (2010), and e) Ruiz Gonzalez et al. (2019).

Area Formation Age (Ma) N Lat (°S) Long (°E) K A95 (°) References (Fig. 7a)

Puerto Deseado Chon Aike 177.8 £ 0.4 (a) 22 84 42 20 8 Vilas, 1974 (1)

Bahia Laura Chon Aike 184.7 + 0.6 (b) 9 77.3 38 95.3 5.3 This work (2)

La Golondrina Chon Aike 176.4 + 5.2 (¢) 5 86 209.8 21.4 16.9 This work (3)

Bosques Petrificados Bajo Pobre 168.6 + 4.3 (d) 8 74.1 181.1 10.7 17.7 This work (4)

Bajo Grande La Matilde 157.4 + 0.7 (b) 10 84.1 179.2 13.6 13.6 This work (5)

W. Ignimbritic Plateau Chon Aike 155.0 + 3.5 (e) 23 84.3 191.3 13.3 8.6 Ruiz Gonzalez et al., 2019 (6)

6 70W] s

’8005

'/

,\Q\\\ 0 [Kent and Irving, 2010
o/ —I—| Torsvik et al., 2012

Fig. 7. (a) Paleomagnetic poles of the Bahia Laura Complex obtained from some of its formations: 1) Chon Aike in the Puerto Deseado area (Vilas, 1974), 2) Chon
Aike in the area near the Bahia Laura bay; 3) Chon Aike in the La Golondrina ranch area; 4) Bajo Pobre in the Bosques Petrificados de Jaramillo National Park; 5) La
Matilde in the areas of Bajo Grande and the Bosques Petrificados de Jaramillo National Park; 6) Chon Aike in the western ignimbritic plateau (Ruiz Gonzdlez et al.,
2019). Also, the APWP mean poles between 200 Ma and 140 Ma calculated by Kent and Irving (2010), and Torsvik et al. (2012) are presented in greeen and maroon,
respectively. (b) Crustal block rotations about vertical axes shown by the paleomagnetic poles (a) with respect to the global APWP mean poles by Kent and Irving
(2010) and the APWP by Torsvik et al. (2012) are presented in green and maroon, respectively. The angle between the vertical and the red line indicates the direction
and degree of rotation, taking the vertical line as 0°, and the orange angle shows the degree of uncertainty. Radiometric ages: 1) this work, 2) Matthews et al. (2021),
3) Ruiz Gonzadlez et al. (2019), 4) Jovic (2010), 5) Pankhurst et al. (2000), 6) Féraud et al. (1999). Geochronological method: Ar-Ar is shown in black and U-Pb in
green. Geological map modified from Panza et al. (2003). In addition, the sampling areas presented in Fig. 2 are marked with red squares. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2019 and references therein) indicate clockwise rotations of the blocks
that contain these units (Somoza et al., 2008). However, the units
belonging to the Chon Aike Formation east of the DM, of Early Jurassic
age (Féraud et al., 1999; Matthews et al., 2021; Navarrete et al., 2020;
Pankhurst et al., 2000; this work), indicate counterclockwise rotations

Table 3

The 140 Ma to 200 Ma global mean poles calculated by Kent and Irving (2010)
and Torsvik et al. (2012) in South American coordinates (applying the Euler
Rotation Parameters from each work).

