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Abstract

A paleomagnetic study of basaltic lava flows exposed in the northern Neuquén Cordillera, southernmost Central Andes, along the Antiñir-
Copahue fault zone (ACFZ), involved 25 sites of the Cola de Zorro Formation (Pliocene–Early Pleistocene) along two different sections. The
sites show exclusive normal polarity, corresponding to the Late Pliocene Gauss chron (3.6–2.6 Ma). The angular standard deviation of vir-
tual geomagnetic poles (VGPs; ASD = 14.8°) is consistent with the expected values from recent geomagnetic models, in opposition to anom-
alously low dispersion found in previous studies in Pleistocene VGPs of reverse polarity from neighboring areas to our study zone. Mean
paleomagnetic directions for Bella Vista (Dec = 0.0°, Inc =−50.0°, α₉₅ = 7.6°, K = 36.7, N = 11) and Río Huaraco sections (Dec = 354.9°, Inc
=−57.0°, α₉₅ = 7.5°, K = 55.7, N = 8) do not show tectonic rotation around vertical axes. Combining and regrouping our and previous data
by area confirmed the absence of tectonic rotations in the Huaraco-Trohunco block and a statistically significant clockwise rotation of 14.4°
± 10.3° of three adjacent tectonic blocks located south of our study locality in Pleistocene times. These results suggest that strike-slip defor-
mation along some sections of the ACFZ was significant in the Pleistocene structural evolution of this region.
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INTRODUCTION

The northern sector of the Neuquén Cordillera (∼36.5°S–38°S)
corresponds to a transition zone between the southern Central
Andes and the North Patagonian Andes (Fig. 1). Its Neogene tec-
tonic activity has been determined by the presence of the
Guañacos fold and thrust belt (Folguera et al., 2006), located in
the retroarc, and active since the Late Miocene. This fold and
thrust belt presents evidence of neotectonic activity with dextral
transpressive and transtensive deformation along the complex
Antiñir-Copahue Fault System (ACFS; Folguera et al., 2004;
Colavitto et al., 2020; Fig. 2).

Folguera et al. (2004) showed that the ACFS constitutes the
eastern orogenic front of the Andes in this region and is inter-
preted as the northernmost extension of the dextral strike-slip
Liquiñe-Ofqui Fault Zone (LOFZ; Figs. 1 and 2). It has been active
during the Pliocene and Pleistocene, since eastward migration of
the front at the end of the Miocene. From then on, tectonic

shortening occurred in the easternmost areas of the Guañacos
fold and thrust belt directly associated with the ACFS activity.
Deformation in the region did not progress farther east of the
major high-angle west-verging Trocomán-Nahueve Rivers thrust
faults (Fig. 2).

Throughout the 90–100 km length of the ACFS, three sections
are distinguished (Fig. 2). The northern section (NACFS) exposes
NW-trending dextral transpressive structures, the central section
(CACFS) is characterized by N-trending dextral transtensional
structures and subordinate transpressive faults, and the southern
section (SACFS) corresponds to a complex zone with NE-trending
dextral oblique reverse faults and a series of transfer faults
between the ACFS and the northern LOFZ. The LOFZ is a
1100-km-long strike-slip fault zone that accommodates the obli-
que convergence between the Nazca and South American plates
and dominates the present tectonics and volcanism in the
Andean arc, between 38°S and 48°S (Cembrano et al., 2000;
Cembrano and Lara, 2009). This system has been active from
the Neogene (Cembrano and Hervé, 1993), displaying present-
day seismic activity (Lange et al., 2008).

Paleomagnetic studies carried out along the LOFZ reported
tectonic rotations around vertical axes from ∼44.3°S to 37.7°S
(García et al., 1988; Cembrano et al., 1992; Rojas et al., 1994;
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Beck et al., 2000; Hernandez-Moreno et al., 2014, 2016; Siravo
et al., 2020). A pattern of large magnitude and complex tectonic
rotations in Chilean territory, along the northern areas of the
LOFZ, was recently proposed (Hernandez-Moreno et al., 2014,
2016; Siravo et al., 2020). However, Milanese et al. (2023) cast
doubts on the statistical validity of such results. They also pro-
posed that possible tectonic rotations in the NACFS should be
further investigated based on their paleomagnetic study on
Plio-Pleistocene lavas near the Andacollo locality (Fig. 2), that
yielded clockwise rotation values of 8.1° ± 8.4°, marginally insig-
nificant at 95% confidence. Furthermore, preliminary results
obtained from Miocene volcanic rocks exposed at the El
Moncol locality (Fig. 2) suggest a 25.1° ± 18.3° clockwise rotation
(Escosteguy et al., 1999; Milanese et al., 2023), statistically signifi-
cant despite the large uncertainty.

In particular, the NACFS is characterized by dextral transpres-
sion and shows the clearest evidence of recent deformation along
the whole ACFS (Folguera et al., 2004). Strong Pleistocene tec-
tonic activity in this region has been widely documented with
high- and low-angle thrust faults affecting Pleistocene lavas and
sediments (Folguera et al., 2004, 2006). These authors registered
several cases of well-developed small-scale dextral strike-slip faults
trending N to NNE. This includes the presence of sets of faults
determining adjacent blocks in a domino pattern. Neotectonic
deformation has also been documented by several large rockslides
in the latest Pleistocene and Holocene (Penna et al., 2011).
Colavitto et al. (2020) questioned the relevance of the strike-slip
components in most neotectonic structures, suggesting that com-
pression dominated the evolution of the Guañacos thrust and fold

belt in recent times. Shallow earthquake data (Milanese et al.,
2023), although scarce, show dominantly N-S dextral strike-slip
focal mechanisms in the study region similar to the seismic activ-
ity along the northern LOFZ. Unfortunately, no local seismic net-
works have been deployed in our study area to determine
microseismicity.

