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SUMMARY

In this study, we present the results of palaeomagnetic research conducted on Jurassic units
of the Canadon Asfalto Basin (CAB) in Patagonia, formed during Gondwana breakup. This
basin is a key locality for understanding intraplate deformation within Patagonia during the
Jurassic. The nature of this basin has been a subject of debate, based on the dynamics of the
blocks that constitute its depocentres. In this context, the palacomagnetic study of the Jurassic
units of this basin provides a unique methodology to characterize the tectonic motions of its
crustal blocks during its formation and development. To achieve this, we collected 350 samples
from 53 sites in the sedimentary units of Las Leoneras (ca. 189 Ma) and Cafiadon Calcareo
Formations (ca. 160-157 Ma), as well as the volcanic Lonco Trapial Group (ca. 185-172
Ma). The palacomagnetic results from the sedimentary units show a regional remagnetization
due to hydrothermal activity that obliterated the original remanence and overprinted a new
one, simultaneously imprinting a secondary remanence in the volcanic units of the Lonco
Trapial Group. When comparing the direction of the palacomagnetic pole obtained from the
remagnetized units with respect to average poles of equivalent ages, it is observed that the
remagnetization must have occurred during the Late Jurassic (ca. 145 Ma). The age range
in which this process occurred (Oxfordian to Aptian) and the direction of the calculated
pole dispute a monster polar shift postulated for Late Jurassic to Early Cretaceous times. In
addition, the primary magnetization recorded in the units of the Lonco Trapial Group indicates
a counterclockwise rotation of the studied crustal blocks between 21° and 11°, which, in line
with previous studies, refutes large-scale dextral motion along the Gastre Fault System since the
Jurassic. Similar counterclockwise rotations of equivalent magnitudes are found along the units
overlying the Palacozoic Central Patagonian Igneous—Metamorphic Belt, which represents the
opposite shear sense compared to the Jurassic units beyond this belt. This is interpreted as a
reactivation of the Palaeozoic belt structures in the opposite sense, from transpressive during
the Palacozoic to transtensive during the Mesozoic.

Key words: Palacomagnetism; Remagnetization; Hydrothermal systems; Continental tec-
tonics: extensional; Intra-plate processes.
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1 INTRODUCTION

The Canadon Asfalto Basin (CAB) was formed during the breakup
of Gondwana and spans the southwest and central regions of the
North Patagonian Massif in southern South America (Fig. 1a). Its
units represent the infills of the rifting stages during Gondwana
breakup, coupled with the pre-existing relief of the Palacozoic base-
ment (e.g. Renda ef al. 2019; Giacosa 2020) and those created by
subsequent inversion tectonics triggered by the Andean Orogeny
(e.g. Bilmes et al. 2013; Echaurren et al. 2016; Allard et al. 2021a).
The interplay of these three factors contributes to a complex and
multifaceted tectonic and structural history of the CAB. In this
context, the CAB, given its size and proximity to the southwest-
ern margin of Gondwana, plays a pivotal role in understanding
the tectonic evolution of extra-Andean Patagonia during Gondwana
breakup (e.g. Homovc ef al. 1991).

The CAB comprises various depocentres, or sub-basins, sepa-
rated by basement block highs (Fig. 1b; Homovc et al. 1991; Figari
et al. 1992, 2015; Figari & Courtade 1993), which were formed
by asymmetric extensional strain during the Jurassic (e.g. Uliana
et al. 1989; Figari et al. 2015). The controversy about this basin
revolves around its formation, either as a pull-apart basin (Silva
Nieto et al. 2005) or as a basin generated by extension with devel-
opment of half-grabens, creating the mentioned depocentres, in a
basin and range style (Geuna et al. 2000; Figari ef al. 2015). Re-
cent work indicates that the internal structure of the basin does not
show evidence of lateral displacement of tectonic blocks due to the
lack of subvertical strike-slip faults or flower structures associated
with the depocentres in the studied seismic profiles (Allard ef al.
2021a).

So far, only two palacomagnetic studies have been conducted
on the CAB. Geuna et al. (2000) reported that, according to their
findings, there was no rotation about vertical axes of tectonic blocks
after the Aptian within the study area. Nevertheless, they observed
a 25°-30° clockwise rotation in units from the Cafiadon Calcareo
Formation (referred to as Upper Cafiadon Asfalto Formation in their
paper) occurring before that time, specifically between the C and
F sampling areas of this study (Fig. 1b). Conversely, further north
on the northern flank of the Gastre-Sacanana Fault (45 km to the
NE of the E area; refer to Fig. 1b), Zaffarana & Somoza (2012)
indicated an anticlockwise rotation about a vertical axis of their
studied block since the Early Jurassic, obtained from units of the
Lonco Trapial Group (LTG). Additionally, Rapalini & Lopez de
Luchi (2000) documented a clockwise rotation at Mamil Choique
Range, a basement block of the CAB, obtained from dykes dating to
approximately 170 Ma (75 km to the NW of the E area; see Fig. 1).
Consequently, a more comprehensive palacomagnetic study of the
Jurassic units in the CAB is essential to clarify potential rotations
about vertical axes of the tectonic blocks during the formation of the
CAB and to characterize its development since its initiation (Allard
etal 2021a).

For this purpose, 52 sites (350 samples) across six areas of the
CAB (Fig. 1b) were chosen for sampling and palaeomagnetic study
(Fig. 1b). Sampling was carried out in the units of the Jurassic
formations Las Leoneras (Nakayama 1973), Cafiadon Calcareo
(Proserpio 1987; Cuneo et al. 2013) and the LTG (Lesta & Ferello
1972; Fig. 1c).

1.2 Geological background

1.2.1 Lithostratigraphic units

The infill of the CAB overlies Palacozoic and Triassic units (Dalla
Salda et al. 1991, 1994). The oldest unit within the CAB is the

Las Leoneras Formation (Nakayama 1973) which yielded a zir-
con U-Pb age of 188.949 £ 0.096 Ma at the top of the unit in
its type locality (Ctneo et al. 2013). The Las Leoneras Formation
overlies Palacozoic granitoids and consists of fluvial/alluvial and la-
custrine deposits, including conglomerates, sandstones, mudstones,
limestones and tuffs. This formation represents the initial stage of
passive rifting and serves as the first unit of the J; megasequence
proposed by Figari et al. (2015).

The volcaniclastic LTG (Lesta & Ferello 1972) is mainly com-
posed of lavas which often exhibit autobrecciation, as well as gravi-
tational flows of blocks, ash, lahar and ignimbrites. Within the area
of this study, it presents alternations of sedimentary deposits at the
base and top of the Group, showing transitional contacts with the Las
Leoneras Formation (Di Capua & Scasso 2020) and the Canadon
Asfalto Formation (Figari et al. 2015), respectively. Likewise, be-
yond the studied area, this group overlies Palaeozoic units and the
Central Patagonian Batholith (e.g. Zaffarana & Somoza 2012). The
units of this group also present lateral changes of volcanogenic
lithofacies close to volcanic edifices, indicating the alternation of
explosive and effusive events (Figari e al. 2015). Several radiomet-
ric ages have been determined for this group (data obtained with K-
Ar dating method have been discarded in this work): 185.39 £ 0.99,
184 £ 5,182.8 £ 1.3 and 178.9 £ 1.1 Ma (amphibole Ar-Ar ages,
Zaffarana & Somoza 2012; Zaffarana et al. 2018), and 172.3 £ 1.8
Ma (zircon U-Pb age, Hauser et al. 2017). These units, part of the
J; megasequence, exhibit minor unconformities, representing the
development of half-grabens during the rifting of the CAB (Figari
et al. 2015). Also, several epithermal deposits have been described
in this formation, like the Santa Maxima polymetallic deposit (e.g.
Sangster 2001; Fernandez et al. 2008; see Fig. 1).

The overlying formation, known as the Cafiadon Asfalto Forma-
tion (Stipanicic ef al. 1968), is characterized by the infills of the con-
temporaneously forming half-grabens. This formation comprises
basalts alternating with lacustrine carbonate levels and black mud-
stones in the lower member. It is overlain by the lacustrine sedimen-
tary successions of the upper member of the formation (Allard et al.
2021a). Several radiometric ages have been obtained from this for-
mation: 182.8 £ 0.8 Ma (sanidine Ar-Ar age, Marquez et al. 2016),
179.481 £ 0.059, 179.41 £ 0.13, 178.766 £ 0.092, 177.37 £ 0.12,
177.27 £ 040, 176.6 £ 6.4, 176.15 + 0.12, 1739 + 1.9,
173.6 £ 6.4, 170.8 & 3.0 and 168.2 4 2.2 Ma (zircon U-Pb ages,
Cuneo et al. 2013; Bouhier et al. 2017; Hauser et al. 2017; Fantasia
et al. 2021). This formation marks the final unit of the J; megase-
quence (Figari e al. 2015). Also, it is characterized by the presence
of epithermal deposits, as the Navidad world-class Ag + Pb district
(Marquez et al. 2016; Bouhier et al. 2017, see Fig. 1).