Age (Ma) N Lat °S) Long (°E) K A95 () (this work). Also, the paleopole presented by Vilas (1974), and consid-
Kent and Irving (2010) ered “cratonic”, in this work indicates a counterclockwise rotation.
200 7 76.2 237.7 253.2 3.8 On the other hand, in the central part of the DM, the units of the El
izg 2 2(1):3 1%; ?3'29.9 :; Tranquilo Group (Fig. 1), from the Middle to Upper Triassic (Jalfin and
170 4 83.4 204.5 200 6.5 Herbst, 1995), indicate clockwise rotations (Somoza et al., 2008).
160 4 83.6 181.4 152.7 7.5 Likewise, the Middle Jurassic units of the Bajo Pobre Formation (Jovic,
145 3 67.2 57.0 189.3 9 2010 and references therein), from the Bosques Petrificados de Jar-
amillo National Park at 60 km NE of the outcrops of El Tranquilo Group
Torsvik et al. (2012) (Figs. 1 and 8b), indicate apparent clockwise rotations of a similar
200 39 74.4 238.7 67.9 2.8 magnitude (see Table 4). However, the ~157 Ma La Matilde Formation
igg gg ;22 iil;:g 22'6 i:i results from the Bajo Grande area and the Bosques Petrificados de Jar-
170 18 86.9 294.3 57.4 4.6 amillo National Park (Figs. 1 and 8b) indicate that these crustal blocks
160 19 88.1 304.6 44.3 5.1 did not register subsequent local vertical rotations of the tectonic blocks.
150 15 87.4 7.1 36.7 6.4 In addition, the paleomagnetic pole of Kimmeridgian age calculated by
140 9 80.2 47.4 74.6 6

Ruiz Gonzalez et al. (2019) of the Chon Aike Formation units from the
ignimbritic plateau west of the DM (Fig. 7b) also shows the absence of
vertical-axis rotations (~156 Ma). Other paleomagnetic results from this
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Table 4

Tectonophysics 834 (2022) 229389

Possible tectonic motions calculated with the paleomagnetic poles of the DM compared with the global mean poles calculated by Kent and Irving (2010) and Torsvik
et al. (2012). The pole marked with * corresponds to the calculated by Vilas (1974), and the pole marked with ** to the one calculated by Ruiz Gonzdlez et al. (2019).

N Formation Mean Kent and Irving, 2010 Torsvik et al., 2012
A,
8¢ Poleward displacement Apparent rotation Poleward displacement Apparent rotation

1 Chon Aike * 180 -2.9° £7.1° 17.6° + 10.0° 3.4° + 6.4° 18.1° +9.2°

2 Chon Aike “Bahia Laura” 180 —0.3° £5.6° 26.8° + 7.7° 5.9° + 4.6° 27.1° + 6.6°

3 Chon Aike “La Golondrina” 180 —5.6° +£13.0° 3.7° £ 19.5° 0.7° £12.7° 4.0° £19.1°

4 Bajo Pobre 170 7.1° £13.8° 9.8° +£18.4° 10.3° +£13.4° 19.8° +£17.8°

5 La Matilde 160 -0.2° £11.4° 0.8° +16.2° 4.1° +10.7° 8.4° +15.3°

6 Chon Aike ** 160 -1.2° £ 8.4° 0.4° +12.0° 2.9° +£7.3° 8.9° +10.8°

Fig. 8. (a) Sketch of the paleogeographic evolution
of SW Gondwana. The arrows show the stresses and
their relative intensity. The thick red lines mark the
beginning of the basins: 1) Neuquén Basin, 2) Colo-
rado Basin, 3) Canadén Asfalto Basin, 4) San Jorge
Gulf Basin, 5) Rocas Verdes Basin, 6) Malvinas Basin,
7) North Malvinas Basin, 8) East Malvinas Basin, and
9) Weddell Sea. Thin blue lines show the posterior
arms of the South Atlantic proto-rift. The brown line
indicates the trench with an arrow indicating the
direction of the subduction of the Phoenix plate. The
green line that crosses the central zone of Patagonia
corresponds to the potential Paleozoic suture zone
described by Renda et al. (2019). (b) Synthetic sec-
tions of the tectonic evolution of SW Gondwana from

ANTARTIC
PENINSULA

SOUTH PATAGONIA

the Late Triassic to the Early Cretaceous (not to
scale): Lower Jurassic units are depicted in dark blue
and Middle Jurassic units are depicted in blue. The
oceanic crust is presented with brown colour and the
continental crust with white colour. The purple
shading indicates the radiation from the thermal
anomaly below SW Gondwana. Based on works by
Jordan et al. (2020), van de Lagemaat et al. (2021),
Lovecchio et al. (2020) and Riley et al. (2020). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

SOUTH AFRICA

part of Patagonia, 75 km to the west of the DM, presented by Iglesia
Llanos et al. (2003) also show the absence of block rotations about
vertical axes since ~156 Ma.

