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Following the steps of CHIPA:
Chilenia and Patagonia formed the
same drift terrain that collided
with the southwest Gondwana
margin during the middle
Paleozoic
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Geological evidence indicates that the deformation along the southwest
Gondwana margin began during the Middle-to-Late Devonian (the Acadian-
Chafiica orogenic phase in Argentina). It has been interpreted that this
deformation occurred as a consequence of the collision of Chilenia from the
west and Patagonia from the south-southwest with Gondwana. As both Chilenia
and Patagonia collided at the same time, in this study, we proposed that these
continental blocks conform to the same allochthonous drift terrain, named here as
CHIPA. The geological evolution of this margin is still under debate. Field work,
paleomagnetic studies, and anisotropy of magnetic susceptibility (AMS) studies
were integrated from different localities along this paleomargin in Argentina. In
Permian rocks, all the geological indicators show a clear regional NW-SE
elongation signature and NE-SW shortening direction. The middle Devonian to
Permian patterns are more complex as the result of stress interference and the
overlapping of orogenic activities with different intensities and ages. The
deformation that started as the product of the CHIPA collision with Gondwana
during the Middle Devonian continued through the Permian (the Hercinian-San
Rafael orogenic phase in Argentina) as post-collisional compressive deformation,
consequence of the paleogeographic re-organization of Gondwana and
Laurentia, which moved toward the Equator from the south and the north,
respectively, to form the Pangea supercontinent during the Triassic.

KEYWORDS

CHIPA, Chilenia, Patagonia, southwest Gondwana, paleomagnetism, anisotropy of
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1 Introduction

Although Dalmayrac et al. (1980) proposed the existence of a
“Southeast Pacific continent,” which collided with Gondwana during
the Paleozoic, the controversy about the origin of Patagonia only began
after (Ramos 1984; Ramos 2008) who proposed that Patagonia should be
recognized as an allochthonous terrain. From that moment on, new
models emerged that can be grouped into collisional or intracontinental
deformation evolutional models (see references in Tomezzoli and
Cristallini, 2004; Tomezzoli, 2012). There are still doubts about
Patagonia possible, particularly regarding when the main deformation
occurred along this part of the margin of Gondwana and whether it was
associated with collisions. Although some researchers have proposed
that the deformation occurred in a single phase during the late Permian-
Triassic, others have suggested that it began in the Late Devonian-Early
Carboniferous and continued up to the Permian.

The accepted terrains accreted on the western Gondwanan cratonic
nucleus (Rio de la Plata) before the Late Devonian-Early Carboniferous
are as follows: Antofalla, Chilenia, Cuyania, and Pampia (Figure 1A).
The collision between El Deseado Massif and the North Patagonian
Massif would have occurred in the early Paleozoic (Ramos, 2008) or,
according to Pankhurst et al. (2006), during the Middle Carboniferous.
In recent years, abundant data has emerged demonstrating that during
the Middle Devonian (390 Ma approx.) a peak of high-pressure
metamorphism occurred at approximately 40°S (Martinez et al,
2012; Garcfa-Sansegundo et al, 2016; Hervé et al, 2018; Calderon
et al,, 2020; Dahlquist et al., 2020; Rapela et al., 2021; Serra-Varela et al,,
2021; Oriolo et al., 2023). The evidence allowed Hervé et al. (2016, 2018)
to propose a Late Devonian-Early Carboniferous accretion of an island
arc complex, while Martinez et al. (2012) concluded that Chilenia would
have subducted during the Middle Devonian (390 Ma approx.) below
the North Patagonian Massif, extending the southern margin of
Chilenia to the current 42° south latitude.

10.3389/feart.2023.1225271

The region analyzed in this work extends from the geological
area of the Sierras Australes (Sierra de la Ventana or Ventania
System), Chadileuvt Block, and San Rafael Block (Figure 1B), in a
belt known as the “Cordon de los Gondwénides” (Keidel, 1916) or
SamFrau belt (duToit, 1927).

Based on paleomagnetic studies (see the methodology in
1980;  Butler, 1992), anisotropy of magnetic
susceptibility studies (the AMS ellipsoid is coaxial with the
deformation ellipsoid; see the methodology in Tarling and

Valencio,

Hrouda, 1993), and fieldwork in the localities mentioned above,
an evolution model of the area is presented. It integrates a collisional
process that began in the Middle Devonian (Acadian orogeny or
Fase orogénica Chanica—ChOP—in Argentina) related to the
collision of Patagonia from the south and Chilenia from the west
and a post-collisional process that continued until the Permian
(Hercinian Phase-Fase orogénica San Rafael in Argentina, SROP-
Gondwanan orogeny). The last manifested itself in a non-collisional
way, generating intracontinental deformation as part of the
adjustment of the previously coupled terrains. At the same time,
Gondwana and Laurentia underwent latitudinal movements toward
the Equator, resulting in the formation of the Triassic Pangea
(Tomezzoli, 2001; Tomezzoli et al., 2018).

2 Geological, paleomagnetic, and
anisotropy of magnetic susceptibility
evidence

2.1 Sierras Australes-Claromeco Basin,
Buenos Aires province

Perhaps one of the key localities to understand the

paleogeographic evolution of the southwestern margin of
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FIGURE 1

(A) Terrains accreted in the Argentinian territory during the Paleozoic. (B) Location map of the studied localities featured in this study along with the
Gondwanides belt (Keidel, 1916; bluish stripe) or SamFrau belt (Du Toit, 1927), from Sierras Australes (East) to San Rafael Block (northwest).
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Sierras Australes study area located in the southwest of the Buenos Aires province (see Figure 1). (A) Stratigraphic profile. (B) Structural cross-section
taken from Tomezzoli and Cristallini, (2004). Notice that the western sector presents (Sierras de Curamalal and Ventana) more deformed strata than the
eastern sector (Sierra de las Tunas and Pillahuinc). The differences in the style of the deformation between the base and the top of the sequence are
visible in the outcrops and are therefore indisputable. (C,D) To the west (base of the sequence; Curamalal and Ventana groups), up to eight folding
orders were recognized (Harrington, 1947). (E,F) Toward the east (top of the sequence; Pillahuincd group), the folds tend to expand into a cylindrical type

and smooth their wavelengths until they become horizontal.

Gondwana is the Sierras Australes area in the Buenos Aires province
(Figure 1B). These ranges, with a general northwest-southeast strike
and northeast vergence, are interpreted as a Paleozoic fold and
thrust belt (Tomezzoli and Cristallini, 2004), deforming and
exhuming part of the Claromecé Basin (Figures 1B, 2). Here
outcrops the most complete stratigraphic column of the
southwest Gondwana with ranging from
Precambrian to Permian divided into three main orographic/
geologic units: the Curamalal, Ventana, and Pillahuincé ranges/
groups (Harrington, 1947; Suero, 1972). The oldest unit outcrops to
the west and the youngest to the east (Figure 2A).

Despite having good exposures, the geology of these ranges is

margin, rocks

complex, mainly because not all rocks are easily dated and/or
distinguishable from each other. The Curamalal and Ventana
groups are very si milar, and even the possibility that they are
the same sequence repeated by inverse faults has been considered by
some authors (Tomezzoli and Cristallini, 2004; Figure 2B). In the
quartzites of the Curamalal and Ventana groups (Figures 2C, D),
situated in the western sector (the base of the sequence), there is less
greenschist metamorphism (Buggish, 1987; Von Gosen et al., 1991),
while in the Pillahuinc6 group (Sierras de las Tunas, north and
Sierras de Pillahuincd, south; Figures 2E, F), situated in the eastern
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sector (top of the sequence), there is a medium-to-high degree of
diagenesis (Arzadun et al., 2016). Additionally, there are visible and
indisputable differences in the style of the deformation between the
base and the top of the sequence. To the west (Curamalal and
Ventana groups), up to eight folding orders have been recognized
(Figures 2C, D; Harrington, 1947). The folds tend to have shorter
wavelengths and overturned defined flanks. Toward the east
(Pillahuincé group), the folds tend to expand into a cylindrical
type and smooth their wavelengths (Tomezzoli, 2001) until they
become almost horizontal (Figure 2E, F) in the easternmost areas of
the ranges. Furthermore, within the Pillahuincé group itself, there
are differences in the intensity of the deformation, as the base is
more deformed than the top (Figures 2E, F). It is not disputed that in
the Sierras Australes area, the deformation attenuates in space (to
the east-northeast) (Figure 2) and time (up to the Permian)
(Tomezzoli, 2001; Arzadun et al., 2018). Moreover, the sequence
is covered in unconformity (Cenozoic deposits).