The Cafiadon Calcareo Formation disconformably overlays the
preceding formations and is characterized by the absence of carbon-
ate rocks (Proserpio 1987). In this study, this formation is identified
following the criteria of Ctineo et al. (2013) and Figari et al. (2015).
The age of this formation has been determined through several ra-
diometric ages: 160.3 4+ 1.7, 158.3 4+ 1.3, 157.449 £ 0.056 and
157.387 £ 0.045 Ma (zircon U-Pb ages; Cuneo ef al. 2013; Hauser
et al. 2017). The 147.1 £ 3.3 Ma biotite K-Ar age by Cabaleri
et al. (2010) has been discarded. It comprises reddish sandstones,
conglomerates, mudstones and some pyroclastic deposits, which
exhibit significant lateral variations in lithofacies and thicknesses
(Proserpio 1987, Figari et al. 2015; Allard ef al. 2021b). This unit
represents the J, megasequence, indicating the infill of mature half-
grabens and the conclusion of the rifting process (Figari et al. 2015).
In addition, this formation also presents barite mineralization zones
linked to hydrothermal activity (Fernandez Lima & Latorre 1978).

The Albian Chubut Group overlies the Jurassic succession
through an angular unconformity (Lesta 1968; Navarro et al. 2015;
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Figure 1. (a) Regional map of the North Patagonian Massif where the CAB is indicated with a dotted pattern (modified from Figari ez al. 2015) and the study
area of this work is highlighted with a square. The Palaeozoic suture between northern and southern Patagonia proposed by Renda et al. (2019) is marked
with a discontinuous bold line. (b) Map of the studied area (modified from Bilmes et al. 2013; Cuneo et al. 2013; Figari et al. 2015; Allard et al. 2021a;

Ardolino et al. 2022). The sampling areas in this work presented in Fig. 2
with numbers: (1) Yanquetruz post, (2) Navidad District, (3) Paso del Sapo,

are highlighted with squares. Also, the localities mentioned in the text are marked
(4) Evaristo Fernandez bridge, (5) Gorro Frigio Peak, (6) El Torito ranch, (7) Santa

Maxima Canyon, (8) El Quemado post and (9) Cerro Condor. The basement blocks determined by Renda et al. (2019) are delimited with a discontinuous
bold line. Non-Jurassic units have been omitted. (c) Stratigraphic column with the Jurassic chronostratigraphic column (left; Cohen ez al. 2013, updated), the
Jurassic megasequences (/1 and J;) and tectonic stages (centre; modified from Figari ef al. 2015), and the stratigraphic units with the U-Pb and Ar-Ar datings
(right): Cafiadén Calcareo Formation (CCF), Cafiadon Asfalto Formation (CAF), Lonco Trapial Group (LTG) and Las Leoneras Formation (LLF).

Butler ef al. 2020). Above these units, the Maastrichtian—Danian
marine formations Paso del Sapo and Lefipan are found in subtle
unconformity (Lesta & Ferello 1972). Together, these formations
constitute the K megasequence, which represents the post-rift stage
of the CAB triggered by regional thermal subsidence (Figari et al.
2015).

During Cenozoic, reactivation of normal faults as reverse faults
due to inversion tectonics led to the generation of new sub-basins.
An example is the case of the Gastre Basin (e.g. Bilmes et al.
2013; Bucher et al. 2019). These continental basins are inter-
spersed with Eocene basic volcanic eruptions (Mazzoni et al.
1991).
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1.2.2 Structural features

From a regional point of view, the area is characterized by two
dominant sets of structural lineaments: the ‘Gastre System’ ori-
ented in an NW-SE direction, and the ‘Comallo System’ oriented
in an NNW-SSE (Coira ef al. 1975), which are associated with
parallel and conjugate faults (e.g. Dalla Salda & Franzese 1987;
Giacosa 2020). These fractures and faults, inherited from Palaeo-
zoic times, are pervasive throughout the entire study area and SW
of the North Patagonian Massif (e.g. Renda et al. 2019; see Figs la
and b), and present local senses of shear prior to the formation
of the CAB (e.g. Zaffarana et al. 2010, 2012, 2017). Two promi-
nent structures align with these lineament trends in the study re-
gion: the NW-SE Gastre-Sacanana Fault and the NNW-SSE Rio
Chubut Medio Fault (Bilmes et al. 2013; see Fig. 1b). These struc-
tures experienced intense Cenozoic reactivation (Savignano et al.
2016), generating the inversion of many faults and cutting some
lineaments due to the W-E compression of the Andean Orogeny
that exhumed the edges of the Taquetrén and Jalalaubat mountain
ranges, among others (Figari & Courtade 1993; Ruiz Gonzalez et al.
2020).

Therefore, Palaeozoic structures play a crucial role in shaping
and controlling the development and infill of the sub-basins or de-
pocentres within the CAB (Fig. 1b). In this regard, Renda et al.
(2019) propose a group of basement blocks correlating geophysical
data and structural elements (see Fig. 1b). This structure of Palaco-
zoic blocks spreads from the CAB to the San Jorge Gulf Basin,
which implies compartmentalization of the Cafiadén Asfalto and
San Jorge Gulf basins since the beginning of the pre-rift stage (Foix
et al. 2020).

The depositional record within the CAB sub-basins provides es-
sential insights into the deformational episodes, or megasequences,
involving different sets of structures and strain orientations (Figari
et al. 2015). In this sense, several structural studies have been con-
ducted in the north part of the North Patagonian Massif (Benedini
& Gregori 2013; Benedini ez al. 2014, 2021; Gonzalez et al. 2014,
2016; Barros et al. 2020). One of the most recent proposes that four
different strain partitions developed during the Lower to Middle
Jurassic, where the last two were contemporaneous with the CAB
formation: (1) the Lower Pliensbachian—Toarcian NNW-oriented
transpressive phase, and (2) the Callovian—Bajocian NE contrac-
tional phase (Benedini et al. 2022). In this work, they relate the
reactivation of W-E to WNW-ESE-oriented regional transfer zones
with the Lower Pliensbachian to Toarcian stress partition of the
northern Patagonia, which are predominantly constituted by dextral
strike-slip faults.

2 METHODS

2.1 Sampling characteristics

Palacomagnetic samples were collected using a hand-drilling ma-
chine and oriented with magnetic and sun compasses. In certain
cases, multiple specimens were obtained from longer cores. The
sampling of the LTG (I), Las Leoneras Formation (II) and Cafiadon
Calcareo Formation (III) was conducted in six distinct areas, as de-
picted in Figs 1(b) and 2. These areas correspond to three specific
basement blocks identified by Renda et al. (2019): the E area within
the Gastre domain, the A and D areas within the Taquetren domain,
and the B, C and F areas within the Pichifianes domain (refer to
Fig. 1b).

69° 15" WESE

69° 11.5' W e
S| TCO3

—

e

LTCO1

Figure 2. Aerial view of the sampled sites within the different areas along
the Chubut River and its surroundings: (a) LTG in the Evaristo Fernandez
Canyon; (b) LTG and Cailadén Calcareo Formation to the south of the
Gorro Frigio peak; (c) LTG at 7 km to the NW of the El Torito ranch; (d)
Las Leoneras Formation in the eponymous canyon; (e) Cafiadéon Calcareo
Formation in the anticline to the SW of the Yanquetruz post and (f) Canadon
Calcareo Formation in the eponymous canyon, to the west of El Quemado
post. The location of these areas is also highlighted in Fig. 1(b). Inferred
faults are marked with dashed lines, and the fold of the Yanquetruz post
area with a solid line. The bedding planes of the units are indicated with
perpendicular lines (see Tables 1 and 2). Roads are marked with dashed
lines and routes with solid lines.
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Figure 3. Representative sampled units of the CAB: (a) andesitic lavas of the LTG in the A area (LTE04), (b) pumice clast-rich ignimbrite of the LTG in the B
area (LTGO02); (c) intercalation between scoria and auto-brecciated lavas and lavas of the LTG in the C area (LTC13); (d) sandstones and mudstones of the Las
Leoneras Formation in the D area (CLLOS5); (e) sandstones of the Cafiadon Calcareo Formation in the E area (YANO02),(f) tuffaceous sandstone of the Canadon
Calcareo formation in the B area (CCGO1) and (g) coarse sandstones of the Cafladon Calcareo Formation in the F area (PEQOS).

