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A B S T R A C T

The Central Patagonian Batholith (CPB) in the Gastre area, central Patagonia, constitutes a set of two I-type Late
Triassic plutonic suites, the Gastre superunit with a U-Pb zircon age of 221 ± 2 Ma, and the Lipetrén superunit
with a U-Pb SHRIMP age of 215 ± 1 Ma. The source of this calc-alkaline batholith is characterized by crustal
and mantle contributions, and it registers NW-SE subvertical magmatic and solid-state fabrics. These features,
together with its intraplate position away from the inferred proto-Gondwana margin, have made it the focus of
different tectonic interpretations. Early studies have interpreted it as the record of major dextral motions along
the transcontinental NW-SE-striking Gastre fault system in Jurassic times. Later interpretations have proposed
that the magmatic and tectonic foliations of the CPB were formed during a sinistral transpressive regime which
was aided by Late Paleozoic widespread NW-SE subvertical structures in the North Patagonian Massif.
Paleomagnetism, a unique tool to detect the presence of tectonic block rotations on vertical axes, was applied in
the CPB in order to constrain the timing and type of deformation in the area. A paleomagnetic pole was obtained,
which statistical parameters are: N = 45, Lat. = 81.4°S, Long. = 207°E, K = 11.5, A95 = 6.6°. Although the
position of this pole does not coincide with equivalent Late Triassic poles, this position can be reconciled with
the presence of a NE tilting of about 11° of the sampled block of the batholith. The tilting would have been aided
by the NW-SE subvertical structures that affect the area. These paleomagnetic results rule out the possibility of
vertical axis rotations from Late Triassic to present times and suggest that the ductile syn- to post-emplacement
deformation of the CPB in Gastre area occurred during this period (Late Triassic), being the later brittle de-
formation triggered by the Andean Orogeny a possible explanation for this tilting.

1. Introduction

The Central Patagonian Batholith (CPB; Fig. 1) was originally de-
fined as extensive Late Triassic calc-alkaline plutonic suite aligned in an
NW-SE direction, in the central-southern sector of the North Patagonian
Massif from Gastre to Pilcaniyeu (Rapela et al., 1991, 1992; Rapela and
Kay, 1988). Both, the CPB and its metamorphic host rocks, are affected
by a low-temperature solid-state deformation event which originated
the presence of tectonic NW-SE subvertical foliations of variable in-
tensity degree, which were originally described as “Gastre system” by
Coira et al. (1975). The CPB is located in an inland position with respect
to the proto-Gondwana margin, and it represents a key element in pa-
leogeographic models of pre-Gondwana breakup, as it was emplaced
during the transition of the Gonwanide (Late Paleozoic) and the Andean

(Jurassic to present) orogenic cycles in South America. It has a geo-
chemical signature intermediate between mantle and crustal magmas
(Rapela et al., 1991, 1992; Rapela and Pankhurst, 1992). The Late
Triassic magmas of CPB have been recently proposed by Navarrete et al.
(2019) as part of an inland magmatic arc.

Early studies of the CPB in its type area interpreted it as intruded
syn-kinematically within a transcontinental NW-SE dextral shear zone
named “Gastre Fault System” (Rapela et al., 1991, 1992), a useful tool
widely invoked to restore Patagonia to achieve a tectono-stratigraphic
correlation between the Paleozoic successions from the Malvinas-
Falkland islands and the Cape fold belt of South Africa (Hole et al.,
2016; MacDonald et al., 2003; Marshall, 1994; Storey et al., 1999).
However, mesoscale observations in the type locality of the Gastre fault
were against the idea of Jurassic dextral transcontinental faults
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traversing the Gastre area (von Gosen and Loske, 2004; Zaffarana et al.,
2010, 2014). Furthermore, the results of a paleomagnetic study from
the overlying Lonco Trapial Formation indicated that no clockwise
tectonic rotations took place in the Jurassic through the Gastre area
(Zaffarana and Somoza, 2012). The internal structure of the CPB was
mapped using anisotropy of magnetic susceptibility (AMS), a study
which led to the definition of a pattern of NW-SE subvertical magmatic
and tectonic fabrics, interpreted as produced by a syn-tectonic empla-
cement within a sinistral transpressive regime (Zaffarana et al., 2017).
This work uses the same dense grid of sampling sites of that previous
AMS study of the CPB in order to study its deformation from the pa-
leomagnetic point of view. Paleomagnetism, as a unique tool able to
recognize tectonic block rotations in the vertical axis, is a fundamental
method to unravel kinematics of shear zones. The paleomagnetic pole
calculated in this study contributes to the discussion about the timing
and style of deformation of this area of the North Patagonian Massif.