The contact between the Middle Devonian Lolén Formation
(Givetiano; Cingolani et al., 2002), which is the youngest unit of the
Ventana group (Figure 2A), and the Carboniferous Sauce Grande
Formation (Di Pasquo et al., 2008), which is the oldest unit of the
Pillahuincé group, is controversial (Figure 3). There is a consensus
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(A) Structural sketch of the Lolén formation (top of the Ventana group; see Figure 2) at Las Acacias locality. Paleomagnetic sites are indicated. (B) The

AMS fabric is oblate and the K,,,.x and K;,,; axes are contained in the cleavage planes, lying close to the vertical and aligned with the strike of the structure in
a NW-SE direction. The K, axes are always grouped in a northeast direction close to the horizontal and perpendicular to those planes. From the
disposition of the AMS axes on the cleavage planes, it can be deduced that this fabric is oblate and of tectonic origin (type C to D, following the
conceptual model of Weil and Yonkee, 2009; Tomezzoli et al., 2018), indicating a SW-NE maximum compression direction. (C,D) Tight cleavage planes
are common, cutting through previous structures and imparting fissility to the rocks. (E) Lolén PP position indicating a Permian remagnetization.

that between both formations there is a regional unconformity and a
hiatus that suppressed part of the Carboniferous (Harrington, 1947;
Kilmurray, 1975; Varela, 1978; Andreis, 1979). Nevertheless, certain
authors consider this as a rheological unconformity, exhibiting
distinct deformation behavior above and below it, suggesting a
singular deformation phase that took place during the late
Permian (Japas, 1987; Ramos et al, 2017). For others, this
unconformity is tectonic and a product of a deformation that
started in the Devonian (Massabie and Rossello, 1984; Lopez
Gamundi et al., 1995; Tomezzoli, 1997; Tomezzoli and Cristallini,
1998) and continued until the Permian (Tomezzoli, 1997; Tomezzoli
and Cristallini, 2004), even folding the Lolén-Sauce Grande
unconformity. According to these authors, the Sauce Grande
Formation originated from the erosion of the Lolén Formation,
which was affected by the Devonian deformation.

The Lolén Formation (Figures 3A-D) is composed of micaceous
sandstones, phyllites, and shales with lenticular beds of fine
conglomerate, with a strong northwest-southeast cleavage
direction (Sellés Martinez and Quenardelle, 1992; Japas et al., 2001).

In slightly deformed clastic rocks, it is usual to find an oblate-
type magnetic susceptibility fabric that responds to the depositional
process, with the K,,;,, axes perpendicular to the bedding planes
(Tarling and Hrouda, 1993; Weil and Yonkee, 2009; Hrouda and

Frontiers in Earth Science

Chadima, 2020). In the Lolén Formation case (Figure 3B), the K,
and K;,, axes are contained in the cleavage planes that cut the
previous folding structures, lying close to the vertical and aligned
with the strike of the structure in a NW-SE direction. The K,,,;,, axes
are always grouped in a northeast direction close to the horizontal
and perpendicular of those planes, defining dominantly oblate
ellipsoids of tectonic origin (AMS fabric, transitional between
types C and D, following the conceptual model of Weil and
Yonkee, 2009). This AMS axes arrangement indicates a SW-NE
2018;
Figure 3B). From paleomagnetic studies, it emerges that these

maximum compression direction (Tomezzoli et al,
rocks bear a postectonic remagnetization carried by hematite
and/or magnetite, which is located in the apparent polar wander
path (APWP) of South America (Tomezzoli, 2009; Gallo et al., 2017)
in the Permian position close to that of the Tunas II paleomagnetic
pole (PP; Tomezzoli, 2001; Figure 3E) aged 280.8 + 1.9 Ma (Lopez-
Gamundi et al., 2013; Arzadun et al., 2018). The fact that these rocks
are carriers of a postectonic remagnetization and a tectonic magnetic
fabric indicates the overlap of different coaxial deformation events,
as documented by other authors (Andreis, 1979; Japas, 1989; Sellés
Martinez and Quenardelle, 1992; Japas et al., 2001).

The Pillahuincé group of Carboniferous-Permian is separated
from base to top in the Sauce Grande, Piedra Azul, Bonete, and

frontiersin.org
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AMS results in the Pillahuincd group (Arzadun et al., 2021b). (A) Stratigraphic profile. (B) AMS ellipsoids in the Pillahuincd group. K.« always remains

in a NW-SE position, parallel to the axes of the folds. (C) The Sauce Grande Formation (base of the sequence) presents oblate ellipsoids, with K,,;, grouped
in the first quadrant, almost horizontally, suggesting a flattening of the fabric with tectonic control (type D, following the conceptual model of Weil and
Yonkee, 2009). Moving stratigraphically upwards into Piedra Azul, Bonete and also the base of the Tunas Formation, the ellipsoids tend to change to
prolate shapes with a persistent K. in @ NW-SE position, while the K,,,;, axes grouped in the first and third quadrant tend to move toward the vertical
(center of the stereographic network), showing a transition to a dominant sedimentary fabric (type C, following the conceptual model of Weil and Yonkee,
2009). (D) Different aspect between the Sauce Grande Formation (base; deformed) and the Tunas Formation (top; undeformed).

Tunas formations (Figure 4A). The Sauce Grande Formation
consists of glaciomarine dating to the Late Carboniferous age
(Pennsylvanian-Cisuralian; Di Pasquo et al, 2008). The Piedra
Azul Formation is primarily comprised of mudrocks, whereas the
Bonete Formation, which is of early Permian age, is characterized by
fine sandstones with white spots, interbedded with gray mudrocks
(Arzadun et al., 2016). The Tunas Formation, of Permian age, has
fine-to-medium sandstones interbedded with green and red
mudrocks. In this unit, the vegetal structure that corresponds to
Glossopteris, Gangamopteris, Lycopsids, and woody tissues can be
distinguished. Additionally, there are some tuff levels intercalated in
the sequence, indicating the presence of pyroclastic activity in
Gondwana during the early Permian, with U/Pb data of
291-280 Ma (Lopez-Gamundi et al.,, 2013; Arzaddn et al., 2018).
The study of the Tunas Formation has accumulated knowledge
spanning various scientific disciplines over the course of decades.
Sedimentary (Andreis et al., 1979), structural (Cobbold et al., 1992;
Lopez Gamundi et al., 1995; Choque et al., 2022; between others),
compaction (Arzadun et al, 2013; Arzadtn et al., 2016; Febbo,
2023), paleomagnetic (Tomezzoli and Vilas, 1999; Tomezzoli, 2001),
and AMS studies (Arzadin et al.,, 2016; Arzadan et al., 2021b; Febbo
et al, 2021) indicate that during the Tunas sedimentation, the
Claromec6é  Basin  (Figure 1B)  underwent
paleogeographical ~changes. Differential shortening occurred
between the base and top, as noted by Tomezzoli (1999),

significant
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alongside distinct signs of continentalization, as observed by
Zavala et al. (1993). The top of the Tunas Formation outcrops
completely horizontally in the center of the basin close to the
Gonzalez Chavez locality (Figure 1B).

AMS results in the Pillahuincéd group (Arzadin et al., 2021a)
show that the K,,,,, axes trend always NW-SE, parallel to the fold
axes (Figures 4B-D). The K,,,;,, axis shows a bimodal distribution. At
the base of the sedimentary column (Sauce Grande Formation,
Figures 4B-D), on the westernmost and more deformed
localities, the AMS study yields oblate ellipsoids (T > 0), with
K,uin axes grouped in the first quadrant almost horizontally.
These K,,;, axes, trending SW-NE perpendicular or scattered
away from the poles of the bedding planes, suggest a flattening of
the fabric with tectonic control (AMS fabric type D, following the
conceptual model of Weil and Yonkee, 2009), produced by a
maximum compressive stress (ol) parallel to that direction
(Figure 4). The Piedra Azul and Bonete formations (Figure 4C)
show ellipsoids with prolate shapes (T < 0) and K,,,;, axes in the first
and third quadrant grouped toward the center of the stereographic
net (AMS fabric type C, following the conceptual model of Weil and
Yonkee, 2009). At the base of the Tunas Formation, the ellipsoids are
oblates again, with the K,,,;,, axes tending to be grouped horizontally
(Arzadun et al., 2016; Arzadtn et al., 2021b; Figure 5), indicating a
reactivation of the deformation (AMS fabric type D, following the
conceptual model of Weil and Yonkee, 2009) in a new cycle of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1225271

Tomezzoli et al.

10.3389/feart.2023.1225271

Sierras Australes }

Lithology
mud sand  gn

Formation

Tunas

Gonzales
Chaves

e

\54‘“ 3

A )

Ea. La Susana

Sierra de
la Ventana

[ Cenozoic deposits

[ Permian sandstones and
siltstones (Tunas Fomution)

[ Corbon¥erous Permian

Group

siltstones and clay stones.
[ Carboniferous damictites.

[ D evonian sandstones and }

me zlhrnﬂevms—?umin _%

siltstones
[ silwian quarcites
Ordndclan cuarcton e
]
conglomer

Ventana
Group

Sanpledlocalities
Kmax

ermm

K
Bedding planes

‘. \ <
L { ,u‘

38°00'

PP N

-
;‘" / l ‘A}\p #b\ Geographic
as ?