Milanese et al. (2023) found anomalously low angular stan-
dard deviation (ASD) for virtual geomagnetic poles (VGPs)
derived from reverse-polarity sites that do not replicate those of
normal polarity. We note this result because Quidelleur et al.
(2009) also found evidence of very low paleosecular variation in
a study of Pleistocene lavas of reverse polarity (Matuyama
chron) exposed some 150 km to the NE of our study zone.

With the aim of contributing to a better understanding of pos-
sible anomalous paleosecular variation in the region and whether
Andean deformation involved crustal block rotations along the
northern Antiñir-Copahue fault zone (NACFZ) in the Late
Pliocene and Pleistocene, additional paleomagnetic sampling
was carried out on Late Pliocene volcanics exposed 16 km north-
west of Andacollo (Bella Vista section; Figs. 2 and 3). We also
added to this study a set of samples previously collected along
the southern margin of the Huaraco River (Río Huaraco section;
Fig. 3), from which only preliminary results were available
(Rovere et al., 2004). This area is a transition zone between two
different regional tectonic dynamics: the strike-slip LOFZ dynam-
ics south of ∼38°S and the mostly compressive tectonics of the
Central Andes to the north. Although the northern limits of the
LOFZ are currently under investigation, they are expected to be
around this area. Our data are of interest for those regional

Figure 1. Location of the study area and regional tectonic setting based on Cembrano et al. (1996) and Sagripanti et al. (2018). Black solid lines indicate traces of
Quaternary structures. LOFZ, Liquiñe-Ofqui Fault Zone.
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tectonic studies carried out along the Central-Southern and
Patagonian Andes. On the other hand, the geomagnetic implica-
tions of paleosecular variation values for this region in the Late
Pliocene and Pleistocene may shed light on the evolution of the
Earth’s magnetic field on global and regional scales.

GEOLOGIC SETTING

The study area is in the northern Neuquén Cordillera, in the
southern part of the Central Andes of Argentina. This area under-
went a complex tectonic evolution in the Cenozoic, with alternat-
ing periods of crustal shortening and extension (Folguera et al.,
2004, 2006, 2007, 2011; Rojas Vera et al., 2016). These have
been mainly associated with changes in the subduction angle of
the Nazca plate under the Andean margin (Ramos et al., 2011).

An extensional basin (between 36.50°S and 39.00°S and
between 71.50°W and 70.50°W, up to 3000 m thick) developed
in the study region in an intra-arc setting in the Late
Oligocene–earliest Miocene (25–19 Ma; Jordan et al., 2001;
Folguera et al., 2004, 2006; Rosselot et al., 2020), known as the
lower section of the Cura Mallín basin (Jordan et al., 2001;
Folguera et al., 2003). In the Late Miocene (16–6 Ma), an episode

of shortening led to the uplift of the Principal Cordillera at this
latitude and the closure of the Cura Mallín basin (Melnick
et al., 2006). This tectonic episode developed the Guañacos fold
and thrust belt, which has been active since then, in the inner-
axial sector of the Neuquén Cordillera. After this tectonic
phase, a period of extension took place between 37.50°S and
39.00°S, opening the Cola de Zorro basin (Folguera et al., 2003)
in the Plio-Pleistocene (Folguera et al., 2002).

Plio-Pleistocene volcanic rocks have a large areal distribution
in the study region (Figs. 2 and 3). This work follows the criteria
of Folguera et al. (2006) and Penna (2010), who incorporate this
volcanism within the Cola de Zorro Formation. This unit was
defined by González Ferrán and Vergara Martínez (1962) as refer-
ring to volcanic rocks of andesitic–basaltic composition with hor-
izontal to subhorizontal attitude. Its type section is exposed in the
Cola de Zorro ravine (∼36.45°S, 71.09°W), north of our study
area. In the retroarc, this volcanic sequence is made up of subhor-
izontal successions that constitute extensive plains or plateaus,
formed by basalts, andesitic lavas and ignimbrites, volcanic brec-
cias, and subordinate sedimentary rocks. The age of this sequence
has been radiometrically dated between 5.7 and 1.0 Ma
(López-Escobar et al., 1981; Vergara Martínez and Muñoz
Bravo, 1982; Niemeyer and Muñoz, 1983; Suárez and Emparán,
1997; Linares et al., 1999; Folguera et al., 2004; Rovere et al.,
2004; Burns et al., 2006).

Basalts and basaltic andesites sampled in this study are inter-
preted to have been erupted from the central Centinela volcano
(Fig. 3) and other monogenetic cones. Rovere et al. (2004),
using stratigraphic data and K-Ar radiometric dates, defined the
main stage of activity of the central Centinela volcano at 2.8 ±
0.1 to 2.9 ± 0.2 Ma. They also obtained K-Ar radiometric dates
corresponding to lavas coming from monogenetic cones in a
time interval between 3.2 ± 0.2 and 2.6 ± 0.1 Ma. Based on this,
we assigned them to the Cola de Zorro Formation, although
Rovere et al. (2004) labeled Cerro Centinela Formation those
lavas interpreted to come from the Centinela volcano, and Bella
Vista Formation those assigned to monogenetic cones. Our choice
follows the same criteria used by Milanese et al. (2023). The
numerical age data obtained from nearby areas of this unit corre-
spond to K-Ar whole-rock dates (Folguera et al., 2004) from the
Guañaco (1.7 ± 0.2 Ma) and Ñireco (3.1 ± 0.2 and 4.0 ± 0.5 Ma)
valleys and a date of 3.8 ± 0.4 Ma (40Ar/39Ar in hornblende;
Burns et al., 2006) from the Lileo River valley (Fig. 2).

The Bella Vista section (Fig. 3) is about 136 m thick, while the
Río Huaraco is about 160 m thick. Macroscopically, these rocks
from the Cola de Zorro Formation generally show a porphyritic
texture, with phenocrysts of plagioclase and mafic minerals in
an aphanitic groundmass.

