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a b s t r a c t

The widespread Sanrafaelic remagnetization reset most of the early Cambrian to mid-Ordovician car-
bonate platform of the Argentine Precordillera and the calcareous units of the San Rafael Block. We
conducted a detailed rock-magnetic study on the Middle-Ordovician limestones of the Pon�on Trehu�e
Formation at both limbs of a tight anticline exposed in the San Rafael Block (Mendoza province, central-
western Argentina) that are carriers of a syntectonic magnetization of Permian age. We found that the
magnetic overprint in the Pon�on Trehu�e Formation is carried by both pyrrhotite and magnetite, with
goethite and subordinate haematite likely related to weathering. Hysteresis parameters, frequency
dependence of magnetic susceptibility, Cisowski and modified Lowrie-Fuller tests suggest the presence
of ultrafine particles of chemical origin. Demagnetization of natural remanent magnetization and of
three-axis isothermal remanence confirm pyrrhotite and magnetite as important contributors to the
remanence. Both minerals carry the same magnetic syntectonic component suggesting a coeval or nearly
coeval remanence acquisition and therefore mineral formation. This and the results of the magnetic
fabric analyses indicate an authigenic origin of the magnetic minerals during folding associated with the
Sanrafaelic tectonic phase (ca. 280 Ma). Although the chemically active (oxidizing?) fluids expelled from
the orogen as it developed in the early Permian is a viable explanation for the Sanrafaelic remagneti-
zation, the role of the nearly coeval magmatism in Precordillera and the San Rafael Block remains to be
properly evaluated.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The significance of studying episodic widespread remagnetiza-
tions not only concerns the limitation that regional overprinting of
primary magnetizations imposes on the availability of good quality
palaeomagnetic poles for palaeogeographic reconstructions, but
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also in the evaluation of large-scale tectonic events and the related
physical and chemical processes that originated such magnetic
resetting. An especial concern exists for South America since some
poorly defined intervals of the APWP give rise to controversies
about its palaeogeographic evolution whereas detailed rock-
magnetic studies of some of the main regional remagnetization
phenomena are still lacking (for a recent review of these, see Font
et al., 2012).

The case of the regional Sanrafaelic Permian overprint is
particularly interesting because it is responsible for the failure of
getting primary magnetizations from most Lower to Middle
Palaeozoic rocks of the Argentine Precordillera (mostly from the
Cambro-Ordovician carbonate platform) and the San Rafael Block.
Both areas are part of Cuyania (Fig. 1, see Ramos, 2004 and
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Fig. 1. a) Map of the main morphotectonic units in central western Argentina. b) Detail of the San Rafael Block modified from Cuerda and Cingolani (1998) and Astini (2002). The
Pon�on Trehu�e area (Fig. 2) is indicated.
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references therein), which is interpreted as an exotic terrane
derived from Laurentia and accreted to Gondwana in the middle to
late Ordovician (Astini et al., 1995). Palaeomagnetic evidence for
such origin has been reduced to the palaeomagnetic pole from early
Cambrian red clastic sediments of the Cerro Totora Formation
(Rapalini and Astini, 1998; Rapalini, 2012), plus the palaeomagnetic
pole from the early Caradoc clastic sedimentary rocks of Pav�on
Formation exposed in the San Rafael Block (Rapalini and Cingolani,
2004). None of them have been affected by the broad remagneti-
zation that took place during the Sanrafaelic orogeny (Kleiman and
Japas, 2009 and references therein). Among the cases that were
ascribed to the Sanrafaelic overprint there are: i) in the Western
Precordillera, the early Permian syntectonic remagnetizations of
the late Carboniferous clastic sediments of the Hoyada Verde
Formation (Bobbio et al., 1990) and the igneous rocks of the late
Ordovician Alcaparrosa Formation (Vilas and Valencio, 1978; rein-
terpreted by Rapalini and Tarling, 1993), although the latter has
been disputed by Geuna and Escosteguy (2006), ii) in the Central
Precordillera, the late early Permian postectonic remagnetization of
the early Ordovician San Juan Formation (Rapalini and Tarling,
1993), iii) in the Eastern Precordillera, the late Permian post-
ectonic remagnetization of the late Cambrian-early Ordovician La
Flecha, La Silla and San Juan Formations (Rapalini et al., 2000), iv) in
the Northern Precordillera, the late Permian pretectonic remagne-
tization of the late Cambrian La Flecha Formation (Rapalini and
Astini, 2005), and v) the early Permian syntectonic remagnetiza-
tion of the limestones of the Middle-Ordovician Pon�on Trehu�e
Formation in the San Rafael Block (Truco and Rapalini, 1996). The
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Sanrafaelic remagnetization seems to show a migration of a
pervasive remagnetizing front in which the geologic units in the
Western Precordillerawere affected during the early Permianwhile
those in the Eastern Precordillera were remagnetized during the
late Permian. This has been interpreted as possibly caused by an
eastward migration of fluids expelled from the orogenic area
(Rapalini and Astini, 2005). On the other hand, there is a lithological
control evidenced by the primary magnetization found in some
units, i.e. the red beds of the Cambrian Cerro Totora Formation, in
the northern areas of the Precordillera (Rapalini and Astini, 1998),
and the clastic sediments of the Pav�on Formation in the San Rafael
Block (Rapalini and Cingolani, 2004). To achieve a full compre-
hension of the chemical and physical processes that took place
during the Sanrafaelic orogeny, and therefore its origin, detailed
and systematic rock-magnetic studies are needed.

In this work we report a detailed rock-magnetic study on the
Middle-Ordovician limestones from the Pon�on Trehu�e Formation
(San Rafael Block, Mendoza province, central-western Argentina,
Fig. 1) from which Truco and Rapalini (1996) obtained a late
Palaeozoic syntectonic palaeomagnetic pole (PT: 53.9�S, 25.4�E,
dp¼ 6.2�, dm¼ 9.9�, N¼ 6). Stepwise tectonic correction indicated
that this unit acquired an early Permian magnetization during 21%
of folding. Previous poles from other units exposed in the Argentine
Precordillera, which were also remagnetized during the early
Permian as a consequence of the Sanrafaelic tectonic phase, are
consistent with the PT pole position. The PT palaeopole constituted
the first evidence for a broad regional remagnetizing event occur-
ring in the Precordillera. The present work, using the samples
gathered by Truco and Rapalini (1996), tries to better understand
the remagnetization event. We examine the carriers of the sec-
ondary magnetization together with the rock-magnetic properties
that are considered the worldwide fingerprints of remagnetization
in carbonates. A magnetic fabric study by the methods of anisot-
ropy of magnetic susceptibility and anisotropy of anhysteretic
remanence complements our investigation.