Equal-area

coordinate Ld projection

%A e 1 system L) N=452
.
Q ¢

% ! A
2 20k o ol L4 90
N 4
\ \Ad
/
/
Kim
K2 A

FIGURE 5

AMS results in the Tunas Formation (Arzadun et al., 2016), where the ellipsoids are oblates with K,,,;, axes tending to be horizontal at the base (type D,
following the conceptual model of Weil and Yonkee, 2009); through the top they change to the vertical (type C, following the conceptual model of Weil
and Yonkee, 2009). It is like the deformation acted spasmodically. The shortening direction indicates that the maximum stress along this part of
Gondwana came from the southwest and remained stable during the Early Carboniferous up until the Permian. The deformation propagated in a
diachronous fashion eastward to the foreland, displaying signs first of a decrease and a subsequent pick up of intensity to decay again, suggesting cycles
of higher and lower deformation intensity; the first one between the Sauce Grande and Bonete formations (nearly 300 to 290 Ma) and the second one in

the Tunas Formation (290-276 Ma; Arzadun et al., 2018).

greater orogenic activity in the basin during the early Permian, but
always maintaining the SW-NE shortening direction (Figure 6). At
the top of the sequence, the K,,;,, axes move again to a vertical
position (AMS fabric type A, following the conceptual model of Weil
and Yonkee, 2009), accompanied by a decrease in the degree of
anisotropy (Arzaduin et al., 2016; Figure 5), indicating an attenuation
of the deformation to the younger strata located to the east in the
center of the Claromec6 Basin, in the Gonzalez Chaves locality (see
details of these outcrops in Arzadun et al., 2016; Febbo et al., 2021;
Febbo, 2023; Figures 1, 5). The provided results offer additional
proof of the migration of the orogenic front toward the foreland
basin, where deformation occurred spasmodically in cycles of
varying intensity (Figures 5, 6).

Comparing our results with the conceptual models proposed by
different authors (Saint-Bezar et al., 2002; Parés and van der Pluijm,
2003; Weil and Yonkee, 2009) about the parameters anisotropy
degree (Pj) vs. the shape parameter (T), and looking at the evolution
of the ellipsoids in the different localities from the base to the top of
the sequence (Figure 6), it is clear that they change, showing a
decreasing trend of the degree of anisotropy toward the younger
formations, located toward the east (Figure 6). The shape parameter
shows average values larger than zero (T > 0) in the Sauce Grande
Formation, indicating oblate shapes of tectonic (AMS fabric type D,
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following the conceptual model of Weil and Yonkee, 2009) origin
(K, in the horizontal) that changed to T average values minor than
zero (T < 0) toward the Piedra Azul and Bonete formations,
indicating prolate shapes, which suggests
sedimentary fabric (type B to A, following the conceptual model

a transition to

of Weil and Yonkee, 2009), with K,,,;,, moving to the vertical (Figures
4,6). In the base of the Tunas Formation itself (Figures 5, 6), T values
change again to oblate shapes (T > 0) of tectonic origin (K,,;, in the
horizontal) that move to the top of the sequence to prolate and
oblate shapes of sedimentary origin (AMS fabrics are transitional
between type D to B-A, following the conceptual model of Weil and
Yonkee, 2009). Some changes in the AMS patterns were observed in
the subsurface of the Claromecé well PANG 003 (Febbo et al., 2021),
confirming that the degree of deformation was gradually attenuated
upwards in the sequence to the younger strata and toward the
foreland in the eastern Claromecé Basin. The AMS results in the
Pillahuincé group are consistent with the outcrop structural
observations (see previous references; Figure 2), compaction
(Arzadun et al, 2013; Arzadun et al., 2016; Febbo, 2023), and
paleomagnetic data (Tomezzoli, 1999; Tomezzoli and Vilas, 1999;
Tomezzoli, 2001).

Paleomagnetic studies in the Tunas Formation (Tomezzoli and
Vilas, 1999; Tomezzoli, 2001) allow the isolation of a characteristic
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FIGURE 6

(A) Pj vs. T (anisotropy degree and shape parameter, respectively; Jelinek, 1981; Tarling and Hrouda, 1993) showing that along the stratigraphic
succession, in the Sierras Australes area, the ellipsoids changes from oblate to prolate, indicating different cycles of tectonic-sedimentary deformation
(Arzadun et al,, 2016; Arzadun et al,, 2021a). (B) simplified curve that shows more clearly the evolution of the deformation. SD (in red): Spasmodic
Deformation (moments in which the deformation was reactivated more strongly). The orange arrows indicate the increase of the shortening, from

the top to the base, as the deformation decreased at the top of the sequence. R76, Ruta 76; LS, La Susana; SC, San Carlos; GA, Golpe de Agua; AP, Arroyo
Paretas; LM, Las Mostazas; 2M, 2 de Mayo; GC, Gonzales Chaves (see location of the sample localities in Figures 1, 5, 6). (C) Comparison with conceptual
models (Saint-Bezar et al., 2002; Parés and van der Pluijm, 2003; Weil and Yonkee, 2009).

remanent magnetization with reverse polarity (positive inclination
for the Southern Hemisphere) carried by hematite. However, the
type of magnetization is different in Sierra de las Tunas (see the San
Carlos locality in Tomezzoli and Vilas, 1999) than in Sierra de
Pillahuincé (see the Las Mostazas locality in Tomezzoli, 2001). In
Sierra de las Tunas, at the base of the stratigraphic column, the
magnetizations are syntectonic at 35% of unfolding (Tomezzoli and
Vilas, 1999), whereas in Sierra de Pillahuincd, where the strata are
younger, the magnetizations are syntectonic at 85% of unfolding
(Tomezzoli, 2001). From the final mean directions corrected by
structure, the Tunas I and Tunas II paleomagnetic poles (PPs;
Tomezzoli and Vilas, 1999; Tomezzoli, 2001; respectively) were
calculated. Both PPs have good consistency with coeval
paleomagnetic poles from other regions of the southwest
Gondwana margin (Tomezzoli, 2009; Gallo et al., 2017) with ages

Frontiers in Earth Science

bound between the early Permian (Tunas I PP, with 295.5 + 8.0 Ma;
Arzadun et al,, 2018) and early late Permian (Tunas II PP, with
280.8 + 1.9 Ma; Lopez Gamundi et al., 2013; Alessandretti et al.,
2013; Arzadun et al.,, 2018).

The abrupt change in the trajectory (cusp) of the APWP of
Gondwana during the late Paleozoic (see Figure 3E) is accompanied
by alternating periods of strong and mild deformation (Figures 4-6),
evidenced by geological changes in the outcrops (from Harrington,
1947, onwards), micro-tectonic characteristics (Arzadin et al,
2021a; Choque, 2022; Febbo, 2023), types of magnetizations
(Tomezzoli and Vilas, 1999; Tomezzoli, 2001), and different
AMS signatures (Arzadun et al, 2016; Arzadin et al, 2021b;
Febbo, 2021). The shortening direction indicates that the
maximum stress along this part of the Gondwana comes from
the southwest and remained stable

during the Early
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A Cerro Colorado

Cerro de los Vigjos

FIGURE 7

Equatares

West of the Sierras Australes outcrop. (A) Cerro Colorado granite (this study) with a penetrative cleavage (ballas quarry) that gives rise to a gneiss-
mylonitic texture and ages ranging from 531 Ma (Rapela et al., 2003) to 381 Ma (Massabie et al., 1999). (B) Lopez Lecube syenite (application rock quarry;
Tomezzoli and Vilas, 1997) is considered post-orogenic because it appears as a very uniform and fresh rock, with no evidence of alteration or tectonic
deformation (Cingolani and Varela, 1973, between others). Proposed ages for this rock are 258 + 2 Ma (Pankhurst et al., 2006), 251.5 + 3.0 Ma
(Tohver et al., 2008), 227 + 32 Ma, and 240 + 12 Ma (Cingolani and Varela, 1973). (C) Cerro de los Viejos (structural data from Tickyj et al., 1997); mean
magnetic fabric elements: K,,.x and K,;, are shown in relation to principal mesoscopic fabric elements (main foliation = s; and lineation = ;) (Tomezzoli

et al,, 2003).

Carboniferous up to the Permian. The eastward propagation of
deformation toward the foreland initially showed a decrease in
intensity, followed by a subsequent increase, and then another
decrease. This pattern suggests cycles of alternating higher and
lower deformation intensity. The first one occurred between the
Sauce Grande and Bonete formations (approximately 300 to
290 Ma), whereas the second took place within the Tunas
Formation (290-276 Ma; Arzadun et al, 2016; Arzadun et al,
2018; Arzadun et al., 2021a).