2. Geological setting

2.1. Local geology

In its type locality in the area of Gastre, the CPB has an excellent
exposure, where it is composed of two superunits: the older Gastre
Superunit and the younger Lipetrén Superunit (Fig. 1). The oldest in-
trusive rocks are the equigranular hornblende-biotite granodiorites
(EHBG) which gradually pass to the porphyritic biotite-hornblende
monzogranites (PBHM, Zaffarana et al., 2014). The Gastre Superunit is
also composed of stocks of equigranular biotitic monzogranites (EBM),
stocks of dioritic to quartz-monzodioritic composition and dikes of
dioritic to quartz-dioritic composition (HQD-stocks and HQD-dikes,
Zaffarana et al., 2014). The dioritic to quartz-dioritic dikes intrude all
the previous units of the Gastre Superunit. The younger Lipetrén Su-
perunit, in turn, forms stocks and dikes of biotitic monzo- and syeno-
granites (BG) which intrude the Gastre Superunit. The Lipetrén Su-
perunit also comprises the Horqueta Granodiorite (HG, Rapela et al.,
1991, 1992), a set of granites and granodiorites bearing biotite as their
main mafic mineral.

The Gastre Superunit has a U-Pb zircon age of 221 ± 2 Ma (age
mentioned in Rapela et al. (2005) without providing analytical data)

and an Rb-Sr age of 222 ± 3 Ma (Rapela et al., 1992); isochrons re-
calculated by Zaffarana et al. (2014). The Gastre Superunit also has a
40Ar-39Ar stepwise biotite cooling age of 213 ± 15 Ma (Zaffarana
et al., 2014). The Lipetrén Superunit has a U-Pb SHRIMP (sensitive
high-resolution ion microprobe) zircon age of 215 ± 1 Ma (Lagorio
et al., 2015), and a 40Ar-39Ar stepwise biotite cooling age of
206 ± 4 Ma (Zaffarana et al., 2014). The Horqueta Granodiorite has a
U-Pb zircon SHRIMP crystallization age of 213 ± 2 Ma (Lagorio et al.,
2015), which partly overlaps with the 40Ar-39Ar stepwise biotite cooling
age of 211 ± 2 Ma (Zaffarana et al., 2014).

The oldest rocks intruded by the CPB are the Early Paleozoic
phyllites, quartzite layers, (injected) micaschists, amphibolites, gneisses
and migmatites of the Cushamen Formation, which are mostly exposed
north of the study area (López de Luchi and Cerredo, 2008; Volkheimer,
1964). However, a small septum of metamorphic rocks was recognized
in the Gastre area and was ascribed to this formation (Zaffarana et al.,
2012). The CPB is mainly hosted by the Late Paleozoic Calcatapul
Formation (Nullo, 1978; Proserpio, 1978), a metamorphic succession of
acidic and basic metavolcanic rocks along with thin layers of phyllites
and lenses of metaconglomerates (von Gosen and Loske, 2004;
Zaffarana et al., 2010). The CPB is also hosted by a granitic suite be-
longing to an earlier, Late Paleozoic-Early Mesozoic intrusive cycle
represented in the Gastre area by the Sierra del Medio and the Laguna
del Toro granites (Lagorio et al., 2015; Rapela et al., 1992), together
with the Yancamil Granite (von Gosen and Loske, 2004). More re-
gionally, this previous intrusive cycle is represented by the Mamil
Choique Formation (Cerredo and lópez de Luchi, 1998; López de Luchi
and Cerredo, 2008), which crops out towards the NNW of the area of
study, in the Mamil Choique area. The CPB is covered by the Early to
Middle Jurassic volcanic rocks of Lonco Trapial Formation (Page and
Page, 1994; Zaffarana et al., 2018a).