Hence, as proposed by Japas et al. (2013), the deformation belts
could have simultaneously generated clockwise and anticlockwise
vertical-axis rotations of crustal blocks due to the solid anisotropic
character of the pre-Jurassic basement reflecting the influence of
regional inherited structures (e.g., Navarrete, 2021). Although the
different directions of the fault systems are found throughout the DM
(Japas et al., 2013; Panza, 1982, 1984; Reimer et al., 1996), the pro-
posed shearing senses do not apply throughout the DM (see Figs. 2a and
o).

Thus, due to the generalized NE-SW extension throughout south-
western Gondwana from the Middle Triassic to the Late Jurassic (e.g.,
Vizan et al., 2017), some rotations of blocks were conditioned by the
pre-Jurassic structures from NW-SE to NNO-SSE direction (e.g., Uliana
and Biddle, 1988). This extension, triggered by the Tethys slab pull
(Vizan et al., 2017), and the high rates of subduction of the Phoenix
plate beneath Patagonia plate in a southeastward direction (East et al.,
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2020), caused the migration of the Antarctic Peninsula towards the
south and the opening of the Rocas Verdes basin (Bastias et al., 2019;
Bastias et al., 2021; Cao et al., 2022; Jordan et al., 2020; Suarez et al.,
2019; van de Lagemaat et al., 2021), and the beginning of the extension
of the later Weddell Sea (Bastias et al., 2021; Jordan et al., 2020; Riley
et al., 2020). Finally, the shear component on the extensional stresses
which affected Patagonia ceased around 157 Ma, wich could be related
to the end of the Tethys slab pull (Fig. 8a; Vizan et al., 2017).

For several authors, the overall extensional tectonic regime gener-
ated regional crustal thinning of Patagonia (Fig. 8b) and assisted in the
generation of anatectic melts by decompression melting at the base of
the continental crust (Echavarria et al., 2005; Foley et al., 2020; Pan-
khurst and Rapela, 1995; Seitz et al., 2018). This was also assisted by the
thermal anomaly located under southwestern Gondwana (Riel et al.,
2018), related to the extrusion of fissural volcanism through the mul-
tiple normal faults (Navarrete, 2021; Navarrete et al., 2020, 2021).
These extensional stresses ended with the opening of the South Atlantic
Ocean during the Lower Cretaceous (e.g., Lovecchio et al., 2020).
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5.2. Paleogeography of South America during the Jurassic Period

To reconstruct the possible drift of the South American continent
during the Jurassic period, an APWP was calculated using reliable
paleomagnetic poles (Kirschvink, 1980; Van der Voo, 1990). These poles
were obtained from units with absolute or relative reliable ages (Bellieni
et al., 1992; Féraud et al., 1999; Lossada et al., 2014; Marzoli et al.,
1999; Mizusaki et al., 2002; Nomade et al., 2007; Pankhurst et al., 2000;
Rapela and Pankhurst, 1993; Renne et al., 1996, 1992; Souza et al.,
2003; Stewart et al., 1996; Turner et al., 1994). The moving-age window
method was applied to create the APWP (Irving and Irving, 1982),
averaging the paleomagnetic poles in 20 Ma windows every 10 Ma (all
poles that fall within +£10 Ma of the mean age).

The main issue in the calculation of this curve was that many poles
could correspond to sites with vertical-axis rotation of crustal blocks or
deformations of greater complexity than tilting blocks (e.g., Iglesia
Llanos et al., 2006; Rapalini and Lopez de Luchi, 2000; Somoza et al.,
2008; Zaffarana and Somoza, 2012). Moreover, other older paleomag-
netic poles were not considered because they were calculated without
progressive demagnetization, principal component analysis in orthog-
onal diagrams, or validation tests (e.g., Valencio and Vilas, 1970).