In the same region, different types of igneous rocks outcrop
(Figures 1, 7). From east to west, the first outcrop corresponds to the
Cerro Colorado granite and the Lopez Lecube syenite, and then the
Cerro de los Viejos mylonitic-gneiss (Figures 1, 7). The Cerro
Colorado granite is located 40km west of Sierras Australes
(Figures 1, 7A) and was interpreted to be part of the basement
(Harrington, 1947; Varela et al., 1990). The body is elongated in a
southwesterly direction, approximately 1 km long by 300 m wide,
and is mainly composed of granites with a leucocratic tendency and
grainy texture, with reddish and grayish tones (Grecco et al., 1984;
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Grecco and Gregori, 1993; Grecco et al.,, 1997). From a structural
point of view, the Cerro Colorado granite presents a penetrative
cleavage that gives rise to a genesis-mylonitic structure (Massabie
etal., 1999). In fact, the cleavage is so strong that it is a ballast quarry.
The ages calculated for the Cerro Colorado granite are as follows:
Rb/Sr 427-392 Ma (Cingolani and Varela, 1973), Rb/Sr 487 + 15 Ma
(Varela et al., 1990), Rb/Sr 381 + 9 Ma (Massabie et al., 1999), U/Pb
531 + 4 Ma (Rapela et al., 2003), and U/Pb 523 + 4 Ma (Tohver et al.,
2012).

The Loépez Lecube syenite emerges 80 km west of Sierras
Australes (Figures 1, 7B). This intrusive body is made up of a
syenite with an alkaline and granite affinity (Gregori et al., 2003). It
appears roughly as a very uniform and fresh rock, in which there is
no evidence of alteration or apparent tectonic deformation
(Cingolani and Varela, 1973; Tomezzoli and Vilas, 1997). These
rocks were interpreted, based on the Rb/Sr age of 227 + 32 Ma and
K/Ar 240 + 12 Ma, as an intrusive of postectonic origin related to the
structural evolution of Sierras Australes (Cingolani and Varela,
1973) and correlated with the Gondwanic magmatic cycle that
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South America

FIGURE 8

Carapacha Basin (Calencd)
N

Paleomagnetic and AMS results in the Carapacha Basin (Tomezzoli et al., 2006). (A) Position of the Carapacha Basin PPs in the APWP of South
America during the late Paleozoic. Even when both PPs are postectonic (Tomezzoli et al.,, 2006), the older Curacd member registered a tectonic AMS
signature (type C, following the conceptual model of Weil and Yonkee, 2009) data, which was not the case in the Calencé member. (B) Different AMS
signatures of both members in the Carapacha Basin (type B to A, following the conceptual model of Weil and Yonkee, 2009).

developed in the La Pampa and Mendoza provinces (located to the
west; see Figure 1) due to their similarities in age and chemical
composition (Linares et al., 1980; Varela et al., 1985; Rapela et al.,
1996). More recently, U/Pb ages of 258 + 2 Ma (Pankhurst et al,
2006) and 251.5 + 3.0 Ma (Tohver et al., 2008) were obtained.
Paleomagnetic behavior in the Lopez Lecube samples was stable in
all the analyzed specimens and a reverse polarity characteristic
remanent magnetization could be isolated for the Southern
Hemisphere acquired during the Kiaman Supechron (late
Permian; Tomezzoli and Vilas, 1997). No paleomagnetic results
are available for the Cerro Colorado and Cerro de los Viejos
localities.

In some specimens from Cerro Colorado, the AMS was
measured, showing the K,,;, axes distribution in intermediate
positions between the horizontal and vertical in the NE quadrant
of the stereographic net (Figure 7A), indicating an AMS fabric of
transitional origin between magmatic and tectonic (AMS fabric type
C, following the conceptual model of Weil and Yonkee, 2009). This
geological body merits more detailed study. The AMS results from
Lopez Lecube (Figure 7B) show a prolate pattern (AMS fabric type
C, following the conceptual model of Weil and Yonkee, 2009), where
the Kmax axis (located to the west) is parallel to the lineation given
by the subparallel orientation of prismatic amphibole crystals
(Tomezzoli and Vilas, 1997). This AMS fabric was related to the
conditions during the magmatic emplacement as there is no
evidence of deformation in the data or in the rocks. The AMS
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results in the Lopez Lecube syenite differ from the regional AMS
pattern measured in the other nearest localities (Cerro Colorado
granite, this study; Tunas Formation, Arzadin et al., 2016; Arzadin
et al,, 2021b; Carapacha Basin; Tomezzoli et al., 2006; and Cerro de
los Viejos; Tomezzoli et al., 2003), where there is clear tectonic
signature.

2.2 Chadileuvu Block, La Pampa province

The great diversity of lithology in the Paleozoic rocks that
outcrop in the La Pampa province in the center of Argentina
(Figures 1B, 7C) means this area is of special geological interest.
Cerro de los Viejos (CLV), well studied by Tickyj et al. (1997), is
located north of the Colorado River (Figure 1). This granite body
forms an elliptical isolated outcrop, 1.5 km by 1km, in an area of
very low relief characterized by recent sedimentary deposits (Tickyj
et al,, 1997). U-Pb dating has yielded a concordia age of 468.0 +
2.7 Ma (Chernicoff et al., 2022). The K/Ar ages in biotite are 304 +
15 Ma and 330 + 15 Ma (Linares et al., 1980). K/Ar ages obtained in
muscovite are 260 + 13 Ma, 265 + 13 Ma, and 261 + 13 Ma. Rb/Sr
ages obtained in muscovite are 279.9, 358.3, and 406.9 Ma (two-
point isochron; Ri assumed: 0.715). The 359 Ma age is considered as
a mixture of the micas coming from the granite protolite and the
micas recrystallized during the main deformation event (Tickyj
et al, 1997). The discrepancies in the ages are the result of the
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Sierra Chica locality (Tomezzoli et al., 2013a) paleomagnetic and AMS results. (A) It is possible to appreciate the textural and structural differences
between the different units; 1) trachyandesites outcropping on the route with intense jointing; 2) base of the sequence, with clear stratification planes that
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(Tomezzoli et al,, 2009). (C) AMS with different signatures and bedding planes between the base (tectonic; type D, following the conceptual model of

Weil and Yonkee, 2009) and the top of the sequence (sedimentary; type C, following the conceptual model of Weil and Yonkee, 2009).

superposition of different ductile deformation events. At least two
events are the most prominent macroscopically with gradational
contact, slightly foliated orthogneiss (or granitic gneiss) and
mylonitic gneiss (Tickyj et al., 1997).

The principal and prominent foliation (s;) in the outcrops is
defined by the parallelism of lenticular grains and aggregates of
feldspar and quartz. S; is penetrative throughout the mylonitic gneiss,
with 146°/27° (average; convention used in this paper for planes:
strike and dip RHR; Figure 7C; Tickyj et al, 1997), and is
synchronous with a regional medium-grade metamorphism
condition, with northeast vergence (Tickyj et al, 1997). In some
areas, the granitic gneiss is more quartz-rich, and the contacts
between fine and coarse-grained domains form narrow and well-
foliated zones, with a well-defined mineral lineation (1) plunging 25°
toward 222°; this lineation is marked by aligned recrystallized quartz-
feldspar-mica aggregates and tourmaline (Tomezzoli et al,, 2003).
The secondary foliation (s2) is observed only locally and is attributed
to a NNE shear zone that tilts to the WNW (Figure 7C; Tickyj et al.,
1997). Secondary structures in CLV are represented by orthogonal
quartz veins (296°/68"; Figure 7C) truncated by undeformed granitic
and pegmatitic dikes (036°/78"; Figure 7C). AMS studies have
revealed that K,,,,, is commonly parallel to a major lineation but
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is sometimes parallel to the intersection line of two foliations
(MacDonald and Ellwood, 1987). In the present case, the K,
axes plunge more gently (06" towards 222° Figure 7C) than the
observed mineral lineation with opposite plunges to the NE and are
far from the intersections of s; and s, (20° towards 276°; Figure 7C).
Contrary to expectations, the AMS mean K,,,;, axis (67°~123°) does
not align well with the mean petrofabric foliation pole (Figure 7C);
instead, it corresponds most closely to the secondary foliation s,. The
K,.in axes, which might be expected to lie near the foliation poles in
the NE quadrant, lie mainly in the SE quadrant (Figure 7C).
Therefore, we encounter a somewhat uncommon scenario in
which an early strong mineral lineation controls the trend of
K,av and a weaker secondary foliation determines the orientation
of K, axes; the AMS K,,,;,, axes for the CLV granitic gneisses clearly
indicate the presence of a cryptic foliation that was not obvious in the
field (probably an AMS fabric type C, following the conceptual model
of Weil and Yonkee, 2009). This cryptic foliation is a secondary
weaker foliation marked by oriented micas and opaque oxides, which
contribute to the AMS signatures of the rock (Figure 7C; Tomezzoli
et al,, 2003). This complex pattern with the presence of secondary
foliations is testifying that the area was subjected to more than one
deformation event.
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La Horqueta Formation (Late Ordovician—Devonian) in the Chadileuvu block. (A) outcrops on the Rio Salado, in the town of Puelches, La Pampa
province (see also Figure 1; Ochoa, 2017 and this study). Views of the outcrops where it is possible to appreciate the high degree of joints in the rocks,
which completely obliterate the primary stratification. (B) AMS results. K,,,.x axes are well grouped and always close to the horizontal in a SE-NW direction,
subparallel or parallel to the direction of the foliation, whereas Kj,; and K,,;, are distributed along a garland in a NE-SW direction. This general
distribution of the AMS axes in space is interpreted as a transition to tectonic-type fabric (type C to D, following the conceptual model of Weil and Yonkee,
2009), with a compression component from the SW-NE. This Devonian style and degree of deformation is very different from that of the Carboniferous-
Permian (Carapacha Formation), which is gently folded almost to the horizontal and lies in a regional unconformity over the Devonian (Chernicoff et al.,
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Cerro El Centinela exposed in the northwest of La Pampa province (Figure 1; Tomezzoli et al., 2018), Argentina, as part of the Gondwanides belt; the
profile was sampled from the base to the top. (A) Cerro El Centinela consists of a continuous volcanic sequence of lava flows that degrade to volcanic
breccias, interbedded with pyroclastic rocks. Stratigraphic boundary between the different ChRM is in the upper part of the sequence (Tomezzoli et al.,
2018). (B) Two high quality PPs have been calculated (Tomezzoli et al., 2018). Both PPs have a good consistency with coeval paleomagnetic poles
from other regions of the southwest Gondwana margin with ages bound between the early Permian and the early late Permian.

