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The first magnetostratigraphic study of the Las Arcas Formation (Late Miocene) was carried out in Las
Totoritas creek (26°12'S; 65°47'W, NW Argentina), a key place in between of two geological provinces:
Northwestern Pampean Ranges and Eastern Cordillera, in northwestern Argentina. This was accompa-
nied by isotopic dating (9.01 + 0.12 Ma, “°Ar—3%Ar in amphibole) of the unit, obtained from a 3.4 m thick
tuff intercalated at ~45 m above the base. The Las Arcas Formation is 810 m thick at the sampling locality
and it is mainly composed of tabular reddish conglomerates, sandstones and siltstones in both coars-
ening- and thickening-upward arrangements. The exposed section was sampled at 48 sites, 26 of which
are interpreted as carrying primary magnetization. The new magnetostratigraphic column was corre-
lated with the Geomagnetic Polarity Time Scale (GPTS), and suggests that deposition of the Las Arcas
Formation strata started at around 9.1 Ma and ended around 6.8 Ma. The paleomagnetic pole obtained
for this unit (Dec = 8.7° Inc = —43.9° dp = 14.9 dm 9.3) indicates that this area underwent non-
significant rotation (11.0° + 13.6°) since the Late Miocene.

Sedimentation rate

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since Matuyama (1929) found paleo-directions of Earth's mag-
netic field in volcanic rocks from Japan and North China corre-
sponding to normal and reverse polarities, numerous
magnetostratigraphic studies have been carried out around the
world for stratigraphic correlations and relative geochronological
studies (e.g. Opdyke and Channell, 1996), especially in Cenozoic
sedimentary foreland successions (e.g. Johnson et al, 1986;
Reynolds et al., 1990; Homke et al., 2004; Sun et al., 2005), due to
the high Cenozoic reversal frequency and the high sedimentation
rates of these deposits. Successful magnetostratigraphic studies
permit assigning a quasi-continuous age to sedimentary succes-
sions by correlating the local magnetostratigraphic column with
the Global Polarity Time Scale (GPTS, Cande and Kent, 1995; Huestis
and Acton, 1997; Gradstein et al., 2004, 2012). The southern Central
Andes are characterized by a complex magmatic and tectosedi-
mentary evolution (e.g. Jordan et al., 1993; Marrett and Strecker,
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2000; Kay and Mpodozis, 2002; among others). Numerous mag-
netostratigraphic studies in Neogene Andean foreland successions
have been published in the last two decades (e.g. Johnson et al.,
1986; Reynolds et al., 1990, 2001; Jordan et al.,, 1990; Malizia
et al.,, 1995; Irigoyen et al., 2000; Ré, 2008; Zambrano et al., 2010;
Galli et al., 2014).

Many authors postulate a Cenozoic tectonic rotation pattern in
NW Argentina (Aubry et al., 1996; Taylor et al.,, 2005; Arriagada
et al., 2006). When the data are analyzed in detail, the pattern is
not continuous (Aubry et al, 1996; Spagnuolo et al., 2008;
Zambrano et al., 2010; Japas and Ré, 2012) nor it is related to a
large scale rigid body rotation (oroclinal bending) but to local block
rotations associated to displacements along major oblique linea-
ments, such as the Tucumdan and El Brete Lineaments (Mon, 1979).
Some authors suggested that the rotations found in NW Argentina
are controlled by two large lineaments (Tucuman Lineament and
Valle Fértil Fault Zone) and smaller parallel lineaments (Vizan et al.,
2013) in a fractal model (Ré et al., 2001). At around 27° S the sub-
duction angle of the Nazca Plate beneath South America changes
from normal (~30°) in the north to subhorizontal in the south.
Associated with it, a major physiographic change occurs at the
transition between the Puna and the Pampean Ranges. Also in that
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region lineaments oblique to the Andean chain are notorious
(Fig. 1). The Tucumdn Lineament has been called Tucuman Transfer
Zone (TTZ; de Urreiztieta et al., 1996; Coutand et al., 2001) being a
dextral transpressive zone of SW—NE strike (Mon, 1976, 1979; de
Urreiztieta et al., 1996; Coutand et al., 2001). Correlation between
the topography of the basins and ranges with the regional pattern
of thrust faults characterizes the region (de Urreiztieta et al., 1996).
To the north of 27° S, the basins and ranges are elongated into a
NNE direction (Laguna Blanca and Quilmes Ranges) while to the
south of the 27°30’'S they are NW trending (Velasco, Ambato-
Ancasti Ranges). In the transition zone (TTZ) the trends are
approximately NE (Hualfin-Las Cuevas, El Durazno, Nevados de
Aconquija, Belén), suggesting possible tectonic rotations associated