Pleistocene basaltic volcanic cones from the Guañacos
Formation were formed on top of the Plio-Pleistocene plateau
and are composed of olivine basalts and basaltic andesites.
Rovere et al. (2004) obtained whole-rock K-Ar dates of 1.4 ± 0.2
and 1.1 ± 0.1 Ma in the Lileo-Guañaco block and of 0.9 ± 0.1
Ma in the Trohunco-Lileo block (Fig. 2). These lavas were not
sampled in this study, but some of those exposures were studied
by Milanese et al. (2023) and are included in the tectonic analysis.

The drainage network in the study area shows conspicuous
structural and lithologic control. Main rivers run along straight
valleys with an E-W orientation, probably controlled by nearly
rectilinear faults (Reñileuvú, Guañaco, Lileo, etc.; Rovere et al.,
2004; Folguera et al., 2006; Fig. 2). Milanese et al. (2023) specu-
lated that these rivers define rectangular crustal blocks some

Figure 2. Plio-Holocene volcanic rocks and main structures of the Antiñir-Copahue
Fault System (ACFS) area. Structures are summarized from Folguera et al. (2004),
Melnick et al. (2006), and Rojas Vera et al. (2016). Paleomagnetic sampling sites cor-
respond to this paper and to Milanese et al. (2023). Modified from Milanese et al.
(2023). CACFS, central AFCS; LOFZ, Liquiñe-Ofqui Fault Zone; NACFS, northern
ACFS; SACFS, southern ACFS.
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5 km N-S by 10–15 km E-W that may have experienced clockwise
tectonic rotation in a domino-type pattern in the last few million
years. Although a mean estimate of paleomagnetic data from this
area hinted at about 8° rotation, the large uncertainty in the angu-
lar parameters rendered this estimate not statistically significant.

METHODS

Oriented samples from 25 paleomagnetic sites from Bella Vista
and Río Huaraco sections (Fig. 3), located in the northern areas
of the ACFS (Fig. 2), were studied. All correspond to the
Plio-Pleistocene volcanic rocks of the Cola de Zorro Formation,
dated in the study area at 3.2 to 2.6 Ma (Rovere et al., 2004).

Samples were collected from 17 paleomagnetic sites along the
Bella Vista section (Fig. 3). At each site, at least 8 cores were
obtained with a gas-powered portable drill and oriented with

clinometer and magnetic and sun compasses. A total of 145 ori-
ented samples were collected in this locality. The Río Huaraco
section (Fig. 3) comprises 8 sampling sites. At each site, two or
three block samples oriented with magnetic and sun compasses
were collected, resulting in 21 block samples in total. At least 2
standard, 2.54-cm-diameter (1-inch-diameter) cores per block
sample and at least two specimens per core were cut, providing
a total of 103 oriented specimens.

Laboratory procedures and analyses were carried out at the
Daniel A. Valencio Paleomagnetism Laboratory of the Instituto
de Geociencias Básicas, Aplicadas y Ambientales de Buenos
Aires (IGEBA). All cores were sliced into standard-size specimens
(2.2 cm in height by 2.54 cm in diameter). The direction and
intensity of the natural remanent magnetization were measured
with a JR-6 spinner magnetometer. The usual demagnetization
techniques (alternating magnetic fields and thermal approaches)

Figure 3. Geologic map of the study area (based on Rovere et al., 2004) with the location of the sampling sites. Sites BV1 to BV22 correspond to the Bella Vista
section. Sites NH1 to NH8 correspond to the Río Huaraco section. Sampling sites of Milanese et al. (2023) are also shown.
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were applied to one pilot specimen per site to select the optimum
experimental procedure to determine the magnetic remanence
components.

Stepwise demagnetization at elevated temperatures was accom-
plished with an ASC TD48-SC thermal demagnetizer, in steps of
100°C, 150°C, 200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 475°C,
500°C, 525°C, 550°C, 575°C, 600°C, 625°C, and 650°C. An alter-
nating field (AF) demagnetization routine was carried out with an
ASC D-2000 tumbler demagnetizer in steps of 3, 6, 9, 12, 15, 20,
25, 30, 35, 40, 50, 60, 75, 90, 105, 120, 140, and 160 mT. After
analysis of the results of the pilot procedures, AF demagnetization
was considered the most effective and was applied to the rest of
the samples. Results from a previous pilot study on 37 specimens
from the Río Huaraco section were added to our results. In that
pilot study, one specimen from each site was subjected to AF
demagnetization up to 20 mT followed by thermal demagnetiza-
tion (11 increasing stages from 100°C to 580–650°C) and two or
three specimens were subjected to an initial thermal demagnetiza-
tion at 150°C followed by AF demagnetization (13 stages from 3
to 110 mT). In that case, remanence measurements were carried
out with a 2G–550R cryogenic magnetometer, AF demagnetiza-
tion with a static three axes degausser attached to the magnetom-
eter, and high-temperature demagnetization with a Schonstedt
TS-1 demagnetizer.

Each specimen’s behavior was analyzed using the Remasoft
(AGICO) program. Components were defined by principal com-
ponent analysis (PCA; Kirschvink, 1980).

Rotations along vertical axes (R), inclination anomalies (IA),
and their uncertainties were calculated following Demarest
(1983) and Beck (1989).

The bulk susceptibility (km) of the specimens was measured
with a Kappabridge MKF1-A (AGICO) susceptibilimeter. The
same instrument was used to measure k as a function of the inten-
sity of the applied magnetic field, for a representative specimen
per site. Plots of bulk susceptibility as a function of field intensity
(5 to 700 A/m) at a fixed frequency (f1) of 976 Hz were obtained.
In addition, susceptibility measurements at 200 A/m with two dif-
ferent frequencies, f1 (976 Hz) and f3 (15,616 Hz), were obtained
from the same specimens.

The variations of the magnetic susceptibility with respect
to the intensity and frequency of the applied magnetic field
were studied to help in the identification of the ferrimagnetic
(s.l., sensu lato) minerals carried by the rocks and their domain
state, respectively.

Five specimens were selected, three from the Bella Vista sec-
tion and two from the Río Huaraco section, to perform magneti-
zation and remanence hysteresis cycles with a vibrating sample
magnetometer (Molspin) as well as high-temperature thermo-
magnetic curves (k vs. T ) with a MFK.1A susceptibilimeter and
a CS-3 device in an Ar-rich atmosphere.