I. The LTG was sampled in three areas, showing different litho-
logical associations (Figs 2a—c):

(a) The Evaristo Fernandez Canyon was the first sampling area (A
area, LTE sites), located 12 km ENE of the eponymous bridge (see
Figs 1b and 2a). There, the units comprise brown-reddish and grey-
purplish andesitic lavas, pyroclastic deposits with grey to violet
colours, and coarse-grained and yellow-greenish lahar-type deposits
(Fig. 3a). From this area, 55 samples were obtained from eight sites
(Table 1).

(b) The second area where the LTG was sampled is located 15 km
south of the Gorro Frigio Peak (B area, LTG sites), at the eastern
margin of the Chubut River (see Figs 1b and 2b). The outcrops from
this area are ignimbrites and pyroclastic deposits, where the main
surges transport decimetric to metric pumice clasts (Fig. 3b). Five
sites were drilled, obtaining 43 samples (Table 1).

(c) The last sampled outcrops of the LTG are located at the west-
ern margin of the Chubut River, 7 km NW of the El Torito Ranch (C
area, LTC sites; see Figs 1b and 2c). These units are part of a volcanic
cinder cone, which comprises intercalations between scoria and ash
deposits, as well as juvenile bombs that are deformed along bedding
inclination, and lavas or autobrecciated lavas (Fig. 3¢). From a total
of 13 sites 89 samples were obtained, collecting between six and
ten samples per site (Table 1).

II. The samples collected from the Las Leoneras Formation were
obtained in the Las Leoneras Canyon (D area, CLL and L sites),
located at the eastern margin of the Chubut River (Figs 1b and 2d).

This sampling was carried out following the stratigraphic section
cropping out in this canyon, sampling greyish to brownish fine-
grained sedimentary units with different degrees of recrystalliza-
tion (Di Capua & Scasso 2020; Fig. 3d). Nine sites were sampled,
obtaining a total of 54 samples, from which one corresponds to
a brown-greenish sill assigned to the LTG (CLLOI site from the
Fig. 2d). Because of the fragility of the rocks only a single speci-
men was obtained from each sample (Table 2).

III. The Cafiadon Calcareo Formation was sampled in three areas
(Fig. 1b):

(a) West of the Yanquetruz Post (E area, YAN sites; Fig. 2e),
six and three sites from the west and the east flanks of a synclinal
fold were sampled, respectively (Fig. 2e). These sampled units are
mustard to khaki and dark purple mudstones, and reddish coarse
to fine-grained sandstones (Fig. 3e). In this area also recrystallized
fracture zones linked to hydrothermal activity can be recognized.
To avoid possible remagnetizations linked to these fractures, those
zones were avoided in the sampling. A total of 56 samples were
obtained from nine sites (Table 2).

(b) In the southern region of the Gorro Frigio Peak (B area, CCG
sites; Fig. 2b), the Cafiadon Calcareo Formation was sampled at the
eastern margin of the Chubut River, where it overlies the units of
the LTG. Two sampling sites were located in yellow-coloured tuffs
and fine-grained sandstones with bivalves (CCG0O1 and CCGO02,
Fig. 3f). Additionally, a third site (CCGO03) was sampled further
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Table 1. Geographic coordinates of the LTG sampled sites and the statistical parameters (Fisher 1953) of the obtained M component directions. n/N = used

samples/total samples.

Sampling area Lithology Site Site coordinates n/N Geographic coordinates Bedding Stratigraphic coordinates VGP (TILT)
Lat. (°S) Long. (°W) Dec. Inc. R k@95 (strike/dip) Dec. Inc. R k95 Lat. (°S) Long. (°E)
A Lava  LTEOl 42.9067 69.2990 3/5 360.0 —46.1 3.0 59.1 16.2 44/20 349.5 —30.8 3.0 58.6 16.2 62.2 88.8
Lava LTE02 42.9067 69.2991 5/6 3483 —69.5 5.0 1324 6.7 44/20 3324 —51.4 5.0 1326 6.7 65.7 38.0
Dyke LTEO03 42.9068 69.2992 5/11 354.1 —80.8 4.9 272 149 44/20 326.8 —62.4 49 273 149 66.0 7.4
Ignimbrite LTE05 42.9103 69.3009 6/6 208.1 624 59 81.0 7.5 44/20 180.5 52.1 59 809 7.5 798 113.0
Ignimbrite LTE06 42.9103  69.3009  6/6 206.1 69.7 6.0 368.8 3.5 44/20 172.1 57.6 6.0 3694 3.5 824 55.8
lahar  LTEO8 429110 69.2999 5/5 2684 74.1 49 59.2 10.0 44/20 186.7 75.8 4.9 592 10.0 69.4 282.0
B Ignimbrite LTGO1 43.1967 69.2346  6/12 357.6 —56.1 5.8 22.7 144 20/15 340.8 —48.3 5.8 22.7 144 693 56.6
LTGO02 43.1905 69.2428 3/3 195.8 28.8 29 21.0 27.6 20/15 1879 267 29 21.0 27.6 60.1 126.3
LTGO3 43.1859 69.2309 5/6 6.2 —539 49 653 9.5 20/15 3489 —48.1 49 656 9.5 734 74.7
LTG04 43.1854 69.2369  3/4 3589 —55.1 3.0 108.1 11.9 20/15 3424 —47.6 3.0 1074 12.0 69.8 60.6
LTGO5 43.1864 69.2445  5/6 201.6 38.6 4.9 469 11.3 20/15 189.8 374 49 469 113 663 134.1
A+B Mean normal 6/11 358.9 —60.3 5.9 39.8 10.7 3414 —484 59 48.7 9.7
Mean reverse 5/11 207.0 56.5 4.7 12.1 23.0 184.1 50.1 4.8 17.6 18.7
Total mean 11/11 12.1 —59.4 10.5 18.3 11.0 351.3 —49.710.6 239 9.5
Positive reversal test Classification C ye= 18.1 yo= 149
C (GEO)
Lava LTCOl1 43.2641 69.1914 8/8 27.7 —445 79 973 56 27227 52.6 —66.4 7.9 96.8 57 618 172.6
LTCO02 43.2637 69.1927 7/7 240 —554 7.0 195.6 43 27227 679 —-76.5 7.0 196.4 43 70.2 187.3
LTCO03 43.2629 69.1891 5/5 11.1 —58.0 5.0 209.9 5.3 272/27 48.1 —83.4 5.0 210.8 53 80.5 175.9
LTCO04 43.2635 69.1865 7/7 145.0 852 69 744 7.0 205/19 2857 750 69 741 7.1 508 299.5
LTCO05 43.2634 69.1865 8/8 152.8 83.1 7.9 874 6.0 20519 2774 758 79 873 6.0 549 301.6
LTCO06 43.2633 69.1864 4/5 1239 794 4.0 66.7 11.3 205/19 2843 813 4.0 66.7 11.3 51.6 318.7
LTCO07 43.2633 69.1865 5/6 223.5 82.8 5.0 1040 7.5 205/19 276.8 67.7 5.0 103.7 7.5 52.5 274.8
LTCO08 43.2670 69.1866  7/7 180.7 759 6.9 103.7 6.0 190/26 248.3 62.7 6.9 103.1 6.0 70.0 289.8
LTC09 43.2670 69.1866 ~ 6/6 154.7 79.9 6.0 1748 5.1 190/26 257.1 683 6.0 174.6 5.1 39.6 238.9
LTC10 43.2670 69.1865 6/6 1954 73.7 6.0 245.0 43 226/33 285.0 62.0 6.0 2462 43 71.1 263.5
LTCI1 432670 69.1865  7/7 202.6 71.0 7.0 249.4 3.8 226/33 279.6 60.3 7.0 255.0 3.8 71.0 248.6
LTC12 43.2668 69.1864 5/6 185.8 72.7 5.0 1358 6.6 219/28 269.8 66.8 5.0 1362 6.6 74.7 279.0
LTCI13 43.2668 69.1864  7/7 2132 746 7.0 153.8 49 25520 294.6 75.1 7.0 1542 49 634 254.7
Mean normal 3/13 21.7 —52.8 3.0 84.3 135 56.7 =75.6 3.0 83.6 13.6
Mean reverse 10/13 184.1 79.2 99 1122 4.6 274.1 70.0 9.9 87.6 5.2

Table 2. Geographic coordinates of the sampled units of the Las Leoneras and Cafiadon Calcareo formation and the statistical parameters (Fisher 1953) of the
obtained M component remanence directions. n/N = used samples/total samples. Discarded sites because of their anomalous position are highlighted in grey.