2.2. Deformation of the CPB in the context of the North Patagonian Massif

The analysis of microstructures and magnetic foliation data of the
CPB in Gastre demonstrate that its emplacement would have occurred
syn-tectonically with a transpressive deformation regime (Zaffarana
et al., 2017). The patron of the magmatic as well as the solid-state fo-
liations of the granites are subparallel, defining a trend of NW-SE

Fig. 1. Map of the studied area. A) Regional map of the CPB, with its type locality near Gastre and the correlated outcrops further south in the Deaseado Massif
(modified from Navarrete et al., 2019). B) Geological map of the study area modified from Zaffarana et al. (2017) integrating some structural features from Bilmes
et al. (2014). Sites with samples showing positive polarities are plotted with circles, those showing negative polarities are plotted with squares, and those with both,
positive and negative polarities, plotted with a star.
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subvertical structures. Within the North Patagonian Massif, there are
NW-SE trending subvertical structures which would constitute its
structural grain, inherited from the pervasive Late Paleozoic deforma-
tion (Álvarez et al., 2014; Giacosa et al., 2004, 2014; 2017; Renda et al.,
2019; von Gosen et al., 2002; Gosen, 2009; von Gosen and Loske,
2004).

As mentioned before, the existence of the “Gastre Fault System” as a
transcontinental, dextral transcurrent, fault system has been dismissed
by several authors (Franzese and Martino, 1998; von Gosen and Loske,
2004; Zaffarana et al., 2010, 2017; Zaffarana and Somoza, 2012). These
structures were analyzed in detail by von Gosen and Loske (2004), and
later they were reviewed by Zaffarana et al. (2010), to which they
added more evidence (Zaffarana et al., 2017). All the studied structures
have directions and senses of deformation different from each other,
without showing a clear predominance of the deformations by any of
them. However, it is true that the most prominent fractures are NW-SE,
but these have the same direction of the previous Paleozoic structures,
which were the hosts of the intrusion of the granites that make up the
batholith, acquiring a sub-parallel fabric (Zaffarana et al., 2010, 2017).

3. Analytical procedure

3.1. Sampling method, rock magnetism and demagnetization

This work presents the paleomagnetic measurements of the same
AMS sites reported by Zaffarana et al. (2017). The sampling method
was designed to fit for both kinds of studies (at least five different
samples were obtained from each sampling site). The collection of 1219
oriented cores belongs to 149 stations (Zaffarana et al., 2017, and re-
ferences therein). From those samples, 240 were studied for paleo-
magnetic proposes, of which, 100 had interpretable paleomagnetic
behavior and belonged to the CPB units.

The complete study of rock magnetism of the sampled units is
shown in Zaffarana (2011) and in Zaffarana et al. (2017). The presence
of titanomagnetite and low titanium magnetite is deduced in the dif-
ferent facies of the Gastre Superunit. Hematite was also detected in the
Lipetrén Superunit. It should also be noted that, in all the facies of the
CPB, there are pseudo-single domain magnetites and titanomagnetites
along with multidomain magnetites (Zaffarana, 2011).

Magnetic remanences were measured with a 2G cryogenic mag-
netometer in the Paleomagnetism Laboratory “Daniel A. Valencio” of
the IGeBA (UBA-CONICET). The thermal demagnetizations were car-
ried out by an ASC furnace and alternating fields (AF) demagnetizations
were done with the static demagnetizer attached to a 2G magnet-
ometer. AGICO “Remasoft” software was used to analyze the magnetic
behaviors of the samples and determine the characteristic remanent
magnetizations (ChRM).