2. General geologic setting and stratigraphy

The San Rafael Block and the Argentine Precordillera integrate
the composite terrane called Cuyania (Ramos, 1995, Fig. 1). Both
areas have in common an early Palaeozoic carbonate platformwell
dated by fossil records and a Grenvillian-age basement (Astini et al.,
1996; Ramos et al., 1998; Thomas et al., 2000; Ramos, 2004). The
Pon�on Trehu�e Formation, a carbonate-siliciclastic sequence, crops
out in southern areas of the San Rafael Block. The oldest rocks
exposed in the study area correspond to metamorphic rocks of
Mesoproterozoic ages around 1.1 Ga (Cerro La Ventana Formation,
Cingolani and Varela, 1999; Cingolani et al., 2005, Fig. 2) that have
been correlated with coeval rocks in the Sierra de Pie de Palo
(McDonough et al., 1993) and the Umango, Maz and Espinal Ranges
(Abre et al., 2011, and references there in), several hundred km
north. The Ordovician Pon�on Trehu�e Formation lays unconformably
on this Precambrian basement (Criado Roque and Iba~nez, 1979).
These rocks were first studied by Padula (1951), followed by Nú~nez
(1979). More recent studies were presented by Bordonaro et al.
(1996), Heredia (1996), Truco (1996), Truco and Rapalini (1996),
Cingolani and Varela (1999), Astini (2002), Beresi and Heredia
(2003), Cingolani et al. (2005), Heredia (2006), Heredia and
Rosales (2006) and Abre et al. (2011). Along these decades
different formal names have been assigned to these rocks
(Cingolani and Varela, 1999; Abre et al., 2011). Bordonaro et al.
(1996), subdivided the Ordovician outcrops of this area into two
formations: i) the Pon�onTrehu�e Formation, a 75-m thick succession
of dolomites and limestones with conodonts of late Tremadoc to
Arenig age; and ii) the Lindero Formation, composed of at least
70 m of limestones, calcareous sandstones, siltstones, conglom-
eradic sandstones and quartzites with trilobites, brachiopods, os-
tracods and conodonts of Llanvirn to early Caradoc age (Baldis and
Blasco, 1973; Heredia, 1982, 1996). This approach was also consid-
ered by Astini (2002) and accepted here.

The small outcrops of these two units are affected by folding and
thrusting. In the sampling locality, for example, the limestones of
the Pon�on Trehu�e Formation are folded in a tight anticline, boun-
ded by two thrust faults, the axis of which plunges less than 15�

towards Az. 150� (Fig. 3).
The stratigraphy of this area is completed by several Cenozoic

basaltic lava flows that configure a typical landscape of mesas due
to differential erosion.
3. Sampling and laboratory methods

3.1. Sampling

In the original study of Truco and Rapalini (1996), sampling in
the Middle-Ordovician limestones of the Pon�on Trehu�e Formation
(Fig. 2) involved six sites (thirty-eight samples) which were
collected by means of a portable gasoline-powered drill on oppo-
site limbs of a tight anticline (35�10025.3500S, 68�18035.5200W;
Fig. 3). Distances between these sites were: 6 m between LN2 and
LN1, 2 m between LN1 and LN3 and 4 m between LN3 and LN4, LN4
and LN5, and LN5 and LN6 (see sites location in Fig. 3). Mean strike
and dip (right-hand rule) of the bedding planes is 182� and 71� for
the west limb and 350� and 64� for the east limb, respectively. Both
magnetic and solar compasses were used for orientation of all
samples whenever possible. Magnetic compass readings were
adjusted for the sampling locality declination (4�E) at the time of
sampling (May 1995). Differences between thesemethodswere not
greater than 2�. Specimens were sliced into typical dimensions of
25.4 mm in diameter and 22.0 mm in height.
3.2. Remanent magnetization

Palaeomagnetic results were originally presented by Truco and
Rapalini (1996), and analysed by means of Zijderveld diagrams
(Zijderveld, 1967) with the magnetization components defined by
Principal Component Analysis (PCA; Kirschvink, 1980) using the
software SuperIAPD2000 (Torsvik et al., 2000). Standard palae-
omagnetic demagnetization procedures were applied to all sam-
ples. Measurements of remanent magnetization were done with a
three-axis 2G Enterprises 750R cryogenic magnetometer with
SQUID-DC sensors. Two samples per site were used as pilot speci-
mens to define the most appropriate palaeomagnetic demagneti-
zation treatment. Thermal stepwise demagnetization was carried
out with a Sch€onstedt TSD-1 furnace. Up to 12 steps were sufficient
to unblock themagnetization (50-�C steps between 100 and 500 �C,
and 25-�C steps between 500 and 575 �C). However, occasionally,
demagnetization steps reached 690 �C. Alternating field (AF)
stepwise demagnetization was carried out with a three-axis static
degausser coupled to the magnetometer. A maximum of 10 steps
were usually used (5-mT steps from 5 to 20 mT, 10-mT steps from
20 to 40 mT and 20-mT steps from 40 to 120 mT) though some
intermediate steps were applied to some specimens. All magnetic
components were determined by at least four consecutive
demagnetization steps. AF demagnetization treatment was
considered the most appropriate to define the magnetic compo-
nents in four out of the six sites of the Pon�on Trehu�e Formation
(LN2, LN4, LN5 and LN6), while thermal demagnetization was the
best procedure for sites LN1 and LN3.



Fig. 2. Geologic map of the Pon�on Trehu�e area (San Rafael Block) modified from Truco (1996) and Astini (2002). Palaeomagnetic sampling locality is also indicated.
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3.3. Anhysteretic remanent magnetization

One sample per site was subject to stepwise acquisition of
anhysteretic remanent magnetization (ARM) in a maximum alter-
nating field (Hac) of 100 mT with a direct magnetizing bias field
(Hdc) up to 500 mT using an AGICO AMU-1 anhysteretic magnetizer.
The aim was to define the range of field values in which the rela-
tionship between magnetization and direct field is linear (see re-
sults in Appendix 1). This was needed for further anisotropy
studies. Remanence was measured at each step with an AGICO JR-6
spinner magnetometer.
3.4. Isothermal remanent magnetization

Stepwise isothermal remanent magnetization (IRM) was ac-
quired with an ASC Scientific IM-10-30 pulse magnetizer between
3-mT and 2300-mT fields for one sample per site. Backfield
demagnetization of IRM was subsequently applied. Magnetic
remanence was measured at each step with an AGICO JR-6 spinner
magnetometer. The intersection of the backfield curve with the
abscissa (external applied field) was used to obtain an estimation of
the coercivity of remanence (Hcr).



Fig. 3. The tight anticline where the Middle-Ordovician limestones of the Pon�on Trehu�e Formationwere sampled plunges less than 15� towards Az. 150� . The hinge and the bedding
attitude are indicated. The six LN sampling sites are pointed out. See Fig. 2 for sampling location. Modified from Truco (1996).

S.Y. Fazzito, A.E. Rapalini / Journal of South American Earth Sciences 70 (2016) 279e297 283
3.5. Cisowski and modified Lowrie-Fuller tests

A new set of 6 samples was used to perform the Cisowski (1981)
and the modified Lowrie-Fuller tests (Johnson et al., 1975). The first
test is used to determine magnetic interaction degree, effective
grain size and domain state (Symons and Cioppa, 2000). The second
test is diagnostic of remagnetized carbonates and it is applied by
comparing the stability of the ARM and IRM to the AF demagneti-
zation. It is usually observed for remagnetized carbonates that IRM
demagnetization is harder than ARM demagnetization. The ARM
was acquired in a maximum AC field of 100 mT with a DC bias field
of 50 mT. The stepwise AF demagnetization of ARM and IRM was
carried out up to 100 mT using an AGICO LDA-3A tumbler
demagnetizer.

3.6. Thermal demagnetization of tree-axis IRM

One sample per site was thermally demagnetized with an ASC
Scientific TD 48 SC furnace after the acquisition of triaxial IRM in
order to study the carriers of magnetization (Lowrie test; Lowrie,
1990). Samples were magnetized by a 2-T field along the z axis, a
0.4-T field along the y axis and a 0.1-T field along the x axis (rep-
resenting hard, medium and soft coercivity fractions, respectively)
by using the ASC Scientific IM-10-30 pulse magnetizer. Tempera-
tures of 90 �C, 125 �C, 160 �C and steps of 50 �C between 200 �C and
500 �C and of 30 �C between 530 and 650 �C were chosen for
demagnetization. Magnetization was measured with the AGICO JR-
6 spinner magnetometer.