Sampling
area Lithology  Site Site coordinates n/N Geographic coordinates VGP (GEO) Bedding Stratigraphic coordinates
Lat. (°S) Long. (*W) Dec.  Inc. R k «95 Lat. (°S) Long. (°E) (strike/dip) Dec.  Inc. R k 95
D Sandstone CLLO02 42.8322 69.4459 6/6 1.1 —-563 6.0 1388 5.7 84.0 119.1 140/25 185 —-36.8 6.0 1393 57
Mudstone CLLO03  42.8322 69.4459 33 127 585 30 632 156 798 184.5 140/25 268 —36.7 3.0 629 157
Mudstone CLL04 42.8331 69.4470 6/6 28 =560 59 617 8.6 83.4 130.6 140/25 195 =362 59 619 86
Sandstone CLLO5 42.8308 69.4537 3/3 72 —636 29 233 261 843 2273 140/25 259 —423 29 234 261
Mudstone L3-L4  42.8351 69.4483 4/5 3371 —-574 4.0 1528 7.5 72.0 28.5 140/25 41 —441 40 1516 75
Mean values 5/5 360.0 —589 50 1088 7.4 192 -395 5.0 1084 74
E Sandstone  YANO1 42.3964 69.5735 6/6  346.7 —512 6.0 1480 5.5 75.1 60.9 315/16 3258 —572 6.0 1486 5.5
Sandstone  YANO2 42.3958 69.5731 5/6 3572 —540 49 351 13.1 81.8 93.7 315/16 3347 —624 49 349 131
Mudstone  YANO4 42.3954 69.5714 5/6 32 591 5.0 1264 68 86.5 155.1 315/16 3359 —685 50 1266 6.8
Mudstone  YANO5 42.3953 69.5695 6/6 3482 —-50.5 59 535 92 75.4 66.3 315/16 3279 —569 59 536 9.2
Sandstone  YANO6 42.3952 69.5691 5/5 3385 —46.1 49 577 102 670 54.1 315/16  321.0 —502 49 575 102
Sandstone  YANO7 42.3921 69.5396 3/4 359.6 —-53.6 29 242 256 818 108.0 192/17 231 —53.8 29 241 257
Mudstone  YANO09 42.3974 69.5429 6/6 3228 —53.1 59 448 10.1 59.7 24.8 192/17 3449 —63.8 59 447 10.1
Mean values  7/7 3475 -532 69 776 6.9 3386 —60.6 69 40.0 9.7
B Tuff CCGO1 43.1561 69.2517 5/5 02 —442 49 503 109 728 111.2 205/11 11.5 —47.0 49 410 121
Tuff CCGO02 43.1566 69.2518 6/6 3465 88 59 662 83 —409 92.9 280/16 3467 —59 59 66.0 83
Mudstone CCGO03  43.1859 69.2279 711 1.5 —482 6.8 249 123 76.0 116.2 312/16 3451 —589 6.8 249 123
Mean values  2/3 08 —462 2.0 359.8 —54.1 2.0
F Sandstone PEQO1  43.2923 68.9929 77 25 =503 6.6 166 152 776 121.2 245/30 452 —71.7 6.6 167 152
PEQO02 43.2907 68.9934 5/5 157 555 48 231 163 759 175.1 245/30 712 —682 48 232 162
PEQO3  43.2905 68.9962 3/3 2983 —649 29 246 254 474 353.8 245/30  213.0 —72.6 29 246 254
PEQO5 43.2910 68.9952 3/4 3183 —31.6 3.0 419 193 462 44.4 245/30 3062 —59.6 3.0 42.1 192
Mean values ~ 2/4 87 531 20 1460 208 593 —-704 2.0 146.1 208
Sedimentary units Mean values 16/16 3557 —544 158 714 44 42 =567 1511 16.1 95
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south from khaki-coloured mudstones. In total, 19 samples were
collected from these sites (see Fig. 2b and Table 2).

(c) The last sampling area is located to the west of the El Que-
mado Post, specifically at its type locality, the Calcareo Canyon (F
area, PEQ sites; Figs 1b and 2f). Here, coarse-grained sandstones
with pale yellow colour and reddish patches were sampled (Fig. 3h).
These units were challenging to sample because they easily break
apart. A total of 33 samples were obtained from five sites (Table 2).
It should be noted that sites PEQO3 and PEQO04 likely correspond
to the overlying Chubut Group, as indicated by Volkheimer et al.
(2009).

2.2 Palaeomagnetic and rock magnetic methods

Rock magnetic studies were conducted using representative samples
of the studied lithologies to investigate the origin of the natural
remanence (NRM) and identify the ultimate carriers of remanent
magnetism (Fig. 4). Raw data from these experiments can be found
in Appendices A (sedimentary units) and B (volcanic units).

Isothermal remanent magnetization (IRM) acquisition curves,
backfield demagnetization of saturation IRM (SIRM) curves, and
hysteresis loops were performed with a Kazan University (Russian
Federation) J-Meter coercivity spectrometer (Jasonov et al. 1998) at
the Complutense University of Madrid and a Molspin Ltd vibrating
sample magnetometer at the University of Buenos Aires (only the
L3-5 sample). The thermomagnetic susceptibility versus tempera-
ture curves were conducted using a CS-3 attachment for the AGICO
MFK1-FA Kappabridge in Buenos Aires laboratory and a KLY-4S
Kappabridge in Madrid.

Most samples were demagnetized thermally (TH), applying pro-
gressively higher temperatures until the samples were completely
demagnetized (Butler 1992). Additionally, demagnetization by al-
ternating fields (AF) were performed as pilot tests at every site.
However, in CCG samples, only AF demagnetization was employed.
This approach was chosen as the demagnetization results were
equivalent to those obtained with the thermal method and applying
AF alone guaranteed complete demagnetization of these samples
(see Fig. 5e). Thermal demagnetization was performed using ASC
Scientific TD-48 SC and Magnetic Measurements MMTD thermal
demagnetizers in the Buenos Aires and Madrid laboratories, re-
spectively. In Buenos Aires, an AGICO LDA-3A rotating demagne-
tizer for alternating magnetic fields was used, while an AGICO JR6
rotating magnetometer was employed for the remanence measure-
ments. In Madrid, a 2 G superconducting magnetometer equipped
with SQUID-DC SSR sensors, and an in-line AF demagnetizer
was used. Bulk susceptibility measurements during heat treatment
were conducted to monitor any mineral transformation. These mea-
surements were performed using a Bartington susceptibilimeter in
Buenos Aires. (see Appendix C). To ensure accuracy, all directions
were corrected for the current declination of the Earth’s magnetic
field (EMF). Characteristic remanent magnetizations (ChRM) were
determined averaging at least four demagnetization steps, with a
mean number of steps per ChRM of seven. This ensured a maxi-
mum angular deviation of less than 10°, averaging 6° (Kirschvink
1980). The complete ChRM data can be found in Appendix D.

2.3 Palaeomagnetic and rock magnetic results

The results of the demagnetization of the samples reveal that the
magnetic remanence is hosted by minerals with high coercivity and
high unblocking temperatures. As can be observed in the Zijderveld

diagrams (Zijderveld 1967; Fig. 4a), the directions of the remanence
components are easily identifiable, pointing towards the origin and
showing low dispersion. Furthermore, in the demagnetization dia-
grams (Fig. 4b), it can be noted that the magnetic remanence persists
even under high AF (100 mT) and high temperatures (above 580 °C).
Therefore, observing all the experiments, it can be asserted that
the studied rocks, both volcanic and sedimentary, contain low-Ti
titanomagnetite and pure magnetite as the main carrier of magnetic
remanence and, to a lesser extent, haematite (Fig. 4c). In addition
to these minerals, the results indicate the presence of paramagnetic
and superparamagnetic (SP) minerals, (titano)maghemite and sul-
fides. The slope of the magnetic hysteresis loop after saturation
indicates the presence of paramagnetic minerals (Fig. 4d), while SP
minerals can be recognized in the Day-plot (Day et al. 1977; Dunlop
2002; Fig. 4e). The presence of (titano)maghemite and sulfides is
discernible during the heating curve in the thermomagnetic curves,
showing a peak between 200 and 400 °C and an increase in suscep-
tibility between 400 and 500 °C, respectively (Jagadeesh & Seehra
1981; Moskowitz 1981; Martin-Hernandez et al. 2008; Fig. 4f).

2.3.1 Lonco Trapial Group

In the samples collected from the A area (LTE, eight sites, see
Figs 1b and 2a), two distinct remanence components were identified
after removing a viscous remanent magnetization (VRM; Fig. 5).
The details are as follows:

(1) In most of the samples, a low-temperature component (L) was
isolated between 200 and 450 °C, or 5 and 30 mT (Fig. 5a). However,
in LTE02, 04, 06, 07 and 08 sites, the dispersion (k < 10; Van der
Voo 1990) or the lack of a minimum of directions did not allow the
calculation of mean values per site.