with these lineaments (Vizan et al., 2013). Their influence however,
in the kinematic and tectonic evolution of the Andean Orogen and
in the Neogene basins is far from being well understood. New
paleomagnetic data from Cenozoic sedimentary strata in this re-
gion may help in constraining the kinematic evolution of the An-
dean foreland at these latitudes.

The Santa Maria-Hualfin Basin (Fig. 1) originated with extension
and active faulting from the Paleogene until 4.8 Ma when regional
compression began (Bossi and Muruaga, 2009). Ages from apatite
fission tracks (Sobel and Strecker, 2003) suggest a 6 Ma uplift of the
Aconquija, Quilmes and Cumbres Calchaquies Ranges, which arose
as deformation migrated to the south (Mortimer et al, 2007).
Strecker (1987) defined the beginning of the compressive phase
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Fig. 1. A) Digital elevation model (DEM) of NW Argentina. B) DEM of the Santa Maria Valley with the location of the sampling area (Las Totoritas creek). C) Aerial photograph of the
Las Totoritas creek with the paleomagnetic sites and geological information. Full line: contact between formations. Dotted line: tuff outcrops.
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after 5.2 Ma, and Georgieff (1996, 1998) related this event with the
development of the intra Andalhuala unconformity in southern
Santa Maria Valley. Bossi et al. (2001) divided the Cenozoic deposits
into five allostratigraphic units: I prerift (Saladillo and Yacomisqui
Formations), Ila initial rift stage (San José, Las Arcas and Chiquimil B
Formations), IIb rift climax stage (Chiquimil A, lower part of the
Andalhuala Formation), III initial compressive stage (upper part of
Andalhuala and Corral Quemado Formations) and IV climax
compressive stage (Yasyamayo Formation).

A magnetostratigraphic study was conducted in the Las Arcas
Formation (LAF) exposed along Las Totoritas creek (26° 12’S;
65°47'W), a Santa Maria River tributary on the eastern slope of the
Cumbres Calchaquies Ranges in southern Salta province (Fig. 1). The
LAF (Galvan and Ruiz Huidobro, 1965) belongs to the Santa Maria
Group (Ruiz Huidobro, 1960; Galvan and Ruiz Huidobro, 1965; Bossi
et al., 2001). It is composed mainly of red fine sandstones and
mudstones. Its exposures extend over more than 15,000 km?. The
magnetostratigraphic study was accompanied by an isotopic dating
for this unit, obtained from an intercalated tuff at ~45 m above the
base. The correlation of the 810 m local magnetostratigraphic col-
umn with the GPTS permits age and accumulation rate constraints
for the LAF, while the paleomagnetic pole obtained suggests very
minor to no tectonic rotation in the area. This is the first magne-
tostratigraphic study on this unit although the paleomagnetic study
published by Aubry et al. (1996) in red sediments in the southern
Santa Maria Basin might belong to the LAF.

2. Geologic setting and stratigraphy

The Santa Maria Valley is a morphotectonic feature that com-
prises SE Salta, W Tucuman and NE Catamarca provinces in NW
Argentina. It is bordered on the east by the Aconquija and the
Cumbres Calchaquies Ranges and on the west by the Quilmes
Ranges (Fig. 1b). This region is part of the Pampean Ranges (Sierras
Pampeanas) tectonic province, which is composed of N—S oriented
mountain blocks with dominant Precambrian to Early Cambrian
basement outcrops uplifted by west-dipping reverse faults in the
Late Cenozoic (Gonzdlez Bonorino, 1950; Ramos, 1999).