3.2. Analysis and validation of the paleomagnetic data

The ChRMs were determined only in their geographic corrections
due to the lack of paleohorizontal evidence. However, this correction is
accepted as “in situ” due to their magnetic fabric coincidence with the
host rock fabrics (Zaffarana et al., 2012, 2017). Remanence directions
(ChRM) with less than 15° of Maximum Angular Deviation (MAD)
calculated using at least 3 demagnetization steps were exclusively ac-
cepted for the analysis (Kirschvink, 1980). Samples with less than 30%
of the NRM intensity after steps of 20 mT or 300 °C of demagnetization
were discarded, considering that low coercivities (Hc) or low un-
blocking temperatures could belong to spurious magnetic components
(Fig. 2). In each sampling site, there are different lithologies, corre-
sponding to the CPB forming magmatic event (Table 1). These samples
are not strictly coeval neither within a site nor between sites. Therefore,
the paleomagnetic analysis was performed using the ChRMs of the
samples without averaging them per site, according to Deenen et al.
(2011), and the whole sampling area was considered as belonging to
the same tectonic block (Fig. 1). Many of the rejected samples (55/100)
were very unstable, probably because their magnetization was domi-
nated by multi-domain magnetite (Zaffarana, 2011).

Virtual Geomagnetic Poles (VGPs) were calculated from each ChRM
(Fig. 3), and a cut-off angle of 40° was applied to the VGPs to filter
transitional and spurious data (Wilson et al., 1972). In order to validate
these results, a reversal test was carried out with the ChRM directions
corresponding to the VGPs inside the cut off angle. The reversal test was
positive with C classification, a Critical Gamma of 10.93 and an Ob-
served Gamma of 1.89 (McFadden and McElhinny, 1990). This test
implies that the demagnetization was successful in defining the primary
magnetization of the CPB and proves that the paleosecular variation

Fig. 2. Zijderveld diagrams showing the ChRMs (in gray) of demagnetized samples using alternate fields (up) and thermal method (down), also positive and negative
directions are shown.
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Table 1
Geographic coordinates of each site, ChRM of samples with their MAD and calculated VGPs. Below, normal and reverse mean directions with their statistical
parameters (Fisher, 1953). Those samples, from which VGPs that are inside the 40° window, are highlighted in gray. Sites with * where not used for the AMS study.
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was averaged (Fig. 4). A paleomagnetic pole was calculated re-
calculating the mean VGP directions to a reference point near the center
of the sampling area (Lat: 42.2°S; Long: 69.3°E). The statistical para-
meters of this paleomagnetic pole are: N = 45, Lat. = 81.4°S,
Long. = 207°E, K = 11.5, A95 = 6.6° (Fig. 5).

4. Discussion

In order to analyze the dynamics recorded by the remanent mag-
netic directions, integrated in the paleomagnetic pole shown in this
work, it is necessary to compare it with other paleopoles of the same
age. For this purpose, the global average poles calculated by Kent and
Irving (2010) and Torsvik et al. (2012) for 210 Ma, transported to South
American coordinates through the translations proposed in those
works, and also, the paleomagnetic pole calculated for the Norian by
Vizán et al. (2004) for the Upper Triassic rocks from Los Colorados hills
in Mendoza, were used (Fig. 6). The paleomagnetic pole calculated for
the Central Patagonian Batholith is close to the South American average
for 180 Ma (Ruiz González et al., 2019), as can be seen in Fig. 6. So that,
as mentioned before, the “Gastre Fault System” was proposed for the
Early Jurassic. Then, if these structures had acted during that time,
ChRMs recorded in the rocks would show a Jurassic age, due to a
pervasive remagnetization of the materials. But the existence of positive
and negative remanent directions of the samples, and the unreseted
ages calculated with the 40Ar-39Ar method by Zaffarana et al. (2014)
and Lagorio et al. (2015) strongly suggest that the magnetizations are
primary and that they were not remagnetized during Jurassic times.