(i) A high-temperature component (M) was isolated between
450 and 680 °C, except for LTE08 samples, in which the M compo-
nent was determined between 450 and 580 °C.

(iii) In the LTEOS site samples, a very high-temperature compo-
nent (H) was identified, ranging between 580 and 680 °C. However,
due to a lack of a sufficient number of demagnetization steps, it
could not be precisely determined.

The remanence directions of the M component exhibit both pos-
itive (reverse inclination in the Southern hemisphere) and negative
(normal inclination in the Southern hemisphere) inclinations. In
contrast, the L component directions exclusively have negative in-
clinations (see Fig. 5a). Using the M components, a total of six mean
directions were calculated. However, the mean directions from the
LTEO04 and LTEQ7 sites were discarded due to an unacceptable
kappa value (kK < 5; Van der Voo 1990). Three mean directions
were calculated with the L components (see Table 3). Finally, vir-
tual palacomagnetic poles were calculated for each mean direction
(Table 1).

In the B area (LTG, five sites, see Figs 1b and 2b), two ChRM
components were identified in the samples after removing a VRM.
The details are as follows:

(i) An L component was also identified within the temperature
range of 200400 °C, or an AF field range of 2-60 mT (Fig. 5b).

(i) Between 400-580 °C, or 2-60 mT, to 550-680 °C, an M com-
ponent was determined (Fig. 5b). These differences between the
unblocking temperatures of the M component can be attributed to
the lithological differences within the LTG sites (see section 2.1).

The directions of the M component exhibit both positive and
negative inclinations, whereas the directions of the L component
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Figure 4. Palacomagnetic and rock magnetic studies. The L3-5 sample corresponds to a fine-grained sandstone of the Las Leoneras Formation (see Fig. 2d).
The CCGO1-5 and YANO1-3 samples are tuffaceous sandstones, and the PEQO1-1 sample corresponds to coarse-grained sandstone, of the Cafiadon Calcareo
Formation (see Figs 2b, e and f). The LTE03-3, LTGO05-1, LTC02-1 and LTC08-1 samples are an andesitic dyke, an ignimbrite, a lava and an autobrecciated
lava, respectively, of the LTG (see Figs 2a—c). (a) Orthogonal diagrams of the selected representative samples. (b) Thermal demagnetization curves of the NRM
from (a) samples. (c) IRM and backfield with the saturation remanence (Mrs) and remanent coercive force (Hcr). L3-5 sample is out of the graphic because
the IRM was done to a peak field of 1T. (d) Hysteresis loops with saturation magnetization (Ms) and coercive force (Hc). The grey line corresponds to the raw
loop, and the dashed line to the uncorrected loop. (¢) Thermomagnetic curves (susceptibility versus temperature).
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Figure 5. Orthogonal demagnetization diagrams (Zijderveld 1967) of some
samples. The LTG (a) in the A area; (b) in the B and (c) in the C area. The
Las Leoneras Formation (d) in the D area. The Cafiadon Calcareo Formation
(e) in the E area; (f) in the B area and (g) in the F area. The ChRM directions
of the M component are marked with a solid line and the L component with
dashed line.

exclusively have negative inclinations (Fig. 5b). Furthermore, the
virtual palacomagnetic poles for each site in the B area were calcu-
lated (Table 1).

In the C area (LTC, 13 sites, see Figs 1b and 2c), the following
remanence components were isolated from the samples:

(i) The M component was determined between 200 °C, or 5 mT,
and 580-680 °C (Fig. 5c¢).

The directions of the M component in the LTC area have both
positive and negative inclinations. However, in this case, the inclina-
tion of the layers was not assumed to be the result of a tilted bedding
plane because tilt ranges from 25° to 30° are typical for a cinder cone
(e.g. Wood 1980; Rodriguez-Gonzalez & Fernandez-Turiel 2015).
Moreover, after applying the tilt corrections, the mean directions
of positive polarities disperse instead of grouping (k = 112 before
correction and k = 88 after correction). Therefore, M component
mean directions and a reversal test were calculated in geographical
coordinates. Both the McFadden & Lowes (1981) and McFadden
& McElhinny (1990) reversal tests indicate that the positive and
negative mean directions do not share a common mean at 95 per
cent confidence (y. = 25.76° and y, = 7.29°). Therefore, these
results may imply that palaeosecular variation may not be averaged
in the LTC units (Fig. 6b). Likewise, a VGP was calculated for each
site (Table 1).

Assuming that the site LTC had experienced a different tectonic
setting than LTG and LTE, a reversal test (McFadden & McElhinny
1990) was conducted using the mean directions of the M compo-
nents from LTE and LTG sites. The test resulted in a positive class
C (y. = 18.1° and y, = 14.9°), with a common mean at 95 per
cent confidence (McFadden & Lowes 1981). A new reversal test
by Heslop ef al. (2023) was also conducted, and it indicates that
the Y component of the mean of positive and negative directions
of LTG-LTE sites does not match, but the angle between means
is smaller than 14.5° (Fig. 7a). Similarly, the test points out that
the Z component of the mean directions of LTG and LTE does not
match, but the angle between means is smaller than 14.5° (Fig. 7b).
Despite the lack of a perfect match, we assume that the angular
deviation between means is acceptable. Each site of the LTG units
corresponds to a single lava flow or ignimbrite, which may repre-
sent spot readings of the EMEF, but their dispersion and the positive
reversal tests in the LTE-LTG units indicate that the palacosecular
variation was averaged out, representing enough time span to give
a representative palaeopole. (Fig. 6a).

2.3.2 Las Leoneras Formation

Two ChRM components were determined after removing a VRM
in the samples from the D area (CLL and L, eight sites, see Figs 1b
and 5d). The details are as follows:

(1) In most of the samples the M component was completely
demagnetized at a temperature of 680 °C.

(i1) Only in three samples an H component could be isolated
within the temperature range of 400-500 and 630-680 °C.

All the directions of the M component of the Las Leoneras For-
mation samples present negative inclinations. In contrast, the direc-
tions of the M component of the LTG site (CLLO1) samples and the
H component of both the Las Leoneras Formation’s samples and
CLLO1 samples present positive inclinations.

Therefore, it is assumed that the sill of the LTG did not remagne-
tize the units of the Las Leoneras Formation. The mean directions
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Table 3. Statistical parameters (Fisher 1953) of the L component remanence directions from the units of the LTG. n/N = used

samples/total samples.

Site n/N Site coordinates Geographic coordinates VGPs

Lat. (°S) Long (°E) Dec. Inc. R k «95(°) Lat.(°S) Long. (°E)
LTEO1 3/4 42.9067 69.2990 1.2 —45.0 3.0 114.9 11.6 73.7 114.4
LTEO03 3/3 42.9068 69.2992 3545 =704 3.0 86.0 13.4 77.8 305.8
LTEOS 3/3 42.9103 69.3009 3577 =59.7 2.9 28.3 23.6 87.1 73.5
LTG02 4/4 43.1905 69.2428 3473  —54.6 4.0 74.0 10.8 77.4 55.9
LTGO03 4/4 43.1859 69.2309 3545 —60.5 4.0 113.3 8.7 85.6 42.1

of the H component were discarded because & < 10 (Van der Voo
1990). Mean directions were calculated using the M component for
each site within the Las Leoneras Formation (Fig. 6¢), while the
mean direction of the M component of the CLLO1 site has an un-
acceptable (k< 10; Van der Voo 1990). These mean directions are
summarized in Table 2.

2.3.3 Canadon Calcareo Formation

In the E area (YAN, nine sites, Figs 1b and 2¢), all the samples
present a VRM, which was obliterated above 150 °C. After removing
the VRM samples revealed the following:

(i) Between the first or second step of demagnetization and
680°C, an M component was determined in the samples without
the H component (Fig. Se).

(i1)) An H component was present in half of the samples after
removing the M component at 450°. The H component was isolated
between 450 and 680 °C (Fig. Se). However, the MAD of most of
those directions exceeded the acceptable threshold (MAD > 10°;
Kirschvink 1980).

The inclinations of the M component are all negative. In con-
trast, the inclinations of the H component are all positive, but the
demagnetization steps were not sufficient (< 4) to determine those
components (Fig. 5¢). A mean direction of the M component was
calculated for each site (Table 2), excluding the YANO3 and YANOS
sites (k < 10; Van der Voo 1990). After applying the tilt correction,
the clustering of remanence directions diminishes (geographic co-
ordinates k = 78 and stratigraphic coordinates k£ = 40; Fig. 6d).
To assess this further, a fold test was conducted (McFadden 1990)
yielding a non-significant result (»p = 0.05 and CR = 2.69). Thus,
it is presumed that the remagnetization occurred after the folding
process.