The general stratigraphy of the LAF area begins with a Precam-
brian to Lower Cambrian metamorphic and igneous basement
(Ruiz Huidobro, 1966; Toselli and Rossi, 1998; Toselli et al., 1999)
covered by Cenozoic deposits. Those deposits are composed by the
Paleogene Saladillo Formation (Peirano, 1956; Galvan and Ruiz
Huidobro, 1965; Bossi et al., 2001) and the Neogene Santa Maria
Group (Ruiz Huidobro, 1960; Galvan and Ruiz Huidobro, 1965; Bossi
and Palma, 1982). The latter was subdivided into the San José, Las
Arcas, Chiquimil, Andalhuala and Corral Quemado Formations
overlain by the Yasyamayo Formation and Quaternary sedimentary
deposits.

The base of the Saladillo Formation exhibits fine lacustrine facies
with a basal breccia that passes to red fluvial sandstones (Bossi
et al., 1998). The San José Formation (Galvan and Ruiz Huidobro,
1965) overlies the Saladillo Formation and is characterized by
green-yellowish pelites and marls with interbeded limestones of a
lacustrine setting. The Las Arcas Formation (Galvan and Ruiz
Huidobro, 1965) consists of fine red sandstones and siltstones
intercalated with some lenses of conglomerate typical of a fluvial
setting (Bossi and Palma, 1982) and was dated in 6.88 + 0.06 Ma
(Jujuil creek, “°Ar—3°Ar, Georgieff and Diaz, 2014). The Chiquimil
Formation changes its sedimentary setting from south to north
(Ibanez, 2001): fluvial strata in the south (Catamarca Province),
lacustrine facies in the center (Tucuman Province) and a sabkha or
hypersaline lake setting in the north (Salta Province). The Chiquimil
Formation was dated in 6.68 + 0.02 Ma (Corral Quemado locality,
K—Ar method, Marshall et al, 1979), 714 + 0.02 Ma (Corral

Quemado locality, “°Ar—3°Ar, Latorre et al, 1997) and
6.70 + 0.05 Ma (Corral Quemado locality, K—Ar, Butler et al., 1984).
The Andalhuala Formation is composed of sandy and conglomeratic
fluvial packages with abundant fossils (Marshall and Patterson,
1981). It was dated in 6.02 + 0.04 Ma (Chiquimil/Entre Rios local-
ity) and 7.3 + 0.1 Ma (Corral Quemado locality) (both with K—Ar
method, Marshall et al.,, 1979), 5.22 Ma (Chiquimil locality, K—Ar,
without quoting errors, Strecker, 1987). The Corral Quemado For-
mation consists of conglomeratic facies with metamorphic clasts,
while the Yasyamayo Formation is composed of conglomerates
with volcanic clasts and intercalated red sandstones and
mudstones.

3. Isotopic dating

To correlate the local magnetostratigraphic column with the
GPTS, an “°Ar—3%Ar date was obtained at SERNAGEOMIN labora-
tories (Servicio Nacional de Geologia y Mineria, Chile). Amphibole
crystals were separated from a 3.40 m tuff (Fig. 2) intercalated
~45 m above the base of the LAF between paleomagnetic sites 5 and
6. Fig. 3 and Appendix 1 show stepwise degassing results from the
sample. A plateau age of 9.01 + 0.12 Ma was calculated with a
MSWD = 0.64. The integrated age (9.56 + 0.17 Ma) is similar to the
plateau age. The isochron analyses yields an age of 8.79 + 0.14 Ma
with a MSWD error of 0.35 (20).