The Carapacha Basin is a continental half-graben of Permian age
(Melchor, 1999) located in the south of La Pampa province, central
Argentina, west of Sierras Australes (Figures 1, 8). Basement rocks
include Late Cambrian to Early Devonian metamorphic rocks (the
Las Piedras Metamorphic Complex), granitoids (the Pichi Mahuida
group), and Paleozoic granite orthogneisses (the Cerro de los Viejos
Complex, see above) that outcrop to the southeast (Tickyj et al.,
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1997). The basin filling is up to 630 m thick and entirely composed
of clastic deposits of the Carapacha Formation type red and gray
arkose or lithic sandstones, mudstones, and scarce conglomerates
(Melchor, 1999). The base of the formation is not exposed. It has
been divided into two members separated by an unconformity: the
Urre-Lauquen member outcropping on the Rio Curacé Member
(38°11.6'S, 65°55.8'W) and the Calencé Member outcropping on
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Different lithostratigraphic units were analyzed in the Agua Escondida area, San Rafael Block (Battler, 2015; this work; see Figure 1). (A) The Agua
Escondida Formation, including pre-Carboniferous granite (Piedras de Afilar Formation), sedimentary rocks of Late Carboniferous age (Agua Escondida
Formation), porphyritic granite (Granito Cavado), rhyolite dikes belonging to the Choiyoi group, and quaternary basalts; in the northwest of the
Gondwanides belt, it is observed the unconformity between La Horqueta Formation (Silurian—Devonian; down right) and El Imperial Formation
(Carboniferous), where the Chaflica Orogenic Phase (ChOP) was defined in Argentina. (B) the AMS pattern is complex, indicating different maximum
compression directions. This could be the result of non-coaxial events, possibly diachronic, that acted regionally and locally obliterating the primary
fabrics. (C) The Cochico PP (Tomezzoli et al, 2005a y b), consistent with other syntectonic PPs from the early Permian in South America.

Estancia San Roberto (38°13.5'S, 65°48'W) (Melchor, 1999). The
formation has yielded a typical Permian Glossopteris macroflora
dated as Early-to-Late Permian (Melchor and Césari, 1997). The
succession of the basin is dominated by fluvial facies with
subordinate lacustrine deposits. The rocks along the Rio Curacd
are gently folded, showing two scales of folds: mega-folds
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(wavelength of 1.1 km) and meso-folds (wavelength of 1-3 m). In
addition, strike-slip, normal and reverse faults, and extensional veins
are present. Outcrops of the Calencé member make up a homoclinal
succession striking 230°/40°. Poor exposure precludes a more
definite determination of the tectonic structure. The Carapacha
Formation on the Rio Curacé is intruded by an andesite, with a
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FIGURE 13
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255 Ma

Different stages of the paleogeographic reconstruction of Gondwana from the Late Devonian-Early Carboniferous to the late Permian-Early Triassic
(modified from Gallo et al., 2017). Gondwana first moved to the north and then there was a bounce to the south. This rebound could be reflected in the
change of the shortening direction from SW-NE to SE-NW toward the end of the Permian.

K/Ar age of 242 + 10 Ma (Linares et al., 1980) and “°Ar/*’Ar laser
fusion age of 236.6 + 1.0 Ma (Melchor and Llambias, 2000), and
small rhyolitic dikes with an Rb/Sr age of 240 + 2 Ma (Rapela et al,,
1996). The volcanic activity in the area is associated with the
Permian-Triassic Choiyoi group (big Permian volcanic province
in Argentina; Llambias et al., 2003) coming from the neighboring
Lihue Calel range. The paleomagnetic study yield two different
poles 2006;
Figure 8A). Samples of the Curac6 Member have exclusively
PP;
reverse

postectonic  paleomagnetic (Tomezzoli et al,

characteristic reverse polarity magnetization (Curacé
2006),
characteristic magnetizations were isolated in the Calencéd
Member (Calencé PP; Tomezzoli et al, 2006). The paleopole
positions that they occupy in the apparent polar wander path
proposed by Tomezzoli (2009) and Gallo et al. (2017) are

different (Figure 8A). The Curacé PP occupies an older position

Tomezzoli et al., whereas normal and

in the early Permian (typically reverse Kiaman magnetization; up to
266 Ma according to Gradstein et al., 2004), whereas the Calenc6 PP
occupies a younger position in the late Permian (normal and reverse
polarities, post Kiaman magnetizations [Figure 8A]; Gradstein et al.,
2004). In the AMS study of the Curac6 Member, the K,,,, axes
reflect the fold axes direction (stretching direction NW-SE;
Figure 8B) and the K,; axes (shortening direction SW-NE;
Figure 8B) are bimodally distributed, parallel to the poles of the
stratification planes. The relationship between the AMS axes and the
structure shows a typically prolate ellipsoid that is tectonically
controlled, with a maximal principal stress dominant from a SW-
NE direction (AMS fabric type C, following the conceptual model of
Weil and Yonkee, 2009). The Calencé Member (younger) shows less
deformation than the Curac6 Member in the AMS pattern, with
typical triaxial ellipsoids (Figure 8B). The K, (stretching) is
variable and does not reflect the direction of the fold axes.
Therefore, it is possible that in the Calencé member the primary
sedimentary fabric is more preserved than that in the Curacéd
Member (AMS fabric transitional between type B and A,
following the conceptual model of Weil and Yonkee, 2009). The
different paleopole positions calculated for both members of the
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Carapacha Formation, Curacé and Calencd, are consistent with their
biostratigraphy, and AMS pattern
differences. The deformation in the area was linked to the San

lithological, structural,
Rafaelic orogenic phase (SROP).

Close to the Carapacha Basin, less than 10 km away, emerge the
volcanic rocks of Sierra Chica (37° 52’ S, 65° 27" W; Figures 1, 9).
This volcanism is considered as the pre-Choiyoi group. The
sequence is made up of three units, each possessing distinct
lithological, structural, radiometric, and petrofabric characteristics
(Quenardelle and Llambias, 1997), in addition to the lack of physical
continuity between them (Figure 9A). The oldest unit is composed
of trachyandesite flows (outcrops on the route; strongly jointed;
Figure 9A1), whereas the other two units are composed of
pyroclastic flows of rhyolitic composition, well stratified in the
lower part (Figure 9A2) and less in the upper layers
(Figure 9A3). According to Quenardelle and Llambias (1997),
lithological evidence suggests that these rocks are close to the
emitting center and represent the remnant of a volcanic cone. In
the tranquiandesitic lava at the base of the sequence, a crystallization
age of 276.9 + 7.9 Ma was obtained with the U-Pb (zircon) method,
while in the rhyolitic breccia of the upper sector, the crystallization
age is 263.4 £+ 1.8 Ma (Tickyj et al., 2015).