The samples from the B area (CCG, three sites, see Figs 1b
and 2b), located to the south of the Gorro Frigio Peak (Figs 1
and 2c), were primarily demagnetized by AF on the basis that the
thermal method showed consistent results (one specimen per site
was demagnetized by thermal method). The details are as follows:

(i) After removing a VRM, the M component was determined
between 5 and 100 mT (Fig. 5f).

The M component consistently displays negative inclinations in
all the samples. Mean directions for each site were calculated, with
six to seven directions per site (Table 2). The CCGO02 site was dis-
carded due to its anomalous direction (Fig. 6e). Furthermore, when
tilt corrections are applied to the remanence directions the angular
distance between them increases (4.1° before correction and 18.8°
after correction). Consequently, a tilt test (McFadden 1990) was per-
formed using CCGO1 and CCGO3 sites, resulting in a statistically
significant and negative outcome (p = 0.05 and CR = 19). Hence,
it is postulated that the magnetization was acquired after the tilting.

The last sites of the Cafiadon Calcareo Formation in the F area
(PEQ, five sites, Figs 1 and 2g) presented:

(i) After removing a VRM, an M component was determined
from the first demagnetization step to the complete demagnetization
of the sample (Fig. 5g).

(i) In just two samples, after the M component (isolated up to
580°C), an H component was characterized from 580°C to the
complete demagnetization (Fig. 5g).

Mean directions of H components were discarded for being in-
sufficient (n < 3; Fisher 1953). Like the previous cases, the M
remanence directions consistently displayed negative inclinations
(see Fig. 5g). Mean directions were calculated for the M compo-
nents (Table 2), but site PEQ04 was disregarded (k < 10; Van der
Voo 1990; Table 2). Additionally, sites PEQO3 and PEQO5 were
also excluded because of their anomalous direction, with an angu-
lar deviation of more than 35° from the other two mean directions
(Fig. 6f). As all the units have the same bedding plane, it was not
possible to calculate a tilt or fold test.

3 DISCUSSION

3.1 Remagnetization of the sedimentary units of the CAB

The Jurassic period is well known for experiencing a high rate of
geomagnetic field reversals (e.g. Biggin et al. 2012; Kulakov et al.
2019). However, these are not well preserved in the magnetic re-
manence of the studied sedimentary units (see Figs 5 and 6). The
remanence directions of the Las Leoneras and Cafiadon Calcareo
formations only show normal (negative) inclinations of the M com-
ponent, which is unexpected because of the extent of the sampling
area (see Fig. 1), the age range (ca. 189 to 157 Ma, Clineo et al.
2013) and the number of sites (26 sites; see Fig. 2). Additionally,
the sampled sites of the sedimentary units in the CAB correspond
to different beds rather than different strata. Therefore, it is highly
unlikely that the high value of the kappa parameter is attributable to
spot readings of the field during the formation of the rocks but is in-
stead related to a remagnetization of these units during a hydrother-
mal stage (see Fig. 1c¢). Moreover, when the tilt corrections of each
site are applied, the mean directions disperse instead of grouping
(Fig. 7a). Also, the L component of the LTG units presents similar
directions in comparison with the ones obtained in the sedimentary
units of the CAB in in sifu coordinates (without applying any tilt
correction; see Table 3 and Fig. 8a).

Hence, a tilt test was performed with the mean directions (McFad-
den 1990), giving a negative result: p = 0.05; CR = 1.69; k = 72.6
in situ and k = 16.7 tilt corrected (Fig. 9). In this regard, the L
component is carried by a different grain size fraction or compo-
sitional type (see Fig. 4f; Huang et al. 2023) with the unblocking
temperature at 450 °C (see Section 2.3.1). Therefore, these rema-
nence directions are post-tectonic, and an overall remagnetization
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Figure 6. Stereographic projection of the mean directions per site. LTG
means (a) from the A and B area, and (b) from the C area. The reverse mean
direction (black circle) is transposed to the normal position (grey circle)
for comparison with the normal mean (empty black circle). (¢) Canadon
Las Leoneras Formation means per site from the D area. Cafiadon Calcareo
Formation means (d) from the E area, the synclinal fold near Yanquetruz
Post, with the means of the western flank marked with a bold line and those
of the flank marked with a thin line; (¢) from the B area and (f) from the F
area. Discarded means for being in an anomalous position are marked with
a dotted line.
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Figure 7. Stereographic projection of the mean directions of the LTG and
LTE sites: (a) positive (down) and negative (up) mean directions of both
sites plotted in the same polarity; and (b) mean directions of LTG (dashed
line) and LTE (solid line ) sites.

is inferred, as proposed by Geuna et al. (2000) for some localities
of the CAB. A palacomagnetic pole was calculated with the VGPs
of each site, which statistical parameters are (Fisher 1953): N =21,
Lat. = 82.7°S, Long. = 82.5°E, K = 44.8 and 495 = 4.8° (Fig. 8b).

Several mineral and hydrothermal deposits are described along
the CAB (e.g. Fernandez Lima & Latorre 1978), primarily asso-
ciated with the genesis of the LTG and the volcanic units of the
Cafiadon Asfalto Formation (Marquez et al. 2016; Bouhier et al.
2017). Additionally, some mineralized veins are reported within the
units of the Cafladon Calcareo Formation (Fernandez Lima & La-
torre 1978; Sangster 2001; Fig. 8c). In this work, we identified that
some of the units were recrystallized in the Las Leoneras Canyon
(D area), a patina of malachite was appreciable in the walls of some
veins in outcrops of the cinder cone (C area), and some mineral-
ized veins were abundant within the units of the Canadon Calcareo
Formation near the Yanquetruz Post (E area; see Fig. 8c). These
recrystallized areas were avoided during the sampling, but the ev-
idence presented here suggest that hydrothermal fluids may have
affected the units beyond those areas.

To determine the potential age of the remagnetization within the
studied area of the CAB, the palacomagnetic pole was compared to
the Jurassic South American Apparent Polar Wander Path (APWP)
of Ruiz Gonzalez et al. (2022) and the global Jurassic APWP means
of Vaes et al. (2023; Table 4 and Fig. 10). Based on this, the polar
direction of the mean pole in relation to these APWPs suggests that
the hydrothermal stage which triggered the remagnetization of the
studied units could have occurred around 145 Ma (see Fig. 10). This
is consistent with the fact that mineralized veins must be younger
than ca. 157 Ma (Cuneo et al. 2013) since they cut through the units
of the Canadon Calcareo Formation (see Fig. 8c).

In the same way, the dating of zircons in units of the Cafiadon
Calcareo Formation near to the El Torito Ranch (see Fig. 1b) yielded
aU-Pbage of 157.387 Ma (Cuneo et al. 2013) whereas a K-Ar age in
biotite of 147.1 Ma from the same formation (Cabaleri et al. 2010)
suggests the resetting of ages due to the hydrothermal activity or a
mixture of signs due to a K problem. Also, in units from the LTG,
whole rock K-Ar dates of 147 and 136 Ma also have been reported
(Nullo 1978, 1983). This age range is confirmed by the absence of
this type of mineralization in the Cretaceous formations (Sangster
2001; Marquez et al. 2016).

20z Jequisides ¢z uo 1senb Aq 081 2692/€Z . L/S/8EZ/a10M./1[B/Wo0 dnoolwepeoe//:sdjy wolj pspeojumoq


art/ggae217_f6.eps
art/ggae217_f7.eps

1734 V. Ruiz Gonzdlez et al.

(@)

0°E|

134G

LTGO2 YANO1
/ 1o ¥

YANO4 6

L -PER% -— & e
/ @5'50 1 --[TE01

SLLDS

&002

AK

YAN(@

90°EfR = *» :
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(CLL-L) and Lonco Trapial Group (LTE and LTG). In addition, the mean directions of Geuna et al. (2000), Upper Cafiadon Asfalto Formation in their text

(UCAF) are plotted in triangles. (b) Geographic projection of the VGPs calculated with the in sifu means (same shapes as in a), the mean palacomagnetic pole
is marked with a square and (c) mineralization veins cutting the Cafiadon Calcareo Formation in the E area, near the Yanquetruz Post, between sites YANO7

and YANOO (see Figs 1b and 2e).
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Table 4. Geographic coordinates and statistical parameters (Fisher 1953) of the Jurassic mean directions of the South American
APWP of Ruiz Gonzalez et al. (2022) and the global APWP of Vaes ef al. (2023), both in South American coordinates (see