4. Paleomagnetic sampling

Along Las Totoritas creek (Fig. 1), the LAF has a transitional
contact with the underlying San José Formation (Fig. 2) and is
characterized by the presence of grayish orange pink (10R 7/2, Rock
Color Chart) massive and laminated siltstones with intercalated
conglomeratic sandstones. In some cases, they exhibit conglomer-
atic lenses and heterolithic stratification with fibrous-gypsum veins
(Fig. 4). Four intercalated beds of green and gray mudstones are
exposed between 2 and 9 m and correspond to lacustrine facies.
Some molds of Neocorbicula sp. were found in the siltstones.
Around 350 m above the base both color and grain size change,
with the strata becoming coarser and a pale yellowish brown (10 YR
6/2, Rock Color Chart). Tabular beds of medium to coarse, poorly-
sorted sandstone, with intecalations of conglomeratic lenses and
subordinate massive and parallel laminated siltstones, characterize
the upper section. At the 810 m level, the strata become folded and
thrusted. The top of the LAF is truncated by a high angle reverse
fault which exhumes around 200 m of grayish fine sandstones and
at least 250 m of reddish sedimentary breccias of the Andalhuala
Formation.

At Quebrada del Mal Paso, few km to the south of Las Totoritas
creek, Georgieff and Diaz (2014) identified four major sedimentary
facies within the LAF, from base to top:

- Facies 1 (284.6 m): alternation of red siltstones and sandstones
with green siltstones and claystones.

- Facies 2 (321.9 m): alternation of red brownish sandstones and
siltstones and lenticular sandstones and pebble conglomerates
composed by clasts of granites (70%), metamorphites (20%) and
volcanites (10%).

- Facies 3 (339.4 m): 8—10 m thick sandstones bodies intercalated
with thin tabular siltstones.

- Facies 4 (117.6 m): medium to coarse sandstones and coarse
gravelly deposits.

The paleoenvironment is interpreted as coarsening- and
thickening-upward fluvial deposits, meandering rivers at the base,
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Fig. 2. a) Photograph of the San José and Las Arcas Formations with the dated tuff. The numbers indicate the paleomagnetic sites and the dotted white line the contact between
formations. b) Detailed photograph of the tuff dated by “°Ar—°Ar method (geological hammer at the base).
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Fig. 3. A) “°Ar—39Ar step-heating spectrum for the tuff. B) Isochron. See the text for more details (Section 3).

which gradually passes into braided channels and transitionally
became alluvial fans.

5. Laboratory procedures

One hundred and thirteen hand samples and twenty-six cores
obtained with a portable battery-powered drill were collected
from the LAF at forty-eight sites distributed along the Las
Totoritas creek (Figs. 1 and 4). Samples were oriented by means
of both sun and magnetic compasses in most cases. The sites
were sampled with an average stratigraphic distance of ~10 m in
the siltstones and ~20 m in the sandstones. In the laboratory, the
hand samples were drilled and each core was sliced into one to
four standard paleomagnetic specimens (2.2 cm height and
2.54 cm diameter).

In most cases, two specimens from each site were submitted to
a pilot standard stepwise demagnetization procedure, one to
thermal (95, 150, 190, 295, 350, 400, 450, 500, 530, 560, 580, 610,
630 and 650 °C) and one to AF demagnetization (3, 6, 9, 12, 15, 20,
25, 30, 35, 40, 50, 60, 70, 80, 90 and 100 mT) to evaluate the best
demagnetization technique to be applied to the whole collection.
Considering that the responses to the demagnetization procedure
were not homogeneous in all sites, the remaining specimens were
submitted to thermal (9 steps) or AF (14 steps) demagnetization or

a combination of both. Intensity and direction of the natural
remanent magnetization were measured with a DC-SQUID (2G-
750R) cryogenic magnetometer. AF cleaning was achieved by
means of a static three-axes degausser attached to it. Thermal
demagnetization was applied with an ASC dual chamber oven,
with internal magnetic fields below 10 nT. Bulk magnetic sus-
ceptibility was measured with a Bartington MS-2 susceptibility
meter after each thermal step to control possible chemical changes
induced by heating of the samples. Magnetic components were
determined by principal component analysis (Kirschvink, 1980)
with maximum angular deviation (MAD) values generally
under 15° (however, only 14% of the magnetic components were
obtained with a MAD between 12° and 15° and just 3% of
the magnetic components were obtained with a MAD>15°,
Appendix 2).