As explained by Zaffarana et al. (2017), magmatic fabrics and low-
temperature solid-state fabrics are pervasive throughout the granite
bodies of the CPB. Sites with magmatic as well as solid-state fabrics are
part of the calculated paleomagnetic pole (see Table 1), showing no
difference in the ChRMs between sites with different deformation
styles. This implies that the ChRMS of magmatic fabric sites and the
ChRMs of the low-temperature solid-state fabric sites coincide due to
the brief time elapsing between both events, and it also implies that
both events happened over the Curie temperature of magnetite (580 °C;
Dunlop and Özdemir, 1997) and close to the Néel temperature of he-
matite (675 °C; O'Reilly, 1984). The coincidence in remanent directions
of both fabrics implies that the remanence was acquired during the Late
Triassic after the granitic rocks cooled. In addition, as shown in
Zaffarana et al. (2012), the Jurassic rocks of the Lonco Trapial For-
mation appear undeformed overriding the granites of the CPB. This also
corroborates, together with the remanence directions registered in the
CPB, that the deformation described in Zaffarana et al. (2017) did not
occur during the Jurassic.

Therefore, as the remanence registered in the CPB rocks was ac-
quired after the cooling of the batholith and the rocks were not

Fig. 3. Stereographic projection of positive (filled dots) and negative (empty
dots) Characteristic Remanent Magnetizations relative to the VGPs within a 40°
cut-off angle.

Fig. 4. Stereographic projection of the mean values of the ChRM directions: A)
normal and reverse means, and B) both means in reverse polarity (positive).

Fig. 5. Calculated paleomagnetic pole with its A95° (orange dot and oval) and
VGPs within a 40° cut-off angle (blue dots). (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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remagnetized after the Late Triassic, the next step is to characterize the
possible deformation for the area since Late Triassic times. When a
possible tectonic motion of the analyzed block is calculated with the
correlative Late Triassic poles, a vertical rotation is discarded (see
Table 2). When the CPB paleopole is compared with the pole of Vizán
et al. (2004), the uncertainty is greater than the proposed rotation,
which implies that, if it exists, it would not be detectable by comparing
these two poles. Besides, when the CPB paleopole is compared with
those of Kent and Irving (2010) and Torsvik et al. (2012) the rotation is
less than one degree, and its uncertainty is much higher than the cal-
culated rotation (see Table 2).

However, it shows a possible latitudinal displacement towards the
geomagnetic pole of the tectonic block of about 12°. Nevertheless, this
cannot be possible because it strongly contradicts the paleogeographic
configuration of southwestern Gondwana during the Late Triassic
(Hervé et al., 2008; Suárez et al., 2019; Vizán et al., 2017). Then, a
tectonic event could have affected the batholith and produce the tilting
of the block, during the Jurassic extensional period (Figari, 2005) and,
or, during a compressional stage, during the Late Cretaceous or later,
related to the Andean Orogeny (Bilmes et al., 2013, 2014; Savignano
et al., 2016; Zaffarana et al., 2018b). The main fractures in the Gastre
area show a NW-SE direction and could have been originated during the

formation of the Cañadón Asfalto Basin (Figari, 2005), where they
acted as normal faults (part of half grabens), probably developed aided
by the previous Paleozoic structures (Renda et al., 2019). This set of
semi-parallel fractures are also proposed to have acted as reverse faults
during the Late Cretaceous and, or, Miocene, triggered by the Andean
Orogeny, during the formation of the Gastre Basin (Bilmes et al., 2013,
2014; Savignano et al., 2016).

Two paleomagnetic studies determined the presence of vertical axis
rotation of tectonic blocks during Jurassic times in the southwestern
area of the North Patagonian Massif. One was performed in the Early
Jurassic Lonco Trapial Formation, in the outcrops immediately in the
north of the studied area, on the rocks overlying the CPB granites
(Zaffarana and Somoza, 2012), whereas the other study was carried out
south to the Gastre area, in the middle course of the Chubut River
(Geuna et al., 2000), in the Late Jurassic Cañadón Asfalto Formation.
The Lonco Trapial Formation blocks show counterclockwise vertical
rotation of ~20°, which implies a possible sinistral shear sense. In turn,
the Cañadón Asfalto Formation paleopole shows a vertical clockwise
rotation of ~30° of the studied area, which implies a possible dextral
shear sense. Hence, these studies show that the northern and southern
areas from the studied block report different senses of vertical axes
rotation during Jurassic times, but, in the southern block is recorded an
absence of vertical rotations since the Early Cretaceous (Geuna et al.,
2000). This context implies that the whole area suffered a complex
dynamic deformation during Jurassic times, synchronically with the
development of the Cañadón Asfalto Basin (Giacosa et al., 2004, 2014;
2017). However, this deformation had not affected, apparently, the
Central Patagonian Batholith at Gastre, as was proposed by Aragón
et al. (2011) in an analogous case: a body with the size and rigidity as
the CPB could have remained undeformed, while extensive stresses
were distributed between units of smaller thickness and cohesion, to the
north and south with opposite senses.