3.7. Hysteresis loops

Magnetization hysteresis loops and remanence curves were
acquired for one sample per site under fields ranging �1000 to
1000 mT in a Molspin Vibrating Sample Magnetometer for each
site. For magnetization curves, diamagnetic and paramagnetic ef-
fects were cancelled by subtraction of the high-field slope.
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Saturation magnetization (Ms), saturation remanence (Mrs), rema-
nent coercive force (Hcr) and coercive force (Hc) were determined
from the measurements.
3.8. Thermomagnetic curves

Variation of low-field magnetic susceptibility from ambient
temperature to 665 �C was measured in two samples (LN4-4C and
LN5-5C) by means of an AGICO Kappabridge MFK1-FA
susceptibility-meter coupled to a CS4 high-temperature furnace
apparatus. Frequency was fixed at 976 Hz and peak external field at
200 Am�1. The atmosphere was argon-controlled during heating to
avoid oxidation.
3.9. Field and frequency variation of magnetic susceptibility

Field dependence of susceptibility was determined in two
samples per site (twelve specimens) in the range 2e700 Am�1 at a
fixed frequency of 976 Hz. Frequency dependence of bulk suscep-
tibility was calculated on several specimens from each site by
measurements at two different frequencies: f1 (976 Hz) and f3
(15,616 Hz) at a field amplitude of 200 Am�1. The frequency
dependence was quantified on selected samples (fifteen speci-
mens) from the six sites by the parameter kfd (%) ¼ 100 � (kf1-kf3)/
kf1 considering correction for diamagnetic susceptibility.
3.10. Anisotropy of low-field magnetic susceptibility (AMS)

Magnetic fabrics studies of remagnetized limestones (McCabe
et al., 1985; Ihml�e et al., 1989; Jackson, 1990a; Sun et al., 1993;
Gialanella et al., 1994) are still scarce in the literature. Prior to
carrying out destructive rock magnetic studies, the anisotropy of
low-field AC magnetic susceptibility (Hpeak ¼ 200 Am�1;
f¼ 976 Hz) wasmeasured in 37 specimens (six sites) with an AGICO
multi-function Kappabridge susceptibility-meter (MFK1-FA) by
using the spinning specimen method with rotator. Best fitting
susceptibility ellipsoid was calculated on each specimen by oper-
ating the Safyr 3.2 software (AGICO) while Jelínek (1978) statistics
of the AMS ellipsoids on each site was computed by using the
Anisoft 4.2 software (AGICO).

The AMS axes of the diamagnetic limestones were considered
taking into account their negative values (i.e. the minimum sus-
ceptibility K3 refers to the principal susceptibility axis with the
largest negative value), but the AMS scalar parameters such as P, L, F
and T were defined using the absolute values of the principal sus-
ceptibilities. This convention is taken from Hrouda (2004).
3.11. Anisotropy of anhysteretic remanent magnetization (AARM)

Following the AMS measurements, the AARM was determined
in 28 specimens (six sites) by the combined use of the AF demag-
netizer (LDA-3A) and the anhysteretic magnetizer (AMU-1A) with
support of the AREM software (AGICO) which determines the best-
fit anhysteretic remanence tensor. A 100 mT-AC field (Hac) and a
50 mT-DC bias field (Hdc, Appendix 1) were imparted according to a
12-position protocol and remanence was measured in a JR-6 spin-
ner magnetometer. Tumble AF demagnetization was employed
before each magnetization event. Remanence tensors were deter-
mined by Jelínek (1978) statistics using the Anisoft 4.2 software
(AGICO).
4. Results

4.1. Palaeomagnetism

Typical demagnetization behaviours of the Pon�on Trehu�e
limestones are shown in Fig. 4aef. Most samples showed two well
defined magnetic components. Component A was isolated at low
temperatures, up to 200 �C, and low magnetic fields (up to 10 mT).
It is directed up and northward, close to the present-day dipole
field direction, which suggests a recent origin. A viscous origin is
likely for this component, although a secondary chemical magne-
tization carried by goethite is apparent in samples thermally
demagnetized. In general, component B showed a clear trend to-
wards the origin of the Zijderveld diagrams with unblocking tem-
peratures around 525�-550 �C and medium destructive fields
around 30e50 mT. The presence of goethite also was apparent in
some specimens (LN2-1, LN4-1, LN5-2, LN6-1 and LN6-4) that were
treated only by AF demagnetization as a residual remanence not
erased by this procedure and coincident with Component A di-
rection. Most sites exhibited good within-site consistency of di-
rections of the high temperature/coercivity remanence
(Component B, Table 1). Component B mean directions from both
limbs of the anticline are not coincident either in situ or after
application of full bedding corrections (Table 1, Fig. 4g and h).
However, application of stepwise structural correction and
McFadden (1990) fold test indicates that the remanence was ac-
quired during folding of the anticline. Maximum value of the pre-
cision parameter k is obtained at 21% of bedding correction,
rendering a positive fold test for the partially corrected remanence
(Fig. 4i). The fold test is significant at a 99% confidence level (see k
vs. percentage of unfolding in Fig. 4j). The syntectonic nature of the
remanence and the palaeopole position suggest a late Palaeozoic
(Sanrafaelic) remagnetization of the studied limestones (Truco and
Rapalini, 1996).

4.2. Rock magnetism

4.2.1. IRM studies and susceptibility curves
A rapid increase at low fields (<100 mT) in the IRM acquisition

curves (Fig. 5) shows that a low coercivity phase is present in all
samples. Sample LN3-2b saturates at ~1600 mT, revealing content
of a high-coercivity mineral, possibly haematite. No saturation for
the other five samples is observed at the available field range
(�2300 mT). A high-coercivity antiferromagnetic mineral phase is
expected for these, like goethite and/or haematite. Backfield
demagnetization of IRM confirms the broad range of coercivity
phases, with values of 95 mT for LN2-5m and LN3-2b and magni-
tudes spanning from 225 to 585 mT for the others.

Stepwise thermal demagnetization of a three-axis IRM suggests
multiple ferromagnetic mineralogy (Fig. 6). Generally, the domi-
nant carriers of the IRM are distributed in the medium and/or hard
fraction while the soft fraction gives the weakest contribution
(LN1-5, LN3-3, LN5-3 and LN6-1). The soft fraction only dominates
in sample LN2-5, together with the medium fraction, while in
sample LN4-3 all three components provide similar contributions.
The drop of the magnetization at ~90 �C of almost all coercivity
fractions in all samples exhibits a clear evidence of goethite. In five
out of six specimens (LN2-5, LN3-3, LN4-3, LN5-3 and LN6-1), a
strong decrease in intensity between ~300 �C and 350 �C in a wide
range of coercivities suggests the unblocking of pyrrhotite. High
unblocking temperatures between 620 �C (LN1-5, LN3-3, LN4-3
and LN5-3) and 650 �C (LN6-1) are indicative of a contribution of
haematite, not observed in sample LN2-5. Evidence for low content
of magnetite was also found in all sites: all fractions of LN1-5
exhibit an important decrease in magnetization in the range