Acquisition of isothermal remanence was performed with a
pulse magnetizer (ASC Scientific IM.10-30) in order to characterize
the magnetic carriers at each site. One sample per site was analyzed
by submitting it at pulse direct magnetic fields of: 17, 29, 44, 61, 90,
150, 250, 350, 450, 600, 1000, 1310, 1640, 2300 and 2545 mT, and
subsequent measurement of the isothermal remanence intensity
after each step. After that, the sample was rotated 180° and back
fields were applied with magnitudes of: 122,137,150, 250, 302, 350,
400, 450, 600 and 735 mT.
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Low- and high-temperature thermomagnetic curves were per-
formed for some specimens in an AGICO MFK1A-Kappabridge
device.

6. Paleomagnetic results

Intensity of natural remanent magnetization varies between 0.6
and 295.5 mA/M and initial susceptibility between 1.24-10~% and
3.66-1073 SI (Fig. 4). IRM curves (Fig. 5) show a first partial satu-
ration field below 150 mT and a second one over 2500 mT; while
the back field curves show remanence coercivity between 40 and
350 mT, both suggesting that an antiferromagnetic plus a ferri-
magnetic phase are present in the samples. Demagnetization
curves (Fig. 6) are consistent with both magnetite and hematite as
the magnetic carriers. The thermomagnetic curves are not revers-
ible (Fig. 7). Heating curves reveal two transitions at 540—580 °C
and 680 °C also suggesting the presence of magnetite and hematite
as the main magnetic minerals in the LAF. In samples 18-2 and 28-3
a small step at —20 °C might suggest the presence of the Morin
transition indicative of hematite.

In 20 sites a low temperature/alternating magnetic field
(295—450 °C/6—60 mT) component (A) was isolated (Fig. 6;

Appendix 2a). An intermediate temperature and alternating mag-
netic field component (500—580 °C/30—100 mT) carried by Ti-
magnetite (?) was isolated in 31 sites (Fig. 6; Appendix 2b;
component B) and a high temperature component carried by
hematite was isolated in 31 sites (Fig. 6; Appendix 2b; component
C). These 3 components were also found by Aubry et al. (1996) in a
paleomagnetic study of similar rocks to the south of our study
area. In sites 4, 17, 22, 25, 28, 34, 38, 43 and 46 no magnetic com-
ponents could be determined due to loss of samples, intrasite
inconsistency of directions or unstable magnetic behavior during
demagnetization.

Component A (Appendix 2a) likely corresponds to a viscous
magnetization. The in situ direction (D = 1.0° [ = —37.5° n = 26
samples ags = 8.2°) is close to the present-day magnetic field
at the sampling locality (D = —5.6° | = —26.3°), and to the ex-
pected direction of the Earth Magnetic field dipole (D = 0°,
I = —44.5°, Appendix 2a, Fig. 8a). The fold test (Watson and
Enkin, 1993; Enkin, 2003) for this component is indeterminate
because the data are too scattered and the structural correction is
too small.

Components B and C have similar directions. In many sites both
components could be isolated, however in some sites just one of
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Fig. 5. Normalized isothermal remanent magnetization (IRM) and back field curves, indicating the presence of magnetite and hematite as magnetic carriers. More references in the

text (Section 6).
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them was found. In samples where both components were found
only one (that determined with higher precision) was considered
(Appendix 3). Comparison of the mean site remanence directions
before and after bedding correction does not show an important
change in the statistical parameters because the sequence is almost
homoclinal. This can be tested statistically by applying the fold test
of Watson and Enkin (1993) (Fig. 9). After the application of the
bedding correction the statistical parameters remain almost equal:
kappa (K) increases from 6.58 to 6.66 and 095 diminishes from 12°

to 11.9°. Since 11 sites showed opposite polarities (Fig. 9a and b), a
reversal test was applied. Both the negative inclination and the
positive inclination mean directions show a discrepancy of just
6.4°. However the test of McFadden and McElhinny (1990) classifies
the result as indeterminate due to a large critical angle (24.6°). The
test of McFadden and Lowes (1981) indicates that groups of normal
and reverse polarity share a common mean at 95% confidence. The
occurrence of both polarities suggests that enough time elapsed
during magnetization of the samples to average out secular
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Fig. 8. In situ and bedded corrected distribution of sites remanence direction of the Las Arcas Formation. Equal angle stereoplot, open (closed) symbol corresponds to negative
(positive) inclination. A) Component A. Star: present geomagnetic field. B) Component B and C. Lat 09, 20, 29 and 47 were not taken into account for constructing the magne-

tostratigraphic column nor for computing the pole position.