RESULTS

Magnetic properties

The bulk magnetic susceptibility of the Bella Vista cross-section
ranges from 9.48 to 42.11 × 10−3 SI (International System of
Units), while the Río Huaraco section shows values between
1.30 and 37.10 × 10−3 SI.

Normalized bulk susceptibility variation (K/Kmin) versus
intensity of applied field for samples from all sites is shown in
Figure 4. Two groups are distinguished. Sites BV3, BV7, BV11,

BV13, BV20, NH1, NH5, and NH6 do not show significant var-
iations in susceptibility with the applied field. The other group
presents an increase in susceptibility with the applied field. A sub-
group (BV2, BV9, BV22, and NH8) increases its susceptibility sig-
nificantly more than the other and most numerous subgroup
(BV1, BV4, BV5, BV6, BV10, BV12, BV14, BV17, BV21, NH2,
NH3, NH4, and NH7) with relatively minor increases of 1–6%.

Field intensity dependence of the magnetic susceptibility was
quantified by Eq. 1:

KHD(%) = 100 ∗ (k200 − k20)
k200

(Eq.1)

where kx is the susceptibility measured in the respective amplitude
field, expressed in A/m (Chadima et al., 2009).

KHD values range from 0% to 4.8% (Table 1). This means that
the increase in susceptibility with the magnetic field from 20 A/m
to 200 A/m does not exceed 5%. Therefore, the magnetic suscept-
ibility of these samples is likely dominated by (Ti-poor) magnetite.

It can be inferred from Figure 4 that magnetite is the likely
magnetic carrier in the group that does not show significant var-
iations in susceptibility with the applied field (sites BV3, BV7,
BV11, BV13, BV20, NH1, NH5, and NH6). The remaining sam-
ples are probably dominated by Ti-poor titanomagnetite, with
higher Ti content in those samples with a greater increase in sus-
ceptibility (Chadima et al., 2009).

The frequency dependence of magnetic susceptibility is char-
acterized as:

KFD(%) = 100 ∗ (kF1 − kF3)
kF1

(Eq.2)

where kF1 and kF3 are susceptibilities at frequencies F1 (976 Hz)
and F3 (15,616 Hz), measured in a field of 200 A/m (Dearing
et al., 1996).

As Hrouda (2011) proposes, the KFD parameter was normal-
ized, obtaining the KFB:

KFB(%) = ln 10
ln fmF3 − ln fmF1

∗KFD (Eq.3)

where fm is the operating frequency.
Regarding the dependence of susceptibility with frequency, the

KFD parameter was used, obtaining values between 2.5% and 3.6%
for the Bella Vista section and between 1.2% and 10.2% for the
Río Huaraco section (Table 2). This means a very weak depen-
dence of k with frequency, except for the NH5 site. This suggests
an insignificant contribution of superparamagnetic grains, except
at the NH5 site, where a large percentage of small particles can be
inferred. Furthermore, this is the site with the lowest susceptibil-
ity, on the order of 1 × 10−3 SI.

Thermomagnetic curves (Fig. 5) show irreversible behavior,
due to the formation of new minerals from heating. Heating
curves show main magnetic phase with Curie temperatures
between 580°C and 600°C, with the exception of site NH5,
whose Curie temperature is about 640°C. Therefore, magnetite
is the principal magnetic phase, with possible subsidiary contribu-
tion of hematite or maghemite.

Samples from Bella Vista (sites BV1, BV7, and BV14) and Río
Huaraco (sites NH4 and NH5) present similar hysteresis curves
(Fig. 6). These samples exhibit strong ferrimagnetic behavior
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Table 1. Dependence of bulk susceptibility on the applied magnetic field quantified by means of KHD, for each site

Site KHD (%) Site KHD (%) Site KHD (%) Site KHD (%) Site KHD (%)

BV1 1.37 BV6 0.413 BV12 0.543 BV21 1.92 NH4 1.87

BV2 4.79 BV7 −0.0823 BV13 −0.0284 BV22 4.47 NH5 −0.601

BV3 −0.048 BV9 3.93 BV14 0.389 NH1 0.00489 NH6 −0.00502

BV4 0.659 BV10 0.892 BV17 1.22 NH2 0.255 NH7 0.151

BV5 0.798 BV11 −0.0382 BV20 −0.0385 NH3 0.0536 NH8 4.01

Figure 4. Bulk magnetic susceptibility as a function of the intensity of the applied magnetic field, from 5 to 700 A/m, at a frequency of 976 Hz.

Table 2. Values of percentage of KFD and KFB frequency dependence, for each site

Site KFD (%) KFB (%) Site KFD (%) KFB (%) Site KFD (%) KFB (%) Site KFD (%) KFB (%)

BV1 2.90 2.40 BV9 3.44 2.86 BV20 3.56 2.96 NH5 10.20 8.47

BV2 3.45 2.87 BV10 3.23 2.68 BV21 3.10 2.57 NH6 1.73 1.44

BV3 2.91 2.42 BV11 3.03 2.52 BV22 3.13 2.60 NH7 1.67 1.39

BV4 2.97 2.47 BV12 3.36 2.79 NH1 1.53 1.27 NH8 1.98 1.64

BV5 2.89 2.40 BV13 3.20 2.66 NH2 1.25 1.04

BV6 2.97 2.47 BV14 3.53 2.93 NH3 2.05 1.70

BV7 2.51 2.08 BV17 3.09 2.57 NH4 1.50 1.25
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with low coercive force values (HC between 3.6 and 9.6 mT),
except for the NH5 site, where the coercive force is higher (HC:
28.9 mT) and shows a larger paramagnetic influence. In addition,
NH5 has a wasp waist, probably due to the presence of superpar-
amagnetic minerals or to the mixture of one phase with high
coercivity (hematite?) and the other with low coercivity (magne-
tite?). Hematite is a likely product of deuteric alteration.