Fig. 4. a)ef) Representative Zijderveld plots (in situ) of samples treated by progressive alterning field (AF) or thermal demagnetization from the Pon�on Trehu�e Formation. Open
(solid) symbols indicate the projection on the vertical (horizontal) plane. Significant demagnetization steps have been indicated. NRM: natural remanent magnetization. g) In situ
site-mean characteristic remanence directions for the Pon�on Trehu�e Formation and their a95 in equal-area projection (lower hemisphere). h) Idem after 100% tilt correction. i) Idem
after partial (21%) tilt correction. Circles and triangles correspond to sites on opposite limbs of the tight anticline (west and east limbs, respectively). Taken from Truco (1996). The
GAD field inclination expected for the study area is �54.6� . j) Normalized k values (precision parameter) for the mean characteristic site-mean remanence directions considering all
the sampled sites vs. percentage of tectonic unfolding for the Pon�on Trehu�e Formations.
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Table 1
Site-mean and mean (all over the sites) characteristic remanence (ChRM) for the
Pon�on Trehu�e Formation (in-situ, after partial structural correction and 100% percent
tilt corrected). n: number of specimens considered for calculation of the site-mean
remanence; N: total number of sites used to determine the mean ChRM; Dec:
declination; Inc: inclination; a95: half-angle of the cone of 95% confidence about the
mean; k: precision parameter (Fisher, 1953). Taken from Truco and Rapalini (1996).

Site n Site-mean ChRM (Component
B) in situ

Bedding
correction

Site-mean
ChRM
(Component B)
full corrected

Dec [�] Inc [�] a95 [�] k Strike [�] Dip [�] Dec [�] Inc [�]

LN1 6 124.8 28.2 10.0 46 182 71 205.2 58.6
LN2 3 116.8 41.5 12.2 102 182 71 234.2 59.1
LN3 5 139.2 31.7 5.2 217 182 71 208.3 45.8
LN4 6 128.0 36.0 4.6 208 182 71 217.8 54.1
LN5 6 150.5 46.9 9.5 50 350 64 120.4 6.6
LN6 5 162.4 40.3 15.8 24 350 64 130.3 11.1

Mean ChRM (all sites, in situ): N ¼ 6 Dec: ¼ 136.5� Inc ¼ 39.2� a95 ¼ 12.5� k ¼ 30.
Mean ChRM (all sites, 100% corrected): N ¼ 6 Dec ¼ 174.6� Inc ¼ 49.6� a95 ¼ 40.4�

k ¼ 4.
Mean ChRM (all sites, 21% corrected): N ¼ 6 Dec ¼ 139.2� Inc ¼ 44.0� a95 ¼ 7.9�

k ¼ 72.
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Fig. 5. Normalized isothermal remanent magnetization (IRM) acquisition curves in
magnetic fields up to 2300 mT and backfield demagnetization of IRM of the limestones
from the Pon�on Trehu�e Formation.
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400e530 �C, consistent with a large relative proportion of SP grains
(Zegers et al., 2003, Fig. 6a); the soft fraction in LN2-5 was smoothly
demagnetized to zero up to 590 �C (typical tail of MD magnetite,
Dunlop and €Ozdemir, 2000); soft and medium fractions decrease
up to zero between 400� and 560 �C in LN4-3; in LN3-3 themedium
fraction gently reduces its magnetization from 530 �C (see Fig. 6c);
soft and medium fractions of LN5-3 and LN6-1 reduce almost to
zero at 450 �C (see Fig. 6e and f).

High-temperature thermomagnetic curves showed similar be-
haviours (Fig. 7). Susceptibility decrease between 60-70 �C and
120e130 �C in LN4-4c and LN5-5c corroborates the presence of
goethite. Magnetic susceptibility of LN5-5c slightly falls after 300 �C
suggesting pyrrhotite content in agreement with the analysis of
demagnetization of three-axis IRM of specimen LN5-3 (Fig. 6e). The
susceptibility of specimen LN4-4c (heating curve) starts a slight
decrease between 380 and 420 �C followed by a significant increase
(mineral neoformation?) and a major drop close to 550 �C, pointing
to magnetite. However, how much of this has been produced
during heating is not clear. The presence of large proportion of SP
magnetite or titanomagnetie is consistent with unblocking tem-
peratures between 450 �C and 550 �C observed in demagnetization
of the three-axial IRM of specimen LN4-3 (Fig. 6d). A very small
decrease of susceptibility between 400 and 450 �C is recognized in
specimen LN5-5c, although major drop corresponds to the interval
500e550 �C suggesting the presence of magnetite. Very low
amounts of haematite (T > 600 �C) are also observed in both
samples. Creation of new magnetic mineral is indicated by the
irreversible nature of the cooling curve, with Curie temperatures
close to 550e580 �C. This points to magnetite created during
thermal treatment probably by oxidation of pyrrhotite (Bina and
Daly, 1994). In sample LN5-5c experimental formation of magne-
tite seems to continue during cooling.

Evidence of titanomagnetite or pyrrhohite content by
measuring variation of bulk magnetic susceptibility against the
applied AC field (Hrouda et al., 2006a, b) was not observed, prob-
ably due to the low content of ferrimagnetic grains in the lime-
stones. This, however, can also be taken as further evidence that
magnetite and not titanomagnetite is present in these limestones.
At low fields (<100 Am�1) the readings were noisy, so we restricted
our analysis to fields greater than 200 Am�1. For the twelve ana-
lysed specimens (see Appendix 2), bulk susceptibility variations
were lower than 6%, so very small to non-significant variation was
detected for most part of the field range.

The magnetic analysis results hitherto described are evidence of
a complex magnetic mineralogy. Several methods support the
presence of goethite, pyrrhotite, magnetite and minor contribu-
tions of haematite. Component A of magnetization is characterized
by a direction parallel to the current GAD field with low unblocking
temperatures (<200 �C) and belonging, at least in part, to a high-
coercivity phase for which goethite is the best candidate as the
magnetic carrier (Fig. 4). Component B of magnetization was iso-
lated between 250� and 550 �C and it has a mean destructive field
lower than 50 mT (Fig. 4). This supports that the characteristic
magnetization at this unit, i.e. the Sanrafaelic remagnetization at
the Pon�on Trehu�e Formation, is likely carried by either or both
pyrrhotite and magnetite. Thermal demagnetization of three-axis
IRM showed that the influence of haematite is low or absent
(83e91% of the total IRM was removed at ~400 �C in all samples),
suggesting that its presence as remanence carrier is most likely
very subordinate (Fig. 6).

4.2.2. The magnetic fingerprint of remagnetized carbonates
The magnetic fingerprint of remagnetized carbonates (wasp-

waisted hysteresis loops, contradictory Lowrie-Fuller and Cisowski
tests, anomalously high hysteresis ratios, high frequency-depen-
dent magnetic susceptibility, etc) has been already analysed in
samples with multi-mineralic content (Weil and Van der Voo,
2002; Zegers et al., 2003; Trindade et al., 2004; Zwing et al.,
2005; Font et al., 2006; Oliva-Urcia and Pueyo, 2007) resulting, in
some cases, in intermediate or ambiguous characteristics (Jackson
and Swanson-Hysell, 2012). For instance, the magnetic fingerprint
in remagnetized carbonates was found as a rule by Trindade et al.
(2004) in samples from the Neoproterozoic Salitre Formation
(Bahia state, Brazil), with a remanence component carried by
magnetite, with or without an extra component carried by pyr-
rhotite or haematite. In that work, the diagnostic tests of Lowrie-
Fuller (modified, Johnson et al., 1975) and Cisowski (1981) failed
systematically on samples with a single magnetic component car-
ried by pyrrhotite. Measurements on Neoproterozoic remagnetized
bituminous limestones from the C�aceres region (Mato Grosso state,
Brazil; Font et al., 2006) with a remanence carried by a mixture of
magnetite and pyrrhotite showed consistency with the magnetic
proxy for recognizing secondary magnetization in carbonates.