Fig 10b).
Age (Ma) Ruiz Gonzélez et al. (2022) Vaes et al. (2023)
N Lat. (°S)  Long. (°E) K A95 (°) N Lat. (°S)  Long. (°E) K A95 (°)

200 4 80.4 243.1 178.3 6.9 705.9 78.9 245.0 9.6 1.8
190 4 80.1 217.7 879.4 3.1 117.8 77.4 217.1 28.1 2.5
180 3 82.1 198.1 138.9 10.5 243.7 81.4 214.8 23.5 1.9
170 2 83.0 176.3 156.5 20.1 44.8 88.4 228.8 132 6.1
160 4 84.0 179.3 1159 2.7 68.5 87.5 160.1 17.6 42
150 5 85.3 154.0 163.6 6 76.3 85.3 85.0 16.6 4.1
140 11 86.1 73.8 578.5 1.9 1253 83.7 64.1 33.8 22

Taken into account the previous ages, it is interpreted that the
origin of the mineralizations were triggered by an extensional stage
of the CAB, which facilitated the hydrothermal activity through an
extended and thinned crust (e.g. Foley ef al. 2023). This extensional
stage correlates with the change in the direction of the continental

drift of South America, from a clockwise rotation of the whole
continent to a westward drift (Somoza & Zaffarana 2008; Ruiz
Gonzalez et al. 2022). In the CAB, this also coincides with the
deposition of the K megasequence (Figari ef al. 2015), due to the
generation of accommodation space during the thermal subsidence
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Figure 10. (a) Stereographic projection of the LTG mean directions calculated in this work correspond to the circles, the LTC means also are presented with
solid lines (LTCn) and dashed lines (LTCp, see Table 5). The mean directions obtained by Geuna ef al. (2000) from the volcanic units of the (Lower) Cailadon
Asfalto Formation correspond to the triangles. Also, the Jurassic mean directions of 180 and 170 Ma from the South American APWP of Ruiz Gonzalez et al.
(2022) and global APWP of Vaes et al. (2023) correspond to the pentagons and stars, respectively. (b) Poles calculated from the mean directions from a) have
the same shape scheme. Also, the Jurassic (190-140 Ma) mean poles of the APWP of Ruiz Gonzalez et al. (2022) and GAPWP of Vaes et al. (2023) are
included. The palaeopole of the remagnetized units corresponds to the square. In addition, other Early Jurassic poles from Patagonia are included to compare
with those obtained in this work. From the North Patagonian Massif: (1) Lonco Trapial Group (this work), (2) Lonco Trapial Group (Zaffarana & Somoza
2012), (3) Mamil Choique dykes (Rapalini & Lopez de Luchi 2000), (4) Marifil Formation (Iglesia Llanos et al. 2003), (5) Marifil Complex (Vizan 1998)
and (6) Marifil dykes (Rapalini & Vilas 1991). From the Deseado Massif (southern Patagonia): (7) Chon Aike Formation, (8) Bajo Pobre Formation (Ruiz
Gonzalez et al. 2022), and (9) Chon Aike Formation (Vilas 1974). The poles 2, 7 and 9 indicate anticlockwise rotations about vertical axis, tand 3 and 8 indicate

clockwise rotations, and 4, 5 and 6 indicate no rotations.

stage of the basin. Furthermore, this mean pole does not indicate
any rotation about vertical axis because, as presented earlier, the
directions of the remanence are better grouped in situ and scatter
when tilt corrections are applied (see Fig. 8a). It lies within the 495
confidence ellipse of the 150 and 140 Ma mean poles (Fig. 10). This
suggests that, at least since approximately 145 Ma, the strain within
the area did not contain a shear component.

On the other hand, the age of the obtained pole is constrained
between the Oxfordian and Aptian (Geuna et al. 2000; Cuneo et al.
2013), so it would have been recorded by remagnetization if there
had been a significantively large True Polar Wander event such as
the ‘Monster shift’ in that timeframe (e.g. Kent & Irving 2010).
Therefore, there are no indications of such an event in the studied
units, and its existence is disputed.

Although the sedimentary units analysed in this study show
an intense remagnetzsation, Geuna et al. (2000) documented a

clockwise rotation of the Gorro Frigio. Interestingly, this rotation
was observed in units equivalent to those from the C and F areas
in this study (see Fig. 11a). In the CX and K sites in Geuna ef al.
(2000), the Canadon Calcareo Formation (Upper Cafiadon Asfalto
Formation sensu Geuna et al. 2000) was sampled revealing positive
and negative directions, which could imply that the sampled units
in that study did not suffer a single remagnetization event. How-
ever, the mudstones and fine-grained sandstones from CX and K
sites showed a soft magnetization which was eliminated at 30 mT
or 400 °C and in some samples was the only component (see Geuna
et al. 2000).

Additionally, as can be seen in Fig. 10, the mean directions ob-
tained by Geuna et al. (2000) exhibit a significant clustering when
projected onto in situ coordinates. This could be attributed to the
possibility that, similar to the sedimentary units studied in this work,
they might have undergone remagnetization through an event that
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Figure 11. (a) Geological map of the study area featuring the sampled sites of this study (black squares) and those by Geuna et al. (2000; yellow filled squares).
The region of the Central Patagonian Batholith and the Gastre Basin Block is highlighted in mustard colour (Ruiz Gonzalez et al. 2020). The depocentres
identified by Figari ef al. (2015) are labelled with capital letters: (A) Gastre, (B) Gan-Gan, (C) Gorro Frigio, (D) Fossatti, (E) General Racedo and (F) Paso de
Indios. The crustal domains proposed by Renda et al. (2019) are marked with numbers: (1) Gastre, (2) Lonco Trapial, (3) Taquetrén, (4) Pichinanes, (5) Piedra
Parada, (6) Los Altares and (7) San Bernardo. Adapted from Bilmes et al. (2013), Cuneo et al. (2013), Figari et al. (2015), Allard et al. (2021b) and Ardolino
et al. (2022). (b) Model depicting shear-driven rotation of blocks near the convergence of the San Andreas and San Jacinto Faults (southern California) within
the broader San Andreas Fault System (modified from Nicholson ef al. 1986). White arrows represent the extensional stress direction. (¢) Schematic model
illustrating the block dynamics during the Jurassic extension of the CAB. Grey arrows indicate the block rotations reported by Zaffarana & Somoza (2012;
upward) and this study (centre), while (d) Early to Middle Jurassic extensional model (modified from Uliana et al. 1989), encompassing the Palacozoic Central
Patagonian Igneous—Metamorphic Belt (Renda ef al. 2019, 2021), and the locations of palacomagnetic studies on Lower to Middle Jurassic units: (1) Lonco
Trapial Group (this study), (2) Lonco Trapial Group (Zaffarana & Somoza 2012), (3) Mamil Choique dykes (Rapalini & Lopez de Luchi 2000), (4) Marifil
Formation (Iglesia Llanos et al. 2003), (5) Marifil Complex (Vizan 1998), (6) Marifil dykes (Rapalini & Vilas 1991), (7) Chon Aike Formation, (8) Bajo Pobre
Formation (Ruiz Gonzalez et al. 2022) and (9) Chon Aike Formation (Vilas 1974). Poles with a blue line indicate anticlockwise rotations about the vertical
axis, those with a maroon line indicate clockwise rotations, and those with a green line indicate no rotations. North Patagonian Massif (NPM) and Deseado
Massif (DM) are highlighted in purple.

lasted long enough to record directions of both polarities or, al- 3.2 Palaeomagnetic record of the Jurassic deformation of
ternatively, through multiple events over time, given the still high the CAB
frequency of reversals during that period (e.g. Doubrovine et al.