On the other hand, all samples reach saturation by 600 mT,
with saturation magnetization values (Ms) between 0.13 and
1.77 Am2/kg. This indicates that ferrimagnetic phases dominate
all hysteresis loops. Paramagnetic as well as occasional anti-
ferromagnetic contributions look subordinate.

Isothermal remanence acquisition curves show the dominance
of ferrimagnetic (sensu lato) minerals, with remanence coercive

Figure 5. Thermomagnetic curves of samples from Bella Vista (sites BV1, BV7, and BV14) and Río Huaraco (sites NH4 and NH5) sections.
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force values (Hcr) between 21.6 and 59.9 mT (Fig. 7). Specimens
reach saturation at fields around 600 to 700 mT. Site NH5 sample
does not reach saturation and is the one with the greatest coercive
force, which confirms contribution of both magnetite and
hematite.

Demagnetization results

A total of 247 demagnetized specimens yield characteristic rema-
nent magnetization (ChRMs) that can be interpreted and com-
puted by PCA (Kirschvink, 1980); 144 specimens correspond to
Bella Vista and 103 to Río Huaraco. There is no significant differ-
ence between directions of the ChRMs obtained by thermal

demagnetization versus those from AF demagnetization at any
site from the Bella Vista section (Fig. 8). However, samples from
the Río Huaraco site do not respond well to thermal
demagnetization.

Because most specimens of the Bella Vista section are
completely unblocked at temperatures near 575°C (Fig. 8), the
most likely carrier of the magnetization is (Ti-poor) magnetite,
as strongly suggested by the rock magnetic studies. Two compo-
nents were observed, with the presence of hematite in only in a
few samples, such as that of BV1 site (BV1-9.2; Fig. 8), with the
highest laboratory unblocking temperature found on samples at
this site about 650°C. For the Río Huaraco section, hematite is
more frequent, as shown by full unblocking at temperatures

Figure 6. Hysteresis cycles of samples from Bella Vista (sites BV1, BV7, and BV14) and Río Huaraco (sites NH4 and NH5) sections, after subtracting the paramagnetic
component (black curve) and before performing the subtraction (blue curve). Hc is the coercive field in mT and Ms is the saturation magnetization in Am2/kg.
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close to 650°C (Fig. 8) and to a lesser extent at 575°C. Therefore,
the likely carriers of magnetization at this section are interpreted
to be both hematite and magnetite. A thermoremanent magneti-
zation was likely acquired by magnetite during cooling, while
hematite could have formed at early stages during deuteric alter-
ation (e.g., Geissman and Van der Voo, 1980).

Paleomagnetic directional analysis

Bella Vista
Estimated mean directions were determined for ChRMs at each
site. Of the 17 sampling sites (Fig. 9), two were rejected due to their
high within-site dispersion (sites BV4 and BV12). The other sites

have within-site directional consistency, with α95 < 10°, and in
most cases α95 < 5° (Table 3).

All sites have estimated mean directions of negative inclination
indicating the recording of a geomagnetic field of normal polarity.
No bedding correction was applied to the characteristic directions,
because the flows were determined as horizontal in the field.

VGPs were calculated from the estimated site mean directions
(Fig. 9, Table 3). The BV21 and BV22 site directions are anoma-
lous (Fig. 9), suggesting that they record a transitional magnetic
field. These sites were also excluded from estimating the grand
mean of the Bella Vista section.

Directions from sites BV2 and BV3, as well as BV6 and BV7,
are grouped into single estimated mean directions, as they cannot

Figure 7. Isothermal remanence acquisition curves of samples from Bella Vista (sites BV1, BV7, and Bv14) and Río Huaraco (sites NH4 and NH5) sections.

Paleomagnetic data from the ACFZ, Argentina 9

https://doi.org/10.1017/qua.2024.52 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2024.52


be statistically distinguished from each other and are interpreted
as representing the same cooling units (Fig. 9).

From the 11 VGPs computed from the independent lavas sam-
pled along this section (Table 3), the calculated pole is located at
289.3°E and 83.7°N (K = 28.8 and A95 = 8.7°).

Río Huaraco
The eight sites yield good within-site directional consistency, with
α95 < 10° (Table 4). As in the Bella Vista case, all sites show mean
ChRM directions of negative inclination corresponding to a nor-
mal polarity field (Fig. 9). No bedding correction was applied, as
the flows are horizontal.

Mean directions per site and the corresponding VGPs are
shown in Table 4 and Figure 9. From the eight VGPs, a mean

VGP located at 189.1°E and 85.9°N (K = 55.7 and A95 = 7.5°) is
obtained.

The estimated mean site ChRM directions for the Bella Vista
and Río Huaraco sections (Fig. 10) are roughly consistent with
the expected mean direction for the locality from the <5 Ma
global paleomagnetic pole obtained by Torsvik et al. (2012),
located at 88.5°N and 353.9°E, corresponding to Dec = 358.3°,
Inc = −57.1°, and α95 = 1.9°. Mean estimated directions from
each section cannot be statistically distinguished according to
the F-test of Watson (1956) with a 95% confidence (Fig. 10).

For both sections, an overall estimated mean direction with
N= 19, Dec = 358.0°, Inc =−53.0°, R = 18.6, K = 41.0, and α95 =
5.3° was calculated. The 19 VGPs (Tables 3 and 4) yield a mean
paleomagnetic pole located at 263.8°E and 86.2°S (K = 30.1 and
A95 = 6.2°).

Figure 8. Orthogonal demagnetization diagrams (Zijderveld, 1967) for six samples of the Bella Vista section and two samples of the Río Huaraco profile. The spec-
imens from BV1, BV7, BV14, and NH5 sites were demagnetized by thermal methods and those from BV1, BV11, BV17, and NH4 sites by AF methods.
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DISCUSSION

Age of the studied flow sequences

Although ages of the Cola de Zorro Formation span from 5.7 ±
0.1 Ma (Linares et al., 1999) to 1.0 ± 0.1 Ma (López-Escobar
et al., 1981), these values came from sites distributed over a vast
area of the Andes, from ∼35°S to 40°S. As mentioned in
“Geologic Setting,” numerical ages of the studied lavas in the
Nahueve-Huaraco-Trohunco block (Fig. 3) range between 3.2
and 2.6 Ma (Rovere et al., 2004). The exclusive normal polarity
yielded by all studied sites is consistent with the recording of
the field during the Gauss normal polarity chron (3.596–2.595
Ma; Gradstein et al., 2020).