Fig. 6. Demagnetization of triorthogonal IRM (Lowrie, 1990) of specimens from the Pon�on Trehu�e Formation. Insets: plots with normalization by coercivity fractions.
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However, the diagnosis by the Lowrie-Fuller (Johnson et al., 1975)
and Cisowski (1981) tests failed for samples from the Terconi
quarry (Mato Grosso state, Brazil; Font et al., 2006), for which the
remagnetization component is carried again only by pyrrhotite.
Considering that the Sanrafaelic remagnetization in the Pon�on
Trehu�e Formation is likely carried by magnetite and pyrrhotite, and
that there is haematite and goethite content in the samples, our
work intends to evaluate if the typical magnetic signature of
remagnetized limestones is also observed in these samples.

Very low bulk susceptibility values were measured at two fre-
quencies on selected specimens from the Pon�on Trehu�e Formation
(k � 2.6 � 10�5 SI, Table 2). Each value is the mean value over ten
successive bulk susceptibilitymeasurements. All samples from sites
LN1, LN2 and LN3 are diamagnetic. Due to the significant diamag-
netic contribution in our samples, a correction was applied for
calculation of frequency-dependence parameter kfd. The intrinsic
susceptibility of pure calcite at room temperature
(�12.09 ± 0.50) � 10�6SI determined by Schmidt et al. (2006) was
assumed for this correction. For the most part of the samples, high
kfd parameters were obtained (Table 2). A mean value of 5.5% was
estimated all over the sites for the corrected parameter (non-cor-
rected values indicate a mean of 11.3%) This probably means that



Fig. 7. High-temperature thermomagnetic curves of samples LN4-4c and LN5-5c. Arrows indicate heating (red) or cooling (blue) sense. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Frequency dependence of magnetic susceptibility parameter kfd in selected samples
of the Pon�on Trehu�e Formation. Values corrected by diamagnetism are indicated by
kcfd.

Specimen kf1 [10�6(SI)] kf3 [10�6(SI)] kfd [%] kcfd [%]

LN1-4 �2.1 �2.8 e 6.5
LN1-5 �3.5 �3.6 e 1.1
LN2-1 �4.7 �5.3 e 7.1
LN2-5b �2.8 �3.3 e 5.8
LN3-2b �6.2 �6.4 e 2.9
LN3-5 �3.6 �4.2 e 7.4
LN4-2 11.9 10.4 12.3 6.1
LN4-3 12.4 11.2 9.6 4.8
LN4-5b 14.1 12.4 12.0 6.4
LN5-1 8.7 6.1 25.5 10.4
LN5-5 20.3 18.3 9.7 6.1
LN5-7b 25.8 23.4 9.3 6.3
LN6-1 12.7 11.4 10.7 5.5
LN6-2b 7.1 6.7 5.5 2.0
LN6-3 1.9 17.4 7.1 4.3
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there is an important contribution of a superparamagnetic (SP)
fraction of ferrimagnetic grains (Dearing et al., 1996), confirming
that the relatively low unblocking temperatures (525e550 �C) of
the natural remanence would correspond to SP contributions (e.g.
Zegers et al., 2003). Significant variation of bulk susceptibility with
the frequency of the AC field is typically found for remagnetized
carbonates. Strong frequency dependence was reported for
remagnetized carbonates indicated by kfd values usually above 5%
(see examples in Jackson et al., 1993, Font et al., 2006, 2011a,b).

At high fields hysteresis loops show dominant diamagnetic
(LN1-2, LN2-6, LN3-2 and LN6-6) and paramagnetic (LN4-4 and
LN5-5) contributions (insets of Fig. 8). The loops were smoothed to
better define their shapes and hysteresis parameters as low
remanence values produced noisy curves (Fig. 8). Except for sample
LN2-6, all corrected hysteresis loops are slightly wasp-waisted, i.e.
the central part is narrower than the lower and upper segments
(Fig. 8). These constricted hysteresis loops are typical of remagne-
tized carbonates all over the world (Kodama, 2012). This shape is
due to the presence of mixed ensembles with contrasting co-
ercivities as a result of the combination of twomagneticminerals or
contributions of grains in different domain states (Jackson and
Swanson-Hysell, 2012 and references there in). The multi-
mineralic magnetic nature of the limestones of the Pon�on Trehu�e
Formation suggests that the first feature is the most likely expla-
nation for the constricted loops of these rocks, although contribu-
tion of SP grains, as mentioned above, also can contribute to the
hysteresis loop shape. We analysed the hysteresis ratios by means
of a Day-type diagram (Day et al., 1977; Dunlop, 2002a,b, Fig. 9), i.e.
the ratio of saturation remanence to saturationmagnetization (Mrs/
Ms) against the ratio of remanent coercive force to coercive force
(Hcr/Hc). For this, we used the parameters from the hysteresis loops
of Fig. 8 and the value of Hcr from the associated remanence curves.
The best fit to a power-law of the Pon�on Trehu�e data defines the
relation: Mrs/Ms ¼ 0.41(Hcr/Hc)�0.70 (see Fig. 9). Our data fall in the
region between SDþMD and SPþ SDmixing curves for magnetite,
and follows the trend of PSD þ SP mixing curves (Dunlop, 2002b).
Despite that a contribution of other magnetic minerals cannot be
neglected, the Day plot is probably indicating the presence of ul-
trafine grains of magnetite for the samples of the Pon�on Trehu�e
Formation in consistence with the other magnetic properties
already determined. All samples of the Pon�on Trehu�e Formation fall
in the field defined by Katz et al. (2000) for remagnetized lime-
stones, and follow a trend parallel to those described by Jackson
(1990b), Channell and McCabe (1994) and Trindade et al. (2004)
for other remagnetized carbonates. The hysteresis results of the
middle Cambrian to early Ordovician carbonates (limestones to
dolomites) of the Eastern Precordillera (San Juan province), previ-
ously studied by Rapalini et al. (2000), are also shown in the Day-
type plot of Fig. 9. Carbonates from La Flecha, La Silla and San
Juan Formation are interpreted as remagnetized by the Sanrafaelic
overprint, whereas carbonates coming from La Laja and Zonda
Formations are unremagnetized. Magnetite has been interpreted as
the carrier of the remagnetization at this area, although a detailed
rock magnetic study is still lacking. The data from unremagnetized
carbonates fall along the SD þ MD trend for magnetite-theoretical
curves (Dunlop, 2002a), far from the Pon�on Trehu�e values, whereas
the remagnetized carbonates are broadly distributed from the
SD þ MD to PS þ SD trends (Rapalini et al., 2000; Font et al., 2012).
The samples of the Pon�on Trehu�e Formation have Mrs/Ms ratios
similar to those of the remagnetized limestones of the San Juan
Formation. Other units from the Precordillera seem not to fall in the
“remagnetized carbonates” area of the plot. Further rock magnetic
studies on these units are needed.