For its paleomagnetic study, 90 specimens distributed in 11 sites
were measured (Tomezzoli et al., 2009). In almost all samples, it was
possible to isolate a reverse (positive inclination for the Southern
Hemisphere) characteristic remanent magnetization (ChRM)
direction, located in the southeast quadrant. From the accepted
final mean directions (see the discussion in Tomezzoli et al., 2009;
Tomezzoli et al., 2013a), different virtual geomagnetic poles (VGPs)
were calculated, conistent with the apparent polar wander path of
South America (curve proposed by Tomezzoli, 2009; Gallo et al.,
2017) with other syntectonic PPs of neighboring areas of early
Permian ages (Figure 9B). It should be clarified that for this
locality there are two published PPs (Tomezzoli et al, 2009;
Domeier et al., 2011), which have the same sampling site, yield
(as expected) the same ChRM direction in situ. However, they yield
different positions with structural correction; this discrepancy arises
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(A) The analyzed localities in the northeastern sector (Lolén, Sauce Grande to Tunas, Cerro Colorado, and Cerro de los Viejos) exhibit a magnetic
fabric, with their K, axis dipping to the NE (I quadrant). Conversely, the localities located toward the southwest (Carapacha, Puelches, Sierra Chica,
Yaminué, and Agua Escondida) show their K,,;, axis tilting to the SW (lll quadrant). Assuming that the K,,;, axis of AMS is subparallel to the maximum
principal stress (Sigmal), it could be interpreted that this arrangement of the AMS axes may be related to the stress distribution in a fold and thrust belt
formed during the late Paleozoic (this study). (B) In a theorical scheme of a collisional zone (McClay et al., 2004), two folded and thrust belts develop: the
synthetic and antithetic; the arrangement of the maximum principal stress will be symmetrical with respect to the suture zone, inclining in each belt in the
direction of the tectonic vergence. Assuming a NW-SE trending suture zone for the CHIPACHIPA to Gondwana collision, the rocks located in the
antithetic (retrowedge) folded and thrust belt with NE vergence should exhibit an AMS conditioned by a maximum principal stress inclined toward the NE.
Conversely, rocks situated on the synthetic (prowedge) folded and thrust belt should develop an AMS conditioned by a Sigma 1 inclined toward the SW.
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(A) Terrains accreted in the Argentinian territory during the Paleozoic; regional integration of paleomagnetic data, AMS data, field observations, our

own data, and data obtained by other authors provide evidence to propose that the main compressive deformation along the south-southwestern margin
of Gondwana, from the Sierras Australes to the San Rafael block and North Patagonian massif, have a SW-NE direction and started at least in the Middle
Devonian. This deformation is related to the collision of CHIPA against Gondwana (this study). (B) The proposal of evolution along the southwest
Gondwana margin (this study) involves the sum of the stresses generated as a product of successive collisions that occurred from the Cambrian to the
Carboniferous. During the Middle Devonian, CHIPA collided with Gondwana (ChOP); subsequently, in the Middle Carboniferous, the Deseado Massif
collided with Gondwana (which had already incorporated CHIPA, which had collided previously). Post-collisional effects persisted until the Permian
(SROP), resulting in an intracontinental stress-deformation product of the adjustment and a coupling of the microplates involved. However, it is necessary
to remember that the Permian deformation occurred all around the planet, including in Argentinian territory, and is nothing more and nothing less than
the birth of Pangea (Wegener, 1924). The presence of different paleopole positions (see Figure 13) evidenced in the abrupt cusp of the APWP of
Gondwana during the Permian-Triassic (see figures above in this study) show that there were significant latitudinal movements during a short period of

time that must necessarily involve deformation.

because Domeier et al. (2011) calculated the paleopole position (PP)
with a structural correction involving a bedding plane that is not
present in the area (see explanations in Tomezzoli et al., 2013a). That
is the reason why this has been not been taken into account in this
study. However, in both studies (Tomezzoli et al., 2009; Domeier
et al, 2011), it is clear that there are two different groups of
magnetizations: one at the bottom and the other at the top of the
sequence.

From the AMS study in the Sierra Chica area (Figure 9C), a
significant contrast emerged in the AMS signature between the base
and the top of the sequence (AMS fabric type C vs. type A,
respectively, following the conceptual model of Weil and Yonkee,
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2009) in concordance with the lithological, structural, and
paleomagnetic differences mentioned above (Figure 9C). The
unconformity within the Sierra Chica volcanic locality occurred
after the deposition of the lower units (Figure 9A2) but before the
deposition of the upper units (Figure 9A3). This unconformity is
likely connected to the San Rafael orogenic phase, recorded in other
lower Permian adjacent areas (Tomezzoli and Vilas, 1999
Tomezzoli, 2001; Tomezzoli et al., 2006; Tomezzoli et al., 2018).
Near the Sierra Chica and Lihué Calel ranges, specifically in the
town of Puelches, along the Rio Salado-Chadileuv margins (Figures
1, 10), rock outcrops assigned to the La Horqueta Formation
(Chernicoff et 2008 and references

al., cited there) are

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1225271

Tomezzoli et al.

unconformably covered by the easily distinguishable continental
Permian sediments of the Carapacha Formation (see above). The La
Horqueta Formation is part of the Curacé Basin of Late Ordovician-
Devonian age. Aeromagnetic data demonstrated that the depocenter
of the basin is aligned according to a narrow magnetic trough of
NNW strike (Chernicoff et al., 2008), at the edge of the Cuyania
terrain (Figure 1), also extending eastward over the Pampia terrain.
The La Horqueta Formation is composed of sandstones and
mudstones; U/Pb data in detrital zircons indicate a maximum
deposition age of 466 Ma and the minimum age is provided by a
granite intrusion of approximately 405Ma (Early Devonian;
Chernicoff et al., 2008). Geochemical data indicate that the
Curacé Basin originated in an active continental margin, possibly
from the Ordovician Famatinian arc (Chernicoff et al., 2008). The La
Horqueta rocks have at least two clear patterns of joints and
fractures (Figure 10A) and a metamorphic degree sufficient to
completely obliterate the primary sedimentary structures. For
that reason, the recognition of the top and base of the sequence,
and therefore the structural interpretation of the area and its
correlation with the AMS data, was difficult. From the in-situ
arrangement of the AMS axes, it appears that most of the
ellipsoids are triaxial to prolate type (Figure 10B). The K, axes
are well grouped, always close to the horizontal in the SE-NW
direction, subparallel or parallel to the foliation direction, whereas
K¢ and K,;;,, are distributed along a garland in a NE-SW direction
(AMS fabric type C, following the conceptual model of Weil and
Yonkee, 2009) with a compression component from a SW-NE
direction. This Devonian style and degree of deformation is very
different from that of the Carboniferous-Permian units (Carapacha
Formation), which are gently folded to almost horizontal and lie
unconformably over the Devonian (Chernicoff et al., 2008).

The volcanic rocks of the Cerro El Centinela (36039'S-67020"W;
Figure 1) are part of the shoshonitic suite of the Choiyoi group
(Permian-Triassic) that outcrops in the NW of La Pampa province
(Figures 1, 11). They comprise a continuous volcanic sequence of
lava flows that degrade to volcanic breccias, interbedded with
pyroclastic rocks (Figure 11A). The set has a homoclinal attitude
that changes from Az: 296° to 170°/15°-20° at the base to 152°/
170-15° to the top of the sequence (Tomezzoli et al., 2018). These
variations were of primary origin and related to the paleoslope of the
depositional environment. Therefore, the paleomagnetic directions
were recorded in situ. The age of 276 + 11 Ma has been obtained,
allowing the placement of the top of the volcanic sequence of the
Cerro El Centinela in the Kungurian stage of the early Permian
(Tomezzoli et al, 2018). Samples were treated with thermal
demagnetization. . The rocks carry a reversed ChRM, with
positive (downwards) inclinations for the southern hemisphere
(Tomezzoli et al, 2018). According to the age determinations,
this magnetization was acquired during the Kiaman Superchron.

In this area, the ChRM directions were subdivided in two
populations, with the stratigraphic boundary located in the upper
part of the sequence where the first tuff layer appears at
approximately 100 m above the base (Figure 11A; Tomezzoli
et al,, 2018). By averaging the virtual geomagnetic poles (VGPs),
two high quality paleomagnetic poles (PPs) have been calculated
(Tomezzoli et al., 2018); they have good consistency with other PPs
from neighboring areas along the southwest Gondwana margin
(Figure 11B), with ages ranging between the early Permian and
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the early late Permian. The presence of these two paleopolar
positions in the same continuous and undeformed volcanic
stratigraphic sequence makes this location an excellent site for
studying Gondwana’s paleogeography during the late Paleozoic
(Tomezzoli et al, 2018). With these poles, it was possible to
precisely track the apparent polar wander path (APWP) for
South America during the late Paleozoic and Triassic (Tomezzoli,
2009; Gallo et al., 2017). The plate’s movements and the associated
deformation are reflected in the inflection that has the APWP of
Gondwana in the late Paleozoic (Tomezzoli, 2009; Gallo et al., 2017).

2.3 San Rafael block, Mendoza province

In the Agua Escondida area (Figures 1, 12), a basement granite
assigned to the Piedras de Afilar Formation crops out, where two
igneous  bodies were identified: La Menta  Granite
(36003'S—68026'W) and Borboran Granite (36001'S-68024'W),
with concord ages of 388.4 + 3.0 Ma (Middle Devonian) and 376.6 +
1.1 Ma (Late Devonian; Tickyj et al., 2015), respectively. Over these
granites separated through an angular unconformity lies the marine
sediments of the Late Carboniferous (Agua Escondida Formation),
which in turn are intruded and covered by igneous rocks that belong
to the Choiyoi magmatism, with two different members of
concordia ages of 283.8 + 0,98 Ma (early Permian) and 266.7 *
1.0 Ma (middle Permian; Tickyj et al., 2014) (Figure 12A). On this
set, there are Plio-Pleistocene basalts and recent sediments. AMS
measurements were obtained for 132 specimens collected from
13 sites across varied lithologies (Figure 12A). The AMS patterns
(Figure 12B) corresponded to the differences in lithologies, texture,
and chronology, revealing shifts in primary stress orientations over
time, including those of the Plio-Pleistocene basalt.