Geomagnetic implications

The Río Huaraco section has a mean inclination consistent with
that corresponding to the global reference paleomagnetic pole
of Torsvik et al. (2012) and the modern geocentric axial dipole
(GAD) direction (Table 4). The inclination anomaly is virtually
null (IA = 0.1° ± 6.2° with respect to the former, and −0.5° ±
6.0° with respect to the latter). Positive (negative) IA values
imply lower (higher) inclinations than the reference. However,
the Bella Vista section mean direction has a slightly significant
shallower inclination value than expected, based on the same ref-
erence pole (IA = 7.1° ± 6.2°) and the modern GAD (6.4° ± 6.1°;
Table 3). Averaging results from both sections yields no signifi-
cant inclination anomaly with respect to the reference direction
(IA = 4.1° ± 4.5°) and the GAD (IA = 3.5° ± 4.2°), suggesting ade-
quate average of paleosecular variation (Table 5). The reason for a

greater IA in Bella Vista than in Río Huaraco could be due to a
very minor undetected tilting of the lavas. As discussed later, an
incomplete paleosecular average does not seem to be an adequate
explanation. Milanese et al. (2023) also determined no significant
IA in the mean direction from 17 Late Pliocene and Pleistocene
lavas of both polarities exposed immediately to the south of our
study localities (Fig. 11). Similar results were obtained by
Quidelleur et al. (2009) on Early Pleistocene lavas of reverse
polarity and on <300 ka lavas of normal polarity, around 150 to
250 km to the NE of our sites (Fig. 11). Moncinhatto et al.
(2023) carried out a paleomagnetic study about 80 to 100 km
south of our study area (Fig. 11) on Early Pliocene to Late
Pleistocene lavas, with most of their results corresponding to
Gauss and Brunhes chrons. They found no IA when computing
the mean direction from all sites with k > 100. A separate analysis
of the Late Pliocene (Gauss chron) and the Middle to Late
Pleistocene (Brunhes chron) data set shows virtually identical
mean directions from lavas from both chrons (see Table 5) and
a very minor to insignificant IA.

Angular dispersion values estimated from Bella Vista and Río
Huaraco sections VGPs were compared with a global data set for
0–5 Ma (compiled by Moncinhatto et al., 2023) and with the
models proposed by McFadden et al. (1988), Bono et al. (2020),
Brandt et al. (2020), and de Oliveira et al. (2021; Fig. 11).
When comparing the ASD of the VGPs calculated for each sec-
tion with the global database for 37°S, ASDs for the Bella Vista
(15.2°) and the Río Huaraco (14.2°) sections are consistent with
expected values. Considering both sections together, the angular
dispersion (ASD = 14.8°) also is close to the expected values
from all recent geomagnetic models (Fig. 11). As discussed by

Figure 9. Equal area projection of estimated mean directions of
the sites from the Bella Vista (BV) and Río Huaraco (NH) sections
and their corresponding projected α95 values. *Sites rejected
due to high intra-site dispersion. **Sites excluded for presenting
anomalous directions.
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Moncinhatto et al. (2023), our data support the hypothesis that
the GAD can account for most of the paleodirections reported
in this area of South America for the period studied and that if
a contribution from non-dipole components is required to
model time-averaged field determinations, this should be rather
small.

These data are comparable to those obtained by Quidelleur
et al. (2009), at ∼36°S (see Table 5), who reported an ASD =
14.8° for Pleistocene lavas of both polarities in the Payún Matrú
and Cerro Nevado volcanic massifs. However, their study reported
an ASD = 16.5° for normal polarity (Brunhes chron) VGPs and
an ASD = 12.5° for reverse-polarity data (Matuyama chron;

Table 5). The latter value is lower than those predicted by tradi-
tional and recent paleosecular variation models for these latitudes.
Low paleosecular variation during the Matuyama reverse chron
found by Quidelleur et al. (2009) for this region was recently con-
firmed by Milanese et al. (2023) in their study of lavas of Cola de
Zorro and Guañacos Formations, a few tens of kilometers south of
our study locality (Fig. 11). They found ASD = 14.7° for the nor-
mal polarity VGPs and ASD = 11.7° for the reverse population.

Table 5 summarizes that in the southern Central Andes region
of Argentina, VGPs of the normal polarity Gauss (Late Pliocene)
and Brunhes (Middle and Late Pleistocene) chrons show expected
ASD, while reverse-polarity Matuyama (Early Pleistocene) chron

Table 3. Characteristic remanent magnetization estimated mean directions per site for the Bella Vista section

Mean direction Sampling site VGPa

Site n/n₀ Dec (°) Inc (°) R k α95 (°) Lat. (°) Long. (°) Pole lat. (°) Pole long. (°)