In order to further characterize the carriers of the Sanrafaelic
overprint, an IRMwas acquired up to 452mT in one sample per site
in order to reach the saturation of the lower coercivity phases
(magnetite and pyrrhotite). Though a contribution to the total IRM
from higher coercivity phases (haematite and goethite) is probably
present, it is expected to be small or negligible. The crossover plots
(IRM acquisition and AF demagnetization of IRM as a function of the
applied field, Fig. 10) determined the intersection points R with
abscissas ranging from 62 to 126 mT and ordinates bracketed



Fig. 8. Hysteresis loops of the Pon�on Trehu�e remagnetized carbonate rocks after subtraction of diamagnetic and paramagnetic contribution (blue). The insets show measured loops
before correction (green). Red dashed line: smoothed curve. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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between 0.34 and 0.46. The R value is indicative of the effective
grain-size of the magnetic minerals and, in the case of the samples
from the Pon�on Trehu�e Formation, it is consistent with PSD (LN3-5
and LN6-6m) or SD (LN1-4b, LN2-4, LN4-2m and LN5-6m) pyr-
rhotite (Symons and Cioppa, 2000). The almost symmetrical shape
of the IRM acquisition and IRM demagnetization curves indicates
weakly to non-interacting particles (Cisowski, 1981) for all the
specimens, except for sample LN6-6A, for which a higher interac-
tion is observed. On the other side, for all samples (Fig. 10), the
modified Lowrie-Fuller test (Johnson et al., 1975) shows that the
ARM is less stable to demagnetization than the IRM implying the
dominance of a coarse-grained fraction. These contrasting results
that typify the behaviour of magnetite-bearing remagnetized car-
bonates (Lowrie and Heller, 1982; Jackson, 1990b) were also
observed in remagnetized carbonates containing magnetite plus
pyrrhotite and haematite (Trindade et al., 2004; Font et al., 2006),
supporting again the combined contribution of these minerals in
the Pon�on Trehu�e limestones.



Fig. 9. Hysteresis data from the Ponon Trehue Formation plotted on the theoretical unmixing diagram of Dunlop (2002a, b) with worldwide fitted curves of remagnetized car-
bonates and the field of remagnetized limestones from Katz et al. (2000) indicated as a shaded area (modified from Font et al., 2012). Data from unremagnetized/remagnetized
carbonates from Precordillera are also shown (Rapalini et al., 2000) A fitted power-law for the Pon�on-Trehu�e samples is indicated.
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4.3. Magnetic fabrics

The magnetic fabrics of the remagnetized limestones were
studied by means of the anisotropy of magnetic susceptibility and
the anisotropy of anhysteretic remanent magnetization.

All susceptibility ellipsoids are well-resolved (Fig. 11). The
average magnetic susceptibility km is very low for all sites
(�4.9� 10�6� km� 1.6� 10�5 SI, Table 3). All specimens from sites
LN1, LN2 and LN3 are diamagnetic. From the remaining sites only
two specimens from site LN6 are also diamagnetic. These are ruled
out from the analysis because their susceptibility parameters are
clearly discordant with respect to the others from the same site. The
anisotropy degree (P) varies between ~1.04 and ~1.14 for the sus-
ceptibility ellipsoid and its shape ranges from slightly (site LN6) to
strongly prolate (site LN3).

Remanence ellipsoids from sites LN3, LN4, LN5 and LN6 are
well-resolved, while principal directions from sites LN1 and LN2
are widely dispersed (Fig. 11). The latest sites are characterized by
negative values of average bulk susceptibility (~�4 � 10�6 SI,
Table 3) revealing that the content of ferrimagnetic grains is
probably too scarce to accurately define the remanence ellipsoid.
For most of the following analysis, sites LN1 and LN2 are excluded.
The average anhysteretic susceptibility ka is bracketed between
3.9� 10�5 and 1.5� 10�4 SI (Table 3). The anisotropy degree ranges
between ~1.08 and ~1.24 for the remanence ellipsoid and it is

́ ́
always higher than the corresponding one for the AMS fabric. The
shape parameter is lower than the associated AMS fabric and it
varies from slightly (site LN6) to moderately prolate (site LN5).

The AMS ellipsoids are characterized by a normal fabric, i.e. K3

normal to the bedding plane (Fig. 11) with K1 ranging from sub-
horizontal to high inclinations. Clustering of K1 axis and elonga-
tion of K3 axes distributions (i.e. LN4, LN5) strongly suggest some
tectonic overprint of the AMS fabric. The tectonic origin of the
ferromagnetic fabric is more evident in the AARM ellipsoids.
Although samples LN1 and LN2 do not show a coherent fabric, the
others present a magnetic lineation parallel to the fold axis (star in
Fig. 11), which confirms an association of the remanence carriers
fabric with fold development. This is further confirmed by
maximum ARM axes oblique to the bedding plane in samples LN3
and LN4, strongly suggesting ferromagnetic mineral formation
under local stress regime associated to folding.

Statistical analyses (Jelínek, 1978) of AMS and AARM fabrics
were applied to the entire collection of specimens in in situ co-
ordinates (Fig. 12a, d and g), after 21% untilting, which is the per-
centage of the highest improving of clustering of palaeomagnetic
directions according to the fold test (Fig. 12b, e and f), and after full
bedding correction (Fig. 12c, f and i). Statistical analysis without
diamagnetic samples (Fig. 12d, e and f) was also considered. It is
observed that directions of the AMS ellipsoid that contain the
diamagnetic samples are more dispersed.



Fig. 10. Curves of the modified Lowrie-Fuller (Johnson et al., 1975) and Cisowski (1981) tests for the limestones of the Pon�on Trehu�e Formation.
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From Fig. 12 (Table 4), it is observed that the hinge line of the
fold (plunge 15�; Az. 150�) is coincident with the mean K1 direction
of the AARM ellipsoid in geographic coordinates and at 21% tectonic
correction (declination 144.1�, inclination 25.4� and declination
144.1�, inclination 24.6�, respectively). As already mentioned, the
magnetic lineation subparallel to the fold axis suggests that the
origin of the fabric, and likely the magnetic carriers (magnetite plus
pyrrhotite), is not primary, but associated with the folding process.
This is more easily explained if new magnetic minerals were
chemically precipitated during the deformational (Sanrafaelic)
event that affected the region.
5. Discussion

The position of the PT pole (Truco and Rapalini, 1996) is indi-
cated in Fig. 13, where poles of the late Palaeozoic-early Mesozoic
for South America together with the remagnetized Sanrafaelic
poles from Precordillera are also indicated. The PT palaeopole
position is close to the late Carboniferous-early Permian poles
which is consistent with the early Permian age of deformation of
Pon�on Trehu�e Formation due to the Sanrafaelic orogenic phase.
This tectonic phase resulted in the inversion and folding of the
Carboniferous-early Permian deposits of the back-arc basins of



Fig. 11. Anisotropy of low-field AC magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent magnetization (AARM) plots in equal-area projections (lower hemi-
sphere) in the geographic coordinate system for each sampling site. The ellipses correspond to 95% confidence regions of the mean axes (Jelínek, 1978). Projections of the bedding
plane and pole to the bedding are indicated (orange). The red star points out the orientation of the hinge line. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 3
Site-mean AMS and AARM parameters. n: number of measured specimens; km: magnetic susceptibility (in 10�6 SI); ka: anhysteretic susceptibility (in 10�5 SI); P: anisotropy
parameter; L: magnetic lineation; F: magnetic foliation; T: shape of anisotropy ellipsoid.