variation. A site-based average (without sites 9, 20, 29 and 47) of
the bedding corrected remanence direction yields a mean direction
at Dec = 8.7° Inc = —43.9° N (sites) = 26 ags = 11.9° (Fig. 8b). A
paleomagnetic pole from these data was calculated for the LAF at
82.2°N, 22.4°E, dp = 14.9 dm = 9.3°. With the remanence polarity of
each site a local magnetostratigraphic column was constructed
(Fig. 4).
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7. Interpretations and discussions

7.1. Tectonic rotation

The Andes show a change in its trend from NW—SE to N—S at
approximately 18°S. This region is generally known as the “Bolivian
Orocline” and comprises part of Bolivia, Pert and northern Chile
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Fig. 9. Fold test of Watson and Enkin (1993) and tilt test of Enkin (2003). More references in the text (Section 6).
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and Argentina. Paleomagnetic studies in the last three decades
found systematic counterclockwise rotations to the north for the
Bolivian Orocline, while towards the south clockwise rotations are
the rule (e.g. Somoza et al., 1996; Beck, 1998; Randall, 1998;
Arriagada et al., 2008). These rotations affect many Mesozoic and
Cenozoic units along the South American margin. Since our sam-
pling locality is within the region affected by the Central Andes
rotation pattern (CARP; Somoza et al., 1996) the direction of the
paleomagnetic pole of LAF (LAT: 82.2°N, 22.4°E) was compared with
the expected direction for the 10 Ma reference pole of South
America (Besse and Courtillot, 2002): 85.5°N 139.9°E A95 = 3.1° at
the studied locality. A clockwise rotation of 11.0° + 13.6° was ob-
tained after using the algorithm proposed by Beck (1988) to
compute the uncertainty. The values obtained indicate non-
significant rotation of the study locality during the last 9 Ma. Lack
of significant Andean tectonic rotations in this area reinforces
previous ideas (Aubry et al., 1996; de Urreiztieta et al., 1996; Beck,
1998; Taylor et al.,, 1998; Coutand et al., 1999; Spagnuolo et al.,
2010; Zambrano et al., 2010; Ré et al., 2001; Japas and Ré, 2006,
2012; Vizan et al., 2013) that rotations in this region do not
follow a simple and uniform pattern. Beck (1998), Prezzi et al.
(2004), Japas and Ré (2012) and Somoza and Tomlinson (2002)
claim that no significant rotation should be expected in the re-
gion since 10 Ma. Therefore, older rotations in our study area
cannot be excluded. Lack of rotation recorded coincides with the
proposals of Japas and Ré (2012), and Dominguez et al. (2013). This
area of the Santa Maria Valley would be explained due to particular
tectonic characteristics as was pointed out by Ré et al. (2001); the
northern part of the Santa Maria Valley belongs to a major tectonic
block bordered by two regional lineaments, Pirquitas-Pozo Hondo
and Cachi-Va. Maria (Ré et al.,, 2001), which shows vertical and
strike-slip movements and no vertical axis block rotations (Sosa
Gomez et al., 2014). According to this data, the study area is not
tectonically linked with the Tucuman Transfer Zone (Mon, 1979; de
Urreiztieta et al., 1996).

Comparison with the same expected direction also indicates a
non-significant flattening of 5.8° + 9.9°, suggesting minor if any
significant compaction-induced anomaly in the remanence
inclination.

7.2. Age of the unit and chronostratigrafic correlation

A magnetic polarity column of the LAF was obtained with results
from 25 sites (Fig. 4). Site LAT 48 was not included because it was
collected from a section affected by folding and thrusting and for
which the proper stratigraphic position is ambiguous. In the lower
section, most sites provide reliable polarity information while in
the upper section, probably due to the increasing proportion of
sandstones and gravels, fewer sites yielded useful results. The
proposed correlation between magnetic polarity distribution of the
LAF and the Global Polarity Time Scale (GPTS, Gradstein et al., 2012)
is presented in Fig. 4. Using alternative GPTS (Huestis and Acton,
1997; Cande and Kent, 1995; Lourens et al., 2004) does not pro-
duce significant changes in the age of the sedimentary column.