Nevertheless, to calculate the APWP curve from 200 Ma to 140 Ma,
only paleomagnetic poles from South American units with ages between
210 Ma and 130 Ma were used (Table 5). The units associated with these
poles belong fundamentally to the magmatic provinces of South America
that were generated during the Gondwana breakup and the resulting
opening of the Atlantic Ocean (Supplementary Data, Table C): the Early
Jurassic Central Atlantic Magmatic Province in northeastern Brazil; the
Jurassic Chon Aike Igneous Province in Patagonia (Kay et al., 1989);
and, the Early Cretaceous Parana Magmatic Province, which spans in
southeastern Brazil, eastern Paraguay, northern Uruguay and Argentina
(Cervantes Solano et al., 2015, 2010; Cervantes-Solano et al., 2020; De
Min et al., 2003; Ernesto et al., 2003, 1999; Goguitchaichvili et al., 2013;
Iglesia Llanos et al., 2003; Mena et al., 2011; Nomade et al., 2000;
Raposo and Ernesto, 1995; Ruiz Gonzalez et al., 2019; Vizan, 1998).
Poles obtained from sedimentary units without inclination shallowing
issues or crustal block rotations about vertical axes were also included
(Kohan Martinez et al., 2019; Vizan et al., 2004).

To make the “absolute” reconstruction of South America between
200 Ma and 140 Ma, the Euler poles of Torsvik et al. (2012) for the
Amazonian Craton were used, because none of the poles used in the
APWP showed latitudinal or longitudinal differences in the sampling
localities with respect to the Amazonian Craton during the Jurassic
period. This implies that the Jurassic shape and crustal block configu-
ration of the South American continent were close to the current. In
addition, these reconstructions were taken to the West African Craton
because this crustal block is assumed to be the one with the least lon-
gitudinal displacement during the Jurassic Period (Fig. 9b). This is
supported by various authors who have analyzed intraplate displace-
ments between different domains of eastern and southern Africa (e.g.,
Daly et al., 1989; Jacques, 2003; Lovecchio et al., 2020; Niirnberg and
Miiller, 1991; Vizan et al., 2017).

Comparing the South American APWP with the global mean poles
calculated by Kent and Irving (2010) and Torsvik et al. (2012), in South

Table 5
Geographic coordinates and statistical parameters (Fisher, 1953) of the mean
poles calculated from the Jurassic South American APWP.

Mean poles ages N Lat (°S) Long (°E) K A95 ()
140 11 —86.1 73.8 578.5 1.9
150 5 —85.3 154.0 163.6 6

160 4 —84.0 179.3 1159 2.7
170 2 —83.0 176.3 156.5 20.1
180 3 -82.1 198.1 138.9 10.5
190 4 —80.1 217.7 879.4 3.1
200 4 —80.4 243.1 178.3 6.9
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American coordinates, shows an overlap from 200 Ma to 180 Ma
(Fig. 9a). Furthermore, as can be observed, there is no evidence of a
massive true polar wander event called “Jurassic Monster Polar Shift”
(Fu et al., 2020; Kent et al., 2015; Kent and Irving, 2010; Muttoni and
Kent, 2019). This coincides with other works, where this Jurassic phe-
nomenon is not detected in their paleomagnetic analyses in other ter-
rains of the globe (van Hinsbergen et al., 2019; Kulakov et al., 2021;
Mirzaei et al., 2021; Torsvik et al., 2019). Although, there is recogniz-
able a clockwise rotation of South America between 170 Ma and 140 Ma
(~10°; Fig. 9¢).

In addition, the broad uncertainty of the calculated mean of 170 Ma
is remarkable (Table 5), caused by the scarce South American poles
considered “cratonic” for that time-lapse (see Supplementary Data,
Table C). This shortage of Middle Jurassic paleomagnetic poles may be
directly related to the tectonic setting during this time lapse, when
transpressional deformation was pervasive along southwestern Gond-
wana, including Patagonia. Moreover, the 170 Ma mean pole is only
calculated with two paleomagnetic poles from the same lithostrati-
graphic unit: the Marifil Complex (Iglesia Llanos et al., 2003; Vizan,
1998).