Site AMS fabric AARM fabric

n km [10�6(SI)] P L F T n ka [10�5(SI)] P L F T

LN1 3 �3.8 e e e e 2 6.3 e e e e

LN2 6 �4.0 1.036 1.020 1.016 �0.112 5 4.1 e e e e

LN3 5 �4.9 1.037 1.030 1.004 �0.754 5 3.9 1.143 1.088 1.050 �0.268
LN4 6 12.9 1.048 1.036 1.012 �0.493 6 7.6 1.077 1.043 1.033 �0.136
LN5 8 16.1 1.103 1.078 1.023 �0.533 5 14.5 1.172 1.116 1.050 �0.388
LN6 7 8.6 1.136 1.071 1.061 �0.076 5 4.5 1.238 1.121 1.105 �0.066
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Río Blanco, Calingasta-Uspallata and San Rafael (see L�opez
Gamundí et al., 1994 and references therein). Tectonic short-
ening of 60e70% were reported in areas of the Frontal Cordillera
(Heredia et al., 1996). It was followed by an extensive, mainly
rhyolitic volcanism of the Choiyoi Group (see Mpodozis and Kay,
1992). A mean age of 280 Ma is accepted for this important tec-
tonic phase (Azcuy and Caminos, 1987; L�opez Gamundí et al.,
1994; Llambías and Sato, 1995; Kleiman and Japas, 2009;
Domeier et al., 2011; Rocha-Campos et al., 2011). This is sup-
ported by field evidence at the Pon�on Trehu�e area, where the late
Permian volcanic and pyroclastic rocks of the Cerro Carrizalito
Group show an important angular unconformity and are not
affected by late Palaeozoic folding. Therefore, a ca. 280 Ma age
was assumed for PT (Truco, 1996; Truco and Rapalini, 1996).
Fig. 13 also shows the palaeomagnetic poles from the Alcaparrosa
Formation (AL; Vilas and Valencio, 1978; reinterpreted by
Rapalini and Tarling, 1993), the Hoyada Verde Formation (HV,
Rapalini and Vilas, 1991), the San Juan Limestones (SJ, Rapalini
and Tarling, 1993) and the La Flecha Formation (Rapalini and
Astini, 2005). All these poles, with the possible exception of the
Alcaparrosa Formation (see Geuna and Escosteguy, 2006), have
been calculated from remagnetized rocks during the San Rafaelic



Fig. 12. AMS plots in equal-area projections (lower hemisphere) for the entire collection of specimens of the Pon�on Trehu�e Formation. AARM plots in equal-area projections (lower
hemisphere) comprise specimens from sites LN3, LN5 and LN6. Results of AMS data excluding specimens with diamagnetic bulk susceptibility are presented separately in d), e) and
f). The ellipses correspond to 95% confidence regions of the mean axes (Jelínek, 1978). a), d) and g) In geographic coordinate system. b), e) and h) Idem, after partial (21%) tilt
correction. c), f) and i) Idem, after 100% tectonic correction. Projections of the bedding plane and pole to the bedding are indicated (orange). The red star points out the orientation of
the hinge line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 4
Principal axes directions of mean AMS and AARM ellipsoids for the complete set of specimens (Fig. 12). Confidence angles are indicated between brackets. AMS data are shown
with and without diamagnetic specimens. Directions are shown in the geographic coordinate system, at 21% tilt corrected and 100% tilt corrected.

Fabric Coordinate system n K1 K2 K3

Dec [�] Inc [�] Dec [�] Inc [�] Dec [�] Inc [�]

AMS (all specimens) Geographic 35 339.6 (13.0) 6.1 (5.6) 81.1 (23.9) 61.7 (0.6) 246.4 (23.4) 27.5 (7.7)
Palaeogeographic (21% corrected) 35 335.9 (14.2) 7.2 (7.2) 73.8 (74.8) 47.7 (7.7) 239.5 (74.8) 41.4 (13.3)
Palaeogeographic (full corrected) 35 339.6 (20.0) 2.1 (10.5) 69.7 (24.7) 4.4 (15.4) 223.8 (24.7) 85.1 (14.0)

AMS (non-diamagnetic specimens) Geographic 21 339.6 (13.0) 6.1 (5.6) 81.1 (23.9) 61.7 (10.6) 246.4 (23.4) 27.5 (7.7)
Palaeogeographic (21% corrected) 21 338.6 (10.3) 6.8 (5.5) 75.0 (21.4) 43.5 (6.8) 241.6 (22.0) 45.7 (7.6)
Palaeogeographic (full corrected) 21 342.0 (11.1) 8.2 (6.5) 72.2 (20.1) 1.6 (8.6) 173.0 (20.1) 81.6 (6.4)

AARM Geographic 21 144.1 (19.3) 25.4 (9.8) 355.7 (29.5) 60.9 (18.2) 240.6 (29.0) 13.3 (10.1)
Palaeogeographic (21% corrected) 21 144.1 (27.0) 24.6 (9.7) 0.1 (34.4) 60.4 (22.5) 241.3 (32.7) 15.3 (13.4)
Palaeogeographic (full corrected) 21 326.0 (28.7) 7.8 (22.5) 232.4 (45.7) 24.5 (23.8) 72.4 (45.0) 64.1 (21.2)

Fig. 13. Apparent polar wander path (APWP) of the late Carboniferous-early Triassic
for South America and palaeomagnetic poles from remagnetized units during the
Sanrafaelic tectonic phase (squares) from Precordillera (SJ, LF, AL and HV) and the San
Rafael Block (PT). The palaeomagnetic poles that define the APWP are indicated by
triangles and circles. Full (open) symbols point out reverse (mixed) polarities. Ovals of
95% confidence are shown. Poles: SJ, San Juan (Rapalini and Tarling, 1993); LF, La Flecha
(Rapalini and Astini, 2005); PT, Pon�on Trehu�e (Truco and Rapalini, 1996); AL, Alca-
parrosa (Rapalini and Tarling, 1993); HV, Hoyada Verde (Rapalini and Vilas., 1991).
Taken from Rapalini and Astini (2005).
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tectonic phase, and all them lie close to the late Carbon-
iferouseearly Permian South American poles.

Origin of regional remagnetizations have been widely debated
for several decades (see Van der Voo and Torsvik, 2012 and refer-
ences therein). In general, three main mechanisms have been
proposed for remagnetizations, i) thermoviscous remanence (Kent,
1985), ii) chemical remagnetization due to burial diagenesis and “in
situ” clay alteration (e.g. Katz et al., 1998; Gill et al., 2002; Trindade
et al., 2004; Kodama, 2012) and iii) chemical remagnetization
associated to fluid migrations, like chemically active brines
expelled from orogenic areas (Oliver, 1986; Bethke and Marshak,
1990) or hydrothermal environments (e.g. Nelson et al., 2002).
The Sanrafelic remagnetization was firstly proposed by Rapalini
and Tarling (1993) who presented evidence of a chemical remag-
netization that was linked to hypothetical fluidmigration expelled
towards the East from the late Palaeozoic marine basins of
Western Argentina when inverted and deformed in the late early
Permian by the San Rafael Orogeny. Rapalini and Astini (2005)
further insisted in such model considering that a pattern of pro-
gressive age of remagnetization can be identified in the Pre-
cordillera of Western Argentina. They assessed polar positions,
age of magnetization with respect to folding, polarities and
geographical distribution of the remagnetized units and sug-
gested a temporal-spatial migration pattern in which the geologic
units in theWestern Precordillerawere remagnetized during early
Permian while the Eastern Precordillera units were remagnetized
during late Permian, hypothetically as a consequence of fluids
expelled from the orogenic area. However, these ideas have yet to
be supported on detailed mineralogical and rockmagnetic studies.