In our sampled section, 6 geomagnetic field reversals were
recorded defining 7 polarity zones. The “°Ar—3°Ar age of the dated
tuff coincides with a normal polarity interval at the base of the
section that coincides with the C4An subchron: 9.105—-8.771 Ma
(Gradstein et al., 2012). This is on top of a reversed interval that
corresponds to the lower 20 m of the study section. The normal
interval extends for ~100 m and is followed by a reversed interval of
similar thickness. The presence of a short interval (determined by a
single site) of normal polarity near its base can be explained as a
recording of cryptochron C4r.2r-1 (Cande and Kent, 1992; Acton
et al., 2006; Gradstein et al., 2012) with a duration of some 40 kyr

around 8.6 Ma. An alternative interpretation is that this short
normal zone should be correlated with chron C4r.1n. The first
alternative is chosen because of the stratigraphical position of the
reversal and the interpretation of the accumulation rates (see
Section 7.3).

The reversed interval is overlain by some 40 m of a normal in-
terval that is correlated to the C4n.2n subchron. From around 270 m
to the top at 730 m all sites show reverse polarity. The fact that in
some cases stratigraphic thickness between correlative sites is from
several tens to even one hundred meters make any correlation of
the polarity recording of the upper section highly speculative. In
any case, the exclusive reversed polarity suggests that the upper
section was likely deposited within the C3Br—C3Ar chron, which
extends from 7.528 to 6.733 Ma. The new dating of a tuff near the
top of LAF at 6.88 + 0.06 Ma (Jujuil creek; Georgieff et al., 2014)
reinforces this correlation. The short normal subchrons within this
interval likely fall within the recording gaps. Based on this inter-
pretation, deposition of the sampled section of the LAF must have
started prior to 9.1 Ma and might have ended around 6.73 Ma.

The new “°Ar—3°Ar age for the LAF of 9.01 + 0.12 Ma, is younger
than those previously proposed. Bossi and Muruaga (2009) sug-
gested that the LAF was older than 12 Ma because it predated
Farallon Negro volcanism. Halter et al. (2004) however, dated the
Faralléon Negro volcanism between 9.4 and 6.3 Ma. In Catamarca
province, LAF was intruded and covered by andesitic volcanic rocks
erupted at 10.7 + 0.3Ma (Caelles et al., 1971). A dated tuff at the top
of the Chiquimil Formation, indicates an age of 6.68 + 0.02 Ma
(Marshall et al., 1979) and re-dated in 7.14 + 0.02 Ma (Latorre et al.,
1997) near Puerta de Corral Quemado. Butler et al. (1984) suggested
that the upper limit of the Chiquimil Formation was at 7.5Ma.

We propose three alternatives for these discrepancies: i) The
intruded red beds dated by Caelles et al. (1971) might correspond to
the Hualfin Formation because this and the LAF are of similar li-
thology and very difficult to distinguish when they do not appear
together (Bossi and Muruaga, 2009). ii) The LAF ends its sedimen-
tation well before 6.73 Ma (the youngest age compatible with the
magnetostratigraphic correlation). iii) A temporal variation from N
to S for deposition of the sedimentary units or diachronism within
the lower part of the Chiquimil Formation, since all the previous
dates were calculated from samples at the Corral Quemado and
Chiquimil/Entre Rios localities, 75 and 125 km to the south of the
Las Totoritas creek. We suggest a. This is reinforced with the vari-
ation in thickness of the units from N to S in the Santa Maria Valley.
At the Las Totoritas creek Chiquimil Formation does not crop out,
but in the Jujuil creek (south of the Santa Maria Valley) Ibanez
(2001) reported a thickness of ~690 m. At that locality LAF has a
thickness of just 340 m (Dominguez et al., 2013) and at Entre
Rios locality 215 m. All this is consistent with the original propo-
sitions by Reynolds et al. (1993) also proposed an important
diachronism in the deposition of the continental Cenozoic units of
the Andean foreland of NW Argentina. The recent dating of
6.88 + 0.06 Ma in the top of the LAF (Georgieff et al., 2014)
reinforces this alternative.