One of the main discussions about the CAB is the nature and tectonic

2019). setting of the basin (Silva Nieto ef al. 2005; Figari et al. 2015; Allard
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Table 5. Geographic coordinates and statistical parameters (Fisher 1953) of the poles obtained from the units of the Lonco Trapial Group (upper part). Also,
the magnetic directions and the tectonic motions calculated with the obtained poles and the mean poles of Ruiz Gonzalez et al. (2022) and Vaes et al. (2023)
with the method developed by Beck (1976; 1980), Demarest (1983) and Beck et al. (1986). Possible motions, those with a degree bigger than the uncertainty,

are highlighted in grey.
Pole Area Age (Ma) Correction N Lat. (°S) Long. (°E) K A95 (°)
LTE4+LTG A+B 185-172 Tilt corrected 11 77 73.3 20.2 10.4
LTCn C 185-172 In situ 3 71.0 178.2 69.5 14.9
LTCp C 185-172 In situ 10 63.7 288.1 333 8.5
Calculated tectonic motions relative to the poles of the South American APWP by Ruiz Gonzalez et al. (2022)
LoncoTrapial 180 Ma 170 Ma
Group Expected direction  Obtained direction Apparent Rotation Expected direction Obtained direction Apparent Rotation

LTE+LTG A+B D=10.7;1=—61.1 D=3513;1=-49.7  20.0° &+ 13.8° D=283;1=-59.0 D=3513;1=-49.7 17.6° £ 21.2°
LTCn C D=10.7,1=-61.3 D=21.7,1=-528 10.5° £ 16.8° D=83;1=-593 D=21.7,1=-528 12.9° £ 23.4°
LTCp C D=4.1;1=-79.2 7.3° £20.7° D=4.1;1=-79.2 4.9° +26.3°
Calculated tectonic motions relative to the poles of the Global APWP byVaeset al. (2023)
LoncoTrapial 180 Ma 170 Ma
Group Expected direction  Obtained direction Apparent Rotation Expected direction Obtained direction Apparent Rotation
LTE+LTG A+B D=11.7;1=-63.0 D=351.3;1=-49.7 21.0° £9.2° D=20;1=-624 D=3513;1=-49.7 11.3° £10.9°
LTCn C D=1181=-633 D=21.7,1=-528 9.4° £+ 13.3° D=20;1=-627 D=217,1=-528 19.3° £ 14.6°
LTCp C D=41;1=-79.2 8.4° + 18.0° D=41;1=-79.2 1.5 £ 18.9°

et al. 2021a). In this context, it has been proposed to be a pull-
apart basin (Silva Nieto et al. 2005) or an extensional basin with
depocentres as half-grabens that were generated by tectonic block
rotations (Geuna et al. 2000; Figari et al. 2015). For this purpose,
the palacomagnetic method is a unique tool for unravelling the
deformation recorded by the tectonic blocks of a basin.

Contrarily to the studied sedimentary units, the LTG units and
the volcanic units of the Cafiadon Asfalto Formation (Geuna et al.
2000) preserve the remanence acquired during their formation. To
calculate the possible tectonic motions recorded by these units, the
method developed by Beck (1976, 1980), Demarest (1983) and
Beck ef al. (1986) was applied (Table 5). To achieve this objective,
a palacomagnetic pole was calculated with the VGPs from both the
A and B areas since they belong to the same formation and their
directions are equivalent (sites LTG and LTE; see Figs 5 and 6;
and Table 5): N = 11; Lat.= 77°S; Long.= 73.3°E; K = 20.2 and
A95 =10.4°.

Also, as explained before, as the normal (negative) and reverse
(positive) mean directions from the C area (LTC, see Figs 1 and 2¢)
are not antipodal, two separate palacopoles were calculated (Table 5
and Fig. 10). As can be seen in Table 5, when comparing the cal-
culated LTC palaeopoles with the 180 and 170 Ma mean poles of
Ruiz Gonzalez et al. (2022) and Vaes et al. (2023), which corre-
spond to the time of formation of the LTG (Zaffarana & Somoza
2012; Hauser et al. 2017; Zaffarana et al. 2020), it indicates a lack
of rotations about vertical axes. Only the palaeopole obtained from
the normal (negative) directions from the C area suggests a possible
anticlockwise rotation compared with the 170 Ma mean pole of
Vaes et al. (2023; Table 5).

However, the VGPs calculated by Geuna et al. (2000) from the
volcanic units of the Canadon Asfalto Formation are very close to
the ones obtained from the LTG in the C area (LTC; Fig. 10).
The main difference is that the VGPs by Geuna et al. (2000)
are tilt corrected, and those from the C area are in situ. These
results confirm that the units sampled from the C area corre-
spond effectively to a cinder cone preserved without significant
tilting.

On the other hand, the dispersed direction of the VGPs from the
volcanic units of the Cafiadon Asfalto Formation obtained by Geuna
et al. (2000) and the LTC VGPs presented in this work is still an
unsolved issue. This may represent the record of the EMF during
an excursion or reversal since those VGPs correspond to lavas and

could correspond to spot readings of the field, due to the instability
of the EMF during the Early Jurassic (e.g. Lanza & Zanella 1993;
Tarling et al. 1999; Vizan & Van Zele 2001).

Recent research indicates that the tectonostratigraphic archi-
tecture of the CAB, studied through seismic profiles and field-
work, discounts a strike-slip tectonic regime (Allard ez al. 2021a).
However, the Jurassic structures within the studied area closely re-
semble horsetail splay structures, typically linked to transtensional
stress regimes (see Fig. 11), but their seismic profiles and the out-
crops do not exhibit flower structures (Allard et al. 2021a). Addi-
tionally, Figari et al. (2015) argue that the shape of the basin, divided
into depocentres, does not align with the formation of a pull-apart
basin, as postulated by Silva Nieto et al. (2005). Furthermore, the
studied units from the Late Triassic Central Patagonian Batholith
in the Gan—Gan domain (Renda ez al. 2019; domain 2 in Fig. 11a)
do not indicate rotations about vertical axes of the blocks (Ruiz
Gonzalez et al. 2020).

The interpretation derived from the rotations, which indicate the
LTE + LTG pole and the pole calculated by Zaffarana & Somoza
(2012) from units of the Lonco Trapial Group and, consequently,
the tectonic blocks, whether depocentres or domains (Figari et al.
2015; Renda et al. 2019), suggests an anticlockwise rotation of
21°-11° (see Table 5). Initially, these findings, in line with the
works of Zaffarana & Somoza (2012) and Ruiz Gonzalez et al.
(2020), refute the dextral Gastre Fault System proposed by Rapela
& Pankhurst (1992), at least since 185 Ma. These block motions also
suggest that the stresses that generated the basin were transtensive
due to oblique rift extension, as originally proposed by Uliana et al.
(1989).

Similarly, structural studies to the north of the CAB, in the north-
ern part of the North Patagonian Massif, suggest that regional E-W
transfer fault systems led to the segmentation of the rifting (e.g.
Benedini & Gregori 2013; Benedini e al. 2021). Likewise, in south-
ern Patagonia, in the Deseado Massif, other studies indicate a tec-
tonic evolution in the same direction, with sinistral strike-slip faults
(e.g. Reimer et al. 1996; Giacosa et al. 2010; Fig. 11d). There-
fore, when combining the structural evidence described to the north
and south of the studied area, the difference in the shear direction
of the structures is notable. However, when examining the major
structures and block distribution, a resemblance to the San Andreas
Fault System can be observed (Fig. 11c). This system is charac-
teristic of strike-slip, and the block structuring in the studied area
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would then originate from the Palaeozoic when the stresses between
southern and northern Patagonia were transpressive (Renda et al.
2019, 2021; Vizan 2023). This igneou—metamorphic belt (Ramos
2008; Renda et al. 2019) left a significant structural imprint, which
may have served to channel subsequent strain (Renda ef al. 2019;
see Fig. 11d). Thus, during the formation of the CAB, these blocks
were reactivated in a direction opposite to the Palaeozoic, generating
structures that do not align with those of strike-slip. This can be fur-
ther confirmed because, in the Central Patagonian Batholith in the
Gastre area, field studies, petrology and magnetic fabric indicate that
the orientation of structures associated with the Gastre—Sacanana
Fault had a sinistral displacement during the emplacement of the
granites (Zaffarana et al. 2012; Zaffarana et al. 2017).

Therefore, it can be inferred that the Lower to Middle Jurassic
NNE-SSW extensional regime along Patagonia accommodated the
strain along this deformation belt with a sinistral dominant sense,
guided by the previous Palaeozoic structures (Zaffarana & Somoza
2012; Renda et al. 2019; Ruiz Gonzalez et al. 2022).

4 CONCLUSIONS

In this study, we have successfully identified a remagnetization of
the sedimentary units in the CAB, along with the imprinting of a
secondary remanence in the volcanic units, around 145 Ma. The
resulting pole indicates that, at least since ca. 145 Ma, the strain
within the area had no shear component. It also challenges the
occurrence of a significant True Polar Wander event during that pe-
riod (e.g. Kent & Irving 2010). Additionally, the LTG units exhibit a
counterclockwise rotation ranging from 21° to 11°. This rotational
pattern, consistent with the findings of Zaffarana & Somoza (2012),
refutes the Gastre Fault System (Rapela & Pankhurst 1992) since at
least ca. 185 Ma. The LTG pole also indicates a shear direction of
the structures contrary to those observed to the north and south of
Patagonia during the Jurassic suggesting that the inherited Palaeo-
zoic structures from the Central Patagonian Igneous—Metamorphic
Belt (e.g. Ramos 2008; Renda ef al. 2019) may have played a pivotal
role in determining the stress direction during the formation of the
CAB.
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