The 160 Ma mean paleomagnetic pole shows a change in the direc-
tion of the path, which coincides with the inferred cessation of the shear
component in the extensional stress (~157 Ma). This also is related to
the change in the drift direction of the continent, finishing the north-
ward migration around 160 Ma and drifting due to a clockwise rotation
until 140 Ma (Fig. 9¢).

Additionally, coeval tectonic events probably aided these changes in
the tectonic stresses. The Tethys slab pull would have exerted north-
eastward extensional stresses in the outer parts of Gondwana (Vizan
et al., 2017), which coincide with the northward migration of the
continent between 200 Ma and 170 Ma (Fig. 9c). Furthermore, this
continental migration between 200 Ma and 170 Ma coincides with the
back-arc extension in the Weddell Sea rift system proposed by Jordan
et al. (2020) and Riley et al. (2020) and the uncoupling of the Antarctic
Peninsula (Bastias et al., 2019; Bastias et al., 2021; Suarez et al., 2019;
van de Lagemaat et al., 2021). The apparent rotation of the continent
(170-160 Ma) may be related to the combination of different tectonic
events: 1) the cessation of the northeastward extensional stresses caused
in part by Tethys slab-pull (160 Ma; Vizan et al., 2017), 2) the southward
migration of the Antarctic Peninsula (Bastias et al., 2019; Bastias et al.,
2021; Suarez et al., 2019; van de Lagemaat et al., 2021), 3) the opening
of the Rocas Verdes Basin (Calderon et al., 2016; Cao et al., 2022; Muller
et al., 2021; Ronda et al., 2019), and 4) the Weddell Sea rifting system
(Jordan et al., 2020; Riley et al., 2020). Moreover, these events were
controlled by the high rates of subduction of the Phoenix plate (Fast
et al.,, 2020), which generated the predominance of the extensional
stress in the SSW direction (Fig. 9¢). The Rocas Verdes basin near the
continental margin probably involved asymmetric back-arc spreading
by a model of the double-saloon-door rifting and seafloor spreading in a
back-arc basin during subduction rollback (e.g., Martin, 2007). The
spreading of the Weddell Sea in an N-S direction, which was probably
triggered by the southward migration of the Antarctic Peninsula to the
south, also aided the overall extension (Bastias et al., 2021). These
stresses continued until 140 Ma, when the opening of the South Atlantic
Ocean began and the stress interactions changed, starting the closure of
the Rocas Verdes Basin (Lovecchio et al., 2020; Muller et al., 2021).

6. Conclusions

In this work, four paleomagnetic poles were obtained from the
Jurassic Bahia Laura Complex: two from the Chon Aike Formation,
located in the eastern part of the DM, one from the Bajo Pobre Formation
in the central part of the DM, and the last one from the La Matilde
Formation in the central part of the DM. These poles, despite their un-
certainties, indicate rotations about vertical axes in clockwise and
anticlockwise senses since 185 Ma until 157 Ma. Also, in agreement with
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South America

Fig. 9. (a) Comparison of the calculated APWP
(white circles) and those presented by Kent and Irv-
ing (2010) in green and Torsvik et al. (2012) in
maroon (in South American coordinates). (b) Calcu-
lated South American APWP between 200 Ma and
140 Ma in South American (left) and NW African
coordinates (right). (c) The apparent drift of South
America between 200 Ma and 140 Ma. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

other authors, the younger pole indicates no vertical-axis rotations of
crustal blocks since 157 Ma.

Finally, a Jurassic APWP for South America was calculated to
analyze the paleogeography and the continental drift during Jurassic
times. The APWP shows a coincidence with the tectonic history of the
DM and indicates the possible causes of the change in stresses at around
160 Ma from transtensional to purely extensional. This change could be
triggered by the combination of several events, which include the
cessation of the northeastward extension with the end of the Tethys slab
pull, and the southward migration of the Antarctic Peninsula, generating
the space for the opening and extension of the Rocas Verdes Basin and
the Weddell Sea. Also, the APWP does not show evidence of a massive
Jurassic true polar wander event. In addition, an apparent clockwise
rotation of the continent (~10°) from 160 Ma to 140 Ma can be
explained by the tectonics of the SW Gondwana at that time.
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