The San Rafael Block occupies the northwestern end of the
Gondwanides belt (Figure 1B). The Devonian deformation (ChOP;
Figure 12A) is manifested in the angular unconformity that mediates
between La Horqueta (Devonian) and El Imperial formations
(Carboniferous; Criado Roque, 1972); the Cochicéd group lies
unconformably, belonging to the lower section of the Choiyoi
volcanism (early Permian), located in a transpressional regime
attributed to the SROP (Japas and Kleiman, 2004; Kleiman and
Japas, 2009). The Cochic6 group is composed of conglomerates,
andesitic and ignimbrite breccias, and redeposited aeolian
sandstones. U/Pb ages were recently obtained in zircons of
2814 + 25Ma (Rocha Campos et al, 2011). Paleomagnetic
studies in Sierra Pintada allowed the isolation of a reverse
polarity ChRM carried by titanohematites and hematites
(Tomezzoli et al., 2002; Tomezzoli et al., 2005a; Tomezzoli et al.,
2005b). The Cochicé PP is consistent with other syntectonic PPs
from the early Permian of South America (Figure 12C).

North of the San Rafael block, in the southern sector of the
Precordillera, the structure was studied in detail by Giambiagi et al.
(2010) and other authors cited there and has been proven to be the
result of a complex series of overlapping deformation events
(Eopaleozoic, Neopaleozoic, Permo-Triassic, and Cenozoic), each
of them characterized by structures exhibiting distinct orientations,
vergences, and styles. The kinematic analysis of the Eopaleozoic
structures allowed these authors to distinguish two deformation
events with different kinematic characteristics. The first event, D1,
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according to Giambiagi et al. (2010), has an E-W maximum
shortening direction and western vergence, while the second
event, D2, has a NW to WNW maximum shortening direction
and double vergence. In one of the models proposed by these
authors to explain these kinematic variations, the Permian
deformation is characterized by the generation of a thin-skinned
fold and thrust belt in the eastern sector and a thick-skinned one in
the western area, as the result of the reactivation of the Eopaleozoic
structures.

2.4 North Patagonian Massif, patagonia

Late Paleozoic granitoids outcrop in the northeast of the North
Patagonian Massif; an AMS study was carried out with these rocks
(Figure 1B; Lopez de Luchi et al., 2010). The units involve the Late
Carboniferous Yaminué Complex and the early Permian Navarrete
Plutonic Complex (Lopez de Luchi et al., 2010). These granitoids of
ca. 300 Ma were placed under a complex compressive regime with a
SSW-NNE shortening direction. Approximately 280 million years
ago, this regime shifted to a WNW-ESE direction (Lopez de Luchi
et al.,, 2010). In the same area, the absence of solid-state deformation
features and low anisotropy degrees in La Esperanza pluton-volcanic
complex, bracketed between 270 Ma and 250 Ma, indicate that its
fabric is of magmatic origin, evidencing the attenuation of the
compressive regime toward the end of the Paleozoic (Martinez
Dopico et al., 2017). Within the Ordovician Punta Sierra granite,
located in the same area, a syntectonic reverse remagnetization
acquired during the early Permian has been isolated (Rapalini and
Vilas, 1991; Rapalini, 1998; Tomezzoli et al., 2013b). The congruence
of the Punta Sierra PP (Tomezzoli et al., 2013b) with other coeval
PPs in the Gondwana path provides substantial evidence that
Patagonia was indeed an integral component of Gondwana
during the early Permian.

3 Discussion of the results

The deformation along the southwest Gondwana margin that
started in the Early-to-Middle Devonian in Argentina is called the
Chanica orogenic phase (ChOP; Turner and Mendez, 1975) . This
orogenic event was related to the collision of Chilenia with
Gondwana (Ramos et al,, 1984) and is thought to have occurred
as a result of an eastward-dipping subduction zone by some authors
(Haller and Ramos, 1984; Ramos et al., 1984) or by a westward-
dipping subduction zone by others (Astini et al., 1995; Davis et al.,
1999; Gerbi et al., 2002). For some researchers, this deformation was
also justified by the collision of Precordillera (von Gosen and Prozzi,
1998; Keller et al., 1998; Rapela et al., 1998; Pankhurst and Rapela,
1998; Keller, 1999). According to Rapela et al. (1998), Chilenia was
part of Cuyania and it was not an independent terrain. The position
and polarity of the subduction zone related to the Chilenia accretion
process remain controversial, as no evidence of a Late Ordovician to
Early Devonian magmatic arc related to this subduction has been
found (Alvarez et al., 2011, and references cited therein). In the late
Paleozoic, specifically in the early Permian, a phase of deformation
known in Argentina as the San Rafael orogenic phase (SROP; Azcuy
and Caminos, 1987; Hercinian Phase in the rest of the world) began
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to play a leading role along this part of Gondwana (Tomezzoli and
Vilas, 1999; Tomezzoli, 2001). This Permian deformation is also
currently controversial and different geodynamic scenarios have
been delineated to explain it (Martinez, 1980; Dalmayrac et al., 1980;
Lock, 1980; Ramos, 1984; Cobbold et al., 1992; Dalziel et al., 2000;
von Gosen, 2003; Japas and Kleiman, 2004; Chernicoff and
Zappettini, 2004; Pankhurst et al., 2006; Rapalini, 2005; Kleiman
and Japas, 2009; Gregori et al., 2015; among others).

In this study, the SROP is proposed to be the result of the final
rearrangement of microplates that had previously collided within
Gondwana and Laurentia and continued moving during the
Permian toward the Equator from the South and the North,
respectively, to form the Pangea supercontinent during the Triassic.

To explain the evolution of the southwestern margin of
Gondwana, paleomagnetic, AMS studies, field observations, and
data obtained by other authors were integrated by Tomezzoli (1997),
up until today, indicating that there was deformation during the
Permian (Figures 5-7). As the Tunas Formation is of Permian age,
the paleomagnetic results obtained there (Tomezzoli and Vilas,
1999; Tomezzoli, 2001) do not account for the pre-Permian
geological history of the region. Therefore, it is necessary to
resort to other arguments to understand the geological evolution
and onset of deformation in the region. However, the Devonian
deformation is the most discussed in the area. This is probably
because, although in the western margin (Chilenia) the suture zones
are covered by younger sediments and volcanic rocks (Alvarez et al.,
2011), the Andean deformation exposed some key outcrops that aid
in their comprehension. On the other hand, the southern margin,
less influenced by recent tectonic events, does not show such clear
evidence of the Devonian deformation. Although, in the San Rafael
Block, west of the Gondwana margin, the geological manifestations
regarding the existence of the ChOP and SROP are clear and are not
the subject of discussion, the existence of the ChOP along the South
margin of Gondwana is still under debate. One of the key locations
for understanding the model proposed here is the contact between
the Lolén and Sauce Grande formations, in the Sierras Australes area
(Figures 2, 3), for which there are different interpretations (see
Tomezzoli, 2012). Nonetheless, what remains unaddressed is the
substantial hiatus between these formations, spanning a significant
portion of the Carboniferous period (Figure 2), and the structural,
topographic, and lithological differences between the early Paleozoic
Curamalal and Ventana groups and the late Paleozoic Pillahuincé
group (Harrington, 1947; Suero, 1972). We propose here that these
differences are the consequence of a first-order paleogeographic
event that could be the collision of a terrain here called CHIPA
(Chilenia plus Patagonia).

The Cerro Colorado granite and Cerro de los Viejos gneiss
(Figure 7) are also key locations for understanding the evolution of
this sector of Gondwana as there is a record of at least two
deformation events: one high temperature event that was ductile
and penetrative, and another low temperature event that was brittle
and spaced. In the same region, during the late Paleozoic, post-
orogenic magmatism was recorded in Lopez Lecube (Figure 7;
Tomezzoli and Vilas, 1997). Geological data suggest that within
the same region, magmatic manifestations exhibit distinct
lithological and structural characteristics. These differences
indicate that the older
deformation, whereas younger ones appear either undeformed or

intrusive bodies have undergone
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exhibit less prominent deformation. Consequently, we can infer that
the regional deformation was attenuated or concluded during the
geological period of the Lopez Lecube intrusion, aligning with the
observations made in the Tunas Formation.