BV1 10/10 336.8 −61.1 9.94 160.4 3.8 −37.031 −70.862 71.5 175.9

BV2 8/8 357.7 −62.2 7.97 265.1 3.4 −37.030 −70.857 — —

BV3 8/8 358.9 −63.6 7.92 92.2 5.8 −37.034 −70.848 — —

BV2&3 16/16 358.3 −62.9 15.90 144.5 3.1 −37.030 −70.850 82.6 118.7

BV4b 8/8 315.8 −44.7 7.43 12.3 16.4 −37.034 −70.842 — —

BV5 8/8 0.8 −57.3 7.96 190.5 4.0 −37.034 −70.840 88.9 72.2

BV6 8/8 6.0 −46.2 7.97 251.8 3.5 −37.036 −70.835 — —

BV7 8/8 4.5 −47.2 7.89 65.7 6.9 −37.036 −70.829 — —

BV6&7 16/16 5.2 −46.7 15.86 110.6 3.5 −37.036 −70.830 79.9 −43.5

BV9 8/9 3.4 −32.4 7.85 45.9 8.3 −37.036 −70.825 70.3 −61.0

BV10 8/8 354.0 −38.1 7.97 276.9 3.3 −37.037 −70.819 73.6 −90.8

BV11 8/8 8.9 −42.5 7.87 55.2 7.5 −37.037 −70.814 75.4 −36.7

BV12b 5/8 26.5 −50.1 4.81 21.5 16.9 −37.038 −70.806 — —

BV13 9/10 1.6 −43.4 8.93 119.3 4.7 −37.047 −70.808 78.2 −63.9

BV14 8/8 17.2 −45.9 7.95 152.9 4.5 −37.051 −70.805 72.6 −9.8

BV17 9/9 326.2 −60.2 8.93 111.1 4.9 −37.063 −70.797 63.6 179.7

BV20 6/8 9.6 −51.2 5.99 663.2 2.6 −37.067 −70.786 80.5 −11.2

BV21c 9/9 128.4 −58.3 8.69 26.1 10.3 −37.071 −70.784 — —

BV22c 8/10 104.5 −68.6 7.48 13.5 15.6 −37.072 −70.780 — —

Mean paleomagnetic direction

Section N Dec (°) Inc (°) R K α95 (°)

Bella Vista 11 0.0 −50.0 10.7 36.8 7.6

Reference mean direction from Torsvik et al. (2012)

Dec (°) Inc (°) α95 (°) Age (Ma)

358.3 −57.1 1.9 <5

Modern axial geocentric dipole direction

Dec (°) Inc (°)

0.0 −56.4
aVirtual geomagnetic poles (VGPs) calculated for each site of the Bella Vista section.
bSite excluded due to high intra-site dispersion.
cSite excluded for having anomalous directions.
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VGPs show anomalously low ASD, suggesting low paleosecular
variation. This enigmatic behavior of the regional magnetic field
in the Early Pleistocene needs further investigation.

Tectonic implications

From comparison between mean direction of ChRM and refer-
ence direction for 0–5 Ma (Torsvik et al., 2012) for the Bella

Vista section (R = 1.7° ± 9.7°, IA = 7.1° ± 6.2°) and for Río
Huaraco (R =−3.4° ± 11.3°, IA = 0.1° ± 6.2°), no significant tec-
tonic rotation around a vertical axis occurred in the study area,
since around 2.6 Ma. Merging results from both sections show
very similar results (R =−0.3° ± 7.3° and IA = 4.1° ± 4.5°).

Milanese et al. (2023) sites were distributed from near the
Trohunco River, less than 2 kms to the south of the Río
Huaraco section, to the Reñileuvú River, over 20 km to the
south (Fig. 2).

Sites at the Bella Vista locality are situated north of the Río
Huaraco and the northern boundary proposed by Milanese
et al. (2023) for the northernmost block potentially affected by
a clockwise tectonic rotation. On the other hand, sites belonging
to the Río Huaraco section correspond to the northernmost of
Milanese et al. (2023) hypothetical blocks (the so-called
Huaraco-Trohunco block; Fig. 10). In fact, the northernmost
sites reported by Milanese et al. (2023; i.e., A5, A13, A21, and
A22) are in the same block as those from our Río Huaraco section
(Fig. 3). Combining them with those from the Río Huaraco sec-
tion yields an estimated locality mean for the
Huaraco-Trohunco block of Dec = 355.7°, Inc =−57.0°, N = 12
sites, K = 70.0, α95 = 5.2°. Compared with the expected direction
from the 0–5 Ma reference paleomagnetic pole (Dec = 358.3°,
Inc =−57.2°, A95 = 1.9°; Torsvik et al., 2012), the mean direction
for the block shows insignificant rotation (−2.6° ± 7.9°; Fig. 12)
with an irrelevant IA = 0.2° ± 4.4°.

The remaining sites from Milanese et al. (2023) correspond to
other three blocks located to the south (Fig. 12). The number of
sites in each individual block is not enough to compute useful
individual mean directions to evaluate small tectonic rotations,

Table 4. Mean direction per site for the ChRM component of the Río Huaraco section and virtual geomagnetic poles (VGPs) for each site at Río Huaraco

Mean direction Sampling site VGP

Site n/n₀ Dec (°) Inc (°) R k α95 (°) Lat. (°) Long. (°) Pole lat. (°) Pole long. (°)

NH1 14/16 355.8 −55.5 13.73 47.7 5.8 −37.13 −70.80 86.5 −145.8

NH2 15/15 342.2 −47.9 14.46 25.9 7.7 −37.13 −70.80 73.0 −137.5

NH3 17/17 354.8 −65.2 16.75 65.0 4.5 −37.13 −70.80 79.1 128.3

NH4 10/11 13.1 −51.5 9.67 27.1 9.4 −37.13 −70.80 78.2 −1.2

NH5 13/14 344.3 −58.0 12.84 77.0 4.8 −37.13 −70.79 77.5 −173.1

NH6 8/8 348.7 −50.7 7.90 70.7 6.6 −37.13 −70.79 79.1 −133.2

NH7 9/9 335.2 −68.3 8.80 40.8 8.2 −37.13 −70.79 67.3 151.9

NH8 13/13 17.6 −53.1 12.70 40.5 6.6 −37.13 −70.79 75.3 11.0

Mean paleomagnetic direction

Section N Dec (°) Inc (°) R K α95 (°)

Río Huaraco 8 354.9 −57.0 7.9 55.7 7.5

Reference mean direction from Torsvik et al. (2012)

Dec (°) Inc (°) α95 (°) Age (Ma)

358.3 −57.1 1.9 <5

Modern axial geocentric dipole direction

Dec (°) Inc (°)

0.0 −56

Figure 10. Grand mean estimated directions from the Bella Vista (BV) and the Río
Huaraco (RH) sections. The star represents the reference direction calculated from
the reference South America pole for <5Ma (Torsvik et al., 2012).
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as already acknowledged by these authors. Considering the three
blocks together, 12 independent mean paleomagnetic directions
are available, from both Guañacos and Cola de Zorro
Formations. Nine correspond to a reverse-polarity field (five
from Guañacos Formation and four from Cola de Zorro
Formation) and only three to normal polarity (two from Cola
de Zorro and one from Guañacos). The grand mean of those 12
site directions is Dec = 192.7°, Inc = 56.7° (N = 12, K = 41.0, α95
= 6.9°). Computation of R and IA values yields a statistically sig-
nificant clockwise rotation of R = 14.4° ± 10.3° (Fig. 12) and IA =
−0.5° ± 5.7°.