We found that the Sanrafaelic remagnetization at the Pon�on
Trehu�e area is carried by magnetite and pyrrhotite, though recent
formation of high coercivity minerals (goethite and subordinately
haematite) also was detected. The precise origin of the latest
minerals is not certain, but it is likely related to weathering, as
suggested by the remanence direction associated to them coinci-
dent with the Earth Magnetic Field Dipole at the study locality,
and which are therefore devoid of any relation with the Sanra-
faelic remagnetization. Goethite in carbonate rocks has been
related to the oxidation of sulphides (pyrrhotite, in this study)
during weathering (Zwing et al., 2005). Diverse magnetic studies
in the Pon�on Trehu�e rocks (hysteresis parameters, frequency
dependence of susceptibility, Cisowski and modified Lowrie-
Fuller tests) support the presence of ultrafine grains (SP magne-
tite) formed during chemical processes. NRM and three-axis IRM
demagnetization indicate that pyrrhotite is another important
contributor to the remanence. This and the results of the magnetic
fabric analyses indicate an authigenic origin of the magnetic
minerals during folding associated with the Sanrafaelic tectonic
phase. The evaluated magnetic properties are compatible with the
proxies of remagnetization in magnetite-bearing carbonate rocks.
In fact, the diagnostic properties of remagnetized carbonates were
also observed in many multi-mineralic rocks (Weil and Van der
Voo, 2002; Zegers et al., 2003; Trindade et al., 2004; Zwing
et al., 2005; Font et al., 2006; Oliva-Urcia and Pueyo, 2007),
though with some limitations (Jackson and Swanson-Hysell,
2012). These considerations rule out a thermoviscous origin for
the remagnetization. Whether the remanence-carrying minerals
in the Pon�on Trehu�e Formation are the product of in situ clay
transformations or of precipitation associated to “orogenic” or
“hydrothermal” fluids is more difficult to assess, in part due to the
small-scale nature of our study. Despite this, some further con-
siderations can be made. One significant fact is that both
magnetite and pyrrhotite carry the same magnetic syntectonic
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component suggesting a coeval or nearly coeval remanence
acquisition and therefore mineral formation. Secondary origin of
pyrrhotite in limestone has been ascribed to pyrite oxidation (e.g.
Salmon et al., 1988). Oxidizing brines can in that way be respon-
sible for the origin of both pyrrhotite and magnetite. Katz et al.
(1998) demonstrated that in many remagnetized limestones,
secondary magnetite was created in the alteration process of
smectite into illite due to burial diagenesis. However, such
mechanism has not been proposed for pyrrhotite formation. This
suggests that the origin of remanence from chemically active
circulating fluids during tectonic deformation is the first candi-
date for the Pon�on Trehu�e remagnetization.

The ca. 280 Ma of the San Rafael tectonic phase suggests a
similar age for final stages of folding at the Pon�on Trehu�e area, as
already mentioned, and for pyrrhotite and magnetite generation.
Rubinstein et al. (2004) dated in 279 Ma an event of ore vein
mineralization that included significant lead mobilization with
associated hydrothermal systems in the San Rafael block few tens
of km away from our study area. This appears just as one example
of a significant number of ore deposits in the San Rafael Block of
similar age and related to arc-magmatism approximately coeta-
neous with the San Rafael Orogeny. Although the largest outcrops
of the Choiyoi rhyolitic magmatic province (“Upper Choiyoi”)
developed after the San Rafael phase, magmatism coetaneous
with final stages of tectonic deformation likely occurred in the
region (“Lower Choiyoi” units, Kleiman and Japas, 2009), and
should be investigated whether it may be related to remagneti-
zation of limestones.

Progression of remagnetization towards the East, as proposed by
Rapalini and Astini (2005), would support the presence of
migrating “orogenic fluids” as causing the remagnetization, how-
ever Geuna and Escosteguy (2006) showed that the Permian
remagnetization of the volcano-sedimentary Ordovician Alca-
parrosa Formation, exposed in Western Precordillera, is likely
related to a local alteration halo around a Permian intrusion.
Furthermore, Rapalini and Tarling (1993) showed a “syntectonic”
nature for the remagnetization of these rocks. This suggests that
while the migrating “orogenic” fluids can explain most regional
aspects of the Sanrafaelic magnetization, the role of coetaneous
magmatism should be investigated deeply.

6. Conclusions

Palaeomagnetic, magnetic fabric and rock-magnetic studies
were carried out on remagnetized Middle-Ordovician limestones
from the Pon�on Trehu�e Formation (San Rafael Block, central-
western Argentina). This magnetization, which was acquired
during folding of the rocks in the early Permian due to the San
Rafael orogeny, constitutes new evidence on the broad character
of the Sanrafaelic overprint. Though this late Palaeozoic wide-
spread remagnetization event has been known for many years,
experiments on magnetic properties of sedimentary rocks
affected by this process were very restricted. Our studies revealed
that the limestones from the Pon�on Trehu�e Formation carry a
secondary characteristic magnetization residing in pyrrhotite and
magnetite. Evidence of other magnetic minerals (goethite,
haematite), of recent formation, was found too. The standard
worldwide magnetic properties used as signature of remagneti-
zation in carbonate rocks were also recognized in these multi-
mineralic limestones: high frequency-dependent magnetic sus-
ceptibility, wasp-waisted shape of hysteresis loops, abnormally
high hysteresis ratios and contradictory Lowrie-Fuller and
Cisowski tests. These characteristics are indicative of the presence
of ultrafine ferromagnetic grains suggesting that the Sanrafaelic
orogeny triggered a chemical remagnetization process
synchronous with folding that originated the formation of authi-
genic magnetic material. This origin for the remagnetization is
confirmed by the magnetic fabric analyses which shows evidence
of magnetic grains developed under the local stress regime
responsible for folding. Although the previously proposed model
of a remagnetization triggered by chemically active (oxidizing?)
fluids expelled from the orogen as it developed in the early
Permian is a viable explanation for the Sanrafaelic remagnetiza-
tion, the role of the nearly coeval extended magmatism in Pre-
cordillera and the San Rafael Block remains to be properly
evaluated.

Further rock-magnetic studies on samples from the early
Cambrian to mid-Ordovician carbonate platform of the Argentine
Precordillera affected by the pervasive Sanrafaelic remagnetization
event are under way in order to better characterize the nature of
this widespread process.
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Appendix 1

Acquisition of ARM (anhysteretic remanent magnetization)
in selected samples from the Pon�on Trehu�e Formation up to
500 mT of Hdc field (Hac ¼ 100 mT). Inset: normalized curves. An
almost linear dependence is expected for fields (Hdc) lower than
50 mT.

The study of ARM indicated that the linear dependence of the
anhysteretic magnetization with Hdc field is valid up to ~50 mT.
Below this limit, the available Hdc field that produces our magne-
tizer (� 30 mT) imparts low values of anhysteretic magnetization to
the samples. For this reason, we selected Hdc ¼ 50 mT considering
that a departure from the linear dependence would probably be
small enough to be neglected.
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Appendix 2

Variation of bulk magnetic susceptibility with an external
magnetic AC field with Hpeak from 2 to 700 Am�1 at a fixed fre-
quency of 976 Hz for twelve remagnetized samples from the Pon�on
Trehu�e Formation.
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