In the Carapacha basin locality (Figures 1, 10; as well as in the
Sierras Australes area, remembering the unconformity between the
Lolén and Sauce Grande formations), there is also a hiatus that
exceeds 50 Ma between the Devonian and the Carboniferous
periods. Notable lithological and structural distinctions can be
the of La
(Devonian), which exhibit a higher degree of deformation and

observed between rocks Horqueta Formation
superimposed styles (Figure 10), and the overlying rocks of the
Carapacha Formation (Figure 8; Permian). In the same area, the
SROP was recorded in the magmatism of Sierra Chica between the
base and the top of the sequence (Tomezzoli et al., 2009; Tomezzoli
et al., 2013a; Figure 9).

Available paleomagnetic results for Patagonia (Rapalini and
Vilas, 1991; Rapalini et al., 1994; Rapalini, 1998; Tomezzoli et al.,
2013b; Martinez Dopico et al., 2020), which were interpreted as
Permian remagnetizations, are consistent with the expected
paleolatitudes for Gondwana on the APWP of South America
(Tomezzoli, 2009; Gallo et al, 2017). This indicates that during
the Permian there were no significant and independent latitudinal
displacements between Gondwana and Patagonia, inferring that in
the Permian, both blocks were already amalgamated. Syntectonic
magnetizations and AMS studies, as well as the continentalization
evidence (Andreis and Cladera, 1992; Zavala et al., 1993; Lopez
Gamundi et al, 1995), throughout the southwest margin of
Gondwana (Figure 1), are consistent with a model of a fold and
thrust belt advancing over a northern foreland basin since the
Middle Devonian, with a gradual attenuation of deformation in
space and time: toward the east-northeast and toward the late
Permian. The intensity of the Permian deformation was not
uniform (Figure 6); on the contrary, there were two peaks of
deformation: the first one occurred between the Sauce Grande
and Bonete formations (approximately between 300 and 290 Ma)
and the second took place within the Tunas Formation
(approximately between 290 and 276 Ma; Arzadun et al,, 2016;
Arzadan et al.,, 2018; Arzadun et al., 2021a), followed by a gradual
decrease toward the end of the Permian (Tomezzoli, 1999;
Tomezzoli and Vilas, 1999; Tomezzoli, 2001; Arzadun et al.,
2016; Arzadun et al., 2021b; Tomezzoli et al., 2022).

It was determined that there was a distinct distribution pattern
of paleopoles during the Permian (Tomezzoli, 2009; Gallo et al.,
2017), one in the early Permian, where magnetizations and/or
remagnetizations were clearly syntectonic: Tunas I, Curacd,
Cochico, Sierra Chica, Hoyada Verde, Alcaparrosa, Ponoén
Trehue (Font et al, 2012, and references cited therein), and
Centinela I (Tomezzoli et al., 2018). The other one was in the
early late Permian, where magnetizations and/or remagnetizations
were less affected by the deformation: Tunas II, San Roberto,
Independencia (Font et al., 2012, and references cited therein),
Centinela II (Tomezzoli et al., 2018). The presence of different
paleopolar positions for Gondwana [early Permian, late Permian,
and Triassic (Gallo et al., 2017)] highlights that in this short period
of time (millions of years in geological terms) there was a strong
latitudinal movement of at least 28° (Figure 13) that would
correspond to a displacement of approximately 3,200 km in
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40 million years with a rate of approximately 8cm/year
(Tomezzoli, 2009). It should be noted that this movement only
considers the latitudinal component recorded paleomagnetically,
and the velocities may be even higher.

This continental margin is complex, with deformation that
persists for many millions of years, with stress directions that can
come from the west, south, or southwest, along a curve margin,
resulting in deformation partitioning and variations in stress
magnitudes (Tomezzoli et al., 2022). This is why, as previously
discussed, various regions exhibit distinct deformational patterns
that can be either coaxial or not, depending on the geological
timeframe and location along the margin. Certain areas exhibit
dextral transpressive regimes, some display sinistral patterns, and
others manifest transtensive characteristics (Tapia et al, 2023).
Numerous studies based on different disciplines have given rise
to different models to explain the evolution of the western and
southern margins of Gondwana. Among many of the models, there
are common points with the present study. For example, Martinez
etal. (2012), with detailed studies, demonstrated that it is possible to
extend the southern margin of Chilenia to a 42° south latitude,
concluding that Chilenia subducted during the Middle Devonian
beneath the North Patagonian Massif. The position of high-pressure
metamorphism studied by Martinez et al. (2012) is consistent with
the geological evolution model proposed here.

Another interesting observation that can be drawn is that the
examined sites within the northeastern sector of the deformation of
the southwestern Gondwana margin (Lolén, Sauce Grande to Tunas,
Cerro Colorado, and Cerro de los Viejos) display a magnetic fabric
with their K,,;, axis inclined toward the northeast (Quadrant I;
Figure 14A). On the contrary, the sites situated to the southwest of
the deformation (Carapacha, Puelches, Sierra Chica, Yaminué, and
Agua Escondida) exhibit a K,,,;,, axis inclined toward the southwest
(Quadrant IIT; Figure 14A). Assuming that the K,,,;, axis of AMS is
subparallel to the maximum principal stress (Sigma 1), it could be
interpreted that this arrangement of the AMS axes may be related to
the stress distribution in a fold and thrust belt formed during the late
Paleozoic. In a theorical scheme of a collisional zone, two folded and
thrust belts are developed: the synthetic and antithetic belts (McClay
etal, 2004; Figure 14B). The arrangement of the maximum principal
stress (Sigma 1) will be symmetrical with respect to the suture zone,
inclining in each belt in the direction of tectonic vergence
(Figure 14B). Therefore, assuming a NW-SE-oriented suture zone
for the Chilenia-Patagonia (referred here as CHIPA) collision with
14B), the the antithetic
(retrowedge) fold and thrust belt, characterized by NE vergence,

Gondwana (Figure rocks within
should display an AMS influenced by a maximum principal stress
(Sigma 1) inclined toward the NE (Figure 14). Conversely, rocks
situated on the synthetic (prowedge) folded and thrust belt should
develop an AMS conditioned by a Sigma 1 inclined toward the SW
(Figure 14).

All the late Paleozoic deformation in this region is a product of
the collisions that occurred during the Middle Devonian (CHIPA
against Gondwana) and Middle Carboniferous (Deseado Massif
against Gondwana plus CHIPA, which collided before). As a
result of the final adjustment of the microplates engaged in the
late Paleozoic collisional events, intracontinental deformation
15).
However, the Permian deformation cannot be attributed solely to

processes persisted until the Permian period (Figure
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a local process (Figure 13). It is known that one of the most
important life extinctions in Earth’s history occurred at the
Permian-Triassic boundary. This phenomenon must have
necessarily responded to a global process, related to the abrupt
paleogeographic changes that occurred during those times: the
movements of Gondwana and Laurentia to the Equator
(Figure 13). The Permian deformation all around the planet,
including Argentinian territory, was nothing more and nothing
less than the birth of Pangea (Wegener, 1924). The presence of
different paleopole positions, evidenced in the abrupt cusp of the
APWP of Gondwana during the Permian-Triassic, shows that there
were significant latitudinal movements during a short period of time
that must necessarily involve significant deformation (Figure 13).
This deformation was attenuating in space and time toward the end
of the Permian with a change in the direction of maximum
compression from SW-NE to SE-NW that could be a final

rebound of the Pangea supercontinent.

4 Conclusion

Geological evidence indicates that the deformation along the
southwest Gondwana margin began during the Middle-to-Late
Devonian (the Acadian-Chénica orogenic phase in Argentina)
and continued up until the Permian. Here, it is interpreted that
the beginning of this deformation was related to the collision of
Chilenia from the west and Patagonia from the south-southwest.
As Chilenia and Patagonia collided against Gondwana at the
same time, in this study we proposed that conform the same
allochthonous drift terrain which We have named “CHIPA”. The
regional data integration, from the Sierras Australes to the San
Rafael block and North Patagonian massif, provide evidence of
that the deformation started in the Devonian. Later, during the
Middle Carboniferous, the Deseado Massif from the south was
incorporated (Figure 15). Post-collisional deformation continued
up until the Permian with the San Rafaelic orogenic phase, which
would then have been the consequence of the last assembly and
coupling stages of the different microplates accreted along the
entire Gondwana margin, while they were subjected to latitudinal
displacement toward the Equator (Figure 15). That translation
phenomenon to the Equator was not exclusive from the south-
southwest of Gondwana. The same processes occurred at the
same time with the continents in the Northern Hemisphere when
Laurentia was assembling with Laurasia while moving
latitudinally toward the Equator. The sum of all these
geological processes were part of the gestation of Pangea
(Wegener, 1924). It is possible to visualize the Gondwana
(Africa) supercontinent as a central cratonic accretionary
nucleus onto which various smaller plates fused, subsequently
interacting to ultimately achieve their complete amalgamation
during the Triassic assembly. Future research will surely continue
to yield fresh data and evidence that will aid us in determining
whether Chilenia and Patagonia comprised the same drifting
continent, CHIPA, and gaining a deeper understanding of the
Earth’s evolution across its geological timeline.
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