The roughly E-W, nearly rectilinear, Huaraco, Trohunco,
Lileo, Guañaco, and Reñileuvú Rivers are undoubtedly structur-
ally controlled (e.g., Rovere et al., 2004). Their narrow valleys
show abrupt negative relative topographic reliefs of 100 to
200 m with respect to the plateau-like surface of the blocks they
limit. They also function as boundaries for several of the
Andean faults that constitute the NACFS, as well as producing
changes in the dip angles and/or horizontal displacements of
some of the major faults that cut across them (Folguera et al.,
2004). They also seem to work as limits for outcrops of
Plio-Pleistocene units that do not continue from one block into
the next (Fig. 2). Milanese et al. (2023) were the first to propose
that these parallel faults define a series of nearly rectangular,
around 5 km × 15 km, adjacent crustal blocks (Fig. 12). These
blocks are limited to the east by the major backthrust of the
Nahueve, Neuquén, and Tocomán Rivers. The western boundary
of the blocks is less clear, as several thrusts affect them, and the
E-W lineaments progressively fade away (Rovere et al., 2004).

Paleomagnetic data indicate a minimum clockwise tectonic
rotation of 4.1°, which can be explained by a domino-type pattern
of the three crustal blocks delimited by the Trohunco, Lileo,
Guañaco, and Reñileuvú Faults (Figure 12b). On the other
hand, the northernmost block, limited by the Huaraco and
Trohunco Faults, as well as the area to the north of the Río
Huaraco, did not rotate since the Early Pleistocene. It is interest-
ing to note that those three blocks correspond to the area with
higher tectonic deformation along the ACFS (Folguera et al.,
2004) and where the Nahueve-Neuquén-Tocomán backthrust
shows a pronounced curve toward the east. Passive rotations of,
rigid or non-rigid, in-domino crustal blocks in compressive and
transpressional tectonic environments have been shown as an effi-
cient way to accommodate at least a fraction of overall tectonic
shortening (Garfunkel, 1989; Nur and Ron, 2003; Zuza and Yin,
2016). In our model, progression of transpressive deformation
in the NACFS included the passive clockwise rotation of the
aforementioned blocks in Pleistocene times. Our data also suggest
that this process was localized in the three blocks south of
Trohunco River and did not affect areas to the north. No paleo-
magnetic data are available for several tens of kilometers to the
south of the Reñileuvú Fault, so the southern limits of the tectonic
rotations are still unknown, and their definition awaits the obten-
tion of paleomagnetic data in such areas.

The transpressive nature of the NACFS seems to be further
confirmed by a clockwise rotation of 25.1° ± 18.3° determined in
upper Miocene volcanic rocks exposed in the El Moncol area
(some 35 km SW of our study area; Milanese et al., 2023;
Fig. 12). This result, together with the small clockwise rotation
determined for the area between the Reñileuvú and Trohunco
Rivers in the easternmost part of the Guañacos fold and thrust
belt in Plio-Pleistocene times supports a model that demonstrates
that strike-slip deformation along the ACFS should be taken intoTa
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account when modeling the Pleistocene structural evolution of
this region.

CONCLUSIONS

New paleomagnetic data from Late Pliocene basaltic lavas
exposed along two sections in the northern sector of the
Neuquén Cordillera (southern Central Andes) suggest normal
paleosecular variation during the Gauss normal chron, similar
to results found some 80 to 100 km to the south of this area.
Anomalous low dispersion of the VGPs in the southern central
Andes seems to be limited exclusively to the reverse Matuyama

chron. This behavior of the geomagnetic field in this region
should be further studied.

Our and previous paleomagnetic results suggest no significant
tectonic rotation of either the Huaraco-Trohunco tectonic block
or the areas located north of it. However, the overall mean paleo-
magnetic direction for the Trohunco-Lileo, Lileo-Guañaco, and
Guañaco-Reñieuvú blocks shows a Pleistocene minor clockwise
rotation around a vertical axis (R = 14.4° ± 10.3°) interpreted as
occurring in a domino-style pattern of such blocks during the
Pleistocene.

These and previous results from the nearby area of El Moncol
indicate that strike-slip deformation along the ACFS should be

Figure 11. Inclination anomaly (A) and VGP angular dispersion (B) data of different South American paleomagnetic studies. Argentina: Mejia et al. (2004), Brown
et al. (2004), Cañón-Tapia (1994), Quidelleur et al. (2009), Moncinhatto et al. (2023), and Milanese et al. (2023); Chile: Roperch et al. (2015); Brazil: Leonhardt et al.
(2003); Ecuador: Opdyke et al. (2006); Colombia: Sánchez-Duque et al. (2016). The blue star represents the summary of data from Bella Vista and Río Huaraco
sections. (C) The ASD values of this work, corresponding to the normal Gauss chron, and the data of Quidelleur et al. (2009), Moncinhatto et al. (2023), and
Milanese et al. (2023), whose normal polarities (black filled circle) correspond to Brunhes and Gauss chrons and the reverse polarities (unfilled circles) to the
Matuyama chron. The locations of these studies are in D. Based on Moncinhatto et al. (2023).
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taken into account when modeling the Pleistocene structural evo-
lution of this region.
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