The formation of the Gastre Basin during the Andean Orogeny (Late
Cretaceous to Miocene times) could have affected the structural stabi-
lity of the studied block, because even the granitic body of the CPB
could have been tilted around 11° towards the NE, reactivating previous
Paleozoic structures that could have aided or channeled this deforma-
tion. These compressive efforts must have been of greater magnitude
than those related to the Jurassic extension, generating the creation
(aided by Paleozoic foliation) of inverse faults or reversing the normal
Jurassic faults (Savignano et al., 2016). Probably, the deformation of
the La Pava Formation during the Middle Miocene (Bilmes et al., 2014)
was associated with these displacements, recording an inclination si-
milar to the proposed for the studied block in this work.

Fig. 6. Central Patagonian Batholith paleomagnetic pole in orange, Los
Colorados paleomagnetic pole in black (Vizán et al., 2004), 210 Ma global mean
paleomagnetic pole by Kent and Irving (2010) in blue, 210 Ma global mean
paleomagnetic pole by Torsvik et al. (2012) in green, and South American APW
path modified from Ruiz González et al. (2019) in white squares. All paleo-
magnetic poles are plotted in South American coordinates. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 2
Statistical parameters comparing the calculated paleomagnetic pole of the CPB with the reference poles.

Tectonic Motions CPB pole Los Colorados (Vizán et al., 2004) 210 Ma Global Mean (Torsvik et al., 2012) 210 Ma Global Mean (Kent and Irving, 2010)
Latitude (N) −81.4 −76 −75.5 −76.3
Longitude (E) 207 280 257.5 259.8
Pole A95 6.6 8 2.2 2.9
Pole N 45 12 41 11
Poleward Displacement 13.4 ± 7.6 11.1 ± 5.1 10.9 ± 5.3

Apparent Rotation 7.0 ± 12.4 1.7 ± 7.1 0.1 ± 7.5

Bedding correction CPB pole Los Colorados (Vizán et al., 2004) 210 Ma Global Mean (Torsvik et al., 2012) 210 Ma Global Mean (Kent and Irving, 2010)
Declination 191.7 184.6 193.4 191.8
Inclination 59.1 71.3 69.8 69.7
Strike/Dip 293.2/12.6 278.2/10.7 281.5/10.6
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5. Conclusions

The development of the fractures and lineaments of the so-called
“Gastre Fault System” has, possibly, its origin in the fabric inherited
from the Late Paleozoic, a set of structures with an NW-SE direction.
These same structures would have facilitated the intrusion of the
granite bodies that formed the CPB during the Late Triassic, making the
fabric of these granites to be subparallel to these Paleozoic structures.
The paleomagnetic pole obtained in this work was defined by rocks
bearing magmatic, high-temperature and low-temperature solid-state
deformation. This constraints the magmatic and solid-state deformation
events to Late Triassic times during the emplacement and cooling of the
batholith. The intrusion of the granites of the CPB generated local de-
formations within the batholith, with different kinematics, directions
and senses. After the cooling of the CBP, during the Early Jurassic the
depocenters of the Cañadón Asfalto Basin began to form, generating
normal faults throughout the area. The formation of those faults and
their complex kinematics could have triggered the rotation and tilting
of blocks. By the Early Cretaceous these depocenters were filled, and
the rotations of the tectonic blocks ceased. Finally, due to the stresses
associated with the Andean Orogeny in the studied area, the inherited
Paleozoic foliation of the CPB and, or, the discontinuities and fractures
generated during the opening of the Cañadón Asfalto Basin would have
helped the development of reverse faulting. One of these structures
responsible for the tectonic inversion could have generated the tilting
towards the NE of 11°, which was observed in the tectonic block of the
CPB studied in this work.
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