Following these results we propose avoiding the term Santa
Maria-Hualfin Basin as a unique unit due to different chro-
nostratigraphic evolution and consequent diachronism within each
depocenter.

7.3. Accumulation rates

Fig. 10 is a sediment accumulation rates plot constructed for the
LAF with the interpreted ages of polarity reversal vs. the strati-
graphic thickness. Several polarity reversals are found in the lower
half of the studied sequence with a calculated average 0.19 mm/yr
accumulation rate when the normal polarity zone at ~140 m is
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Fig. 10. Plot of age (with GPTS of Gradstein et al., 2012) vs. stratigraphic level (with
the local magnetostratigraphic column) showing the sedimentation rate for Las
Arcas Formation. The gray stars are a second alternative discussed in Sections 7.2 and
7.3.

correlated with cryptochron C4r.2r-1 (the same value is obtained
when compared with the charts of Lourens et al., 2004; Cande and
Kent, 1995 and Huestis and Acton, 1997). If the normal polarity zone
at ~140 m is correlated with C4r.1n subchron 3 or 4 different
accumulation rates are recorded (see gray stars in Fig. 10). The
sedimentary Cenozoic units in the northern area of the Santa Maria
Valley are called Payogastilla Group (Diaz and Malizia, 1983; Jordan
and Alonso, 1987). The coeval unit within this Group to the LAF is
the Palo Pintado Formation that contains 2 tuff levels that has been
dated at 10.29 + 0.11 Ma (K/Ar) by Galli et al. (2008) and at
527 + 0.28 Ma (?°°Pb/?38U) by Coutand et al. (2006) and at
5.98 +0.32 Ma by Bywater-Reyes et al. (2010), respectively. The unit
comprises thickening and coarsening upward cycles, including
matrix-supported conglomerates, fine to medium sandstones, and
fine-grained sublithic sandstones that end in levels of green,
brown and gray siltstones. Those deposits consist of transitional
style wandering sand-gravel fluvial systems with small lakes (Galli
et al., 2011; Galli and Reynolds, 2012; Galli et al., 2014). A magne-
tosratigraphic study of the Palo Pintado Formation (Galli et al.,
2014) indicates sedimentation rates of 0.41 mm/yr until 8.8 Ma,
0.11 mm/yr from 8.8 Ma to 6.9 Ma and 0.66 mm/yr up to the top of
the unit. If we compare the sedimentation rates of the Palo Pintado
Formation (Galli et al., 2014) with the LAF calculated in this work
they are very similar taken into account the first alternative of
correlation.

Unfortunately, the upper half of the LAF shows exclusive
reversed polarity. Assuming that this section was deposited until
the end of the C3Ar chron (a dominant reversed period) a minimum
0.52 mm/yr average rate is computed (slightly different minimum
rates of 0.55, 0.49 and 0.51 mm/yr if compared with the charts of
Lourens et al., 2004; Cande and Kent, 1995 and Huestis and Acton,
1997). Butler et al. (1984) calculated an accumulation rate for the
Chiquimil Formation of 0.56 mm/yr which is basically identical to
that for the upper part of the LAF. Bossi et al. (2001) assume a
sedimentation rate of 0.15—0.25 mm/yr for the top of LAF. Despite
the fact that the accumulation rate of the upper part of LAF is
actually not known, a major change in the rate of accumulation is
evident after approximately 300 m of the succession. This coincides
approximately with a minor change in the color of the strata and
with a more conspicuous change in the grain size (coarsening up-
ward and sandier beds). Villanueva Garcia and Ovejero (1998, 1999)
indicated an increase in the proportion of fragments of volcanic
rocks from the middle of LAF upwards. The apparently sudden in-
crease in the accumulation rate at around 7.7 Ma suggests a major

change in the subsidence rate of the basin and/or uplift of the
source areas.

8. Conclusions

A magnetostratigraphic study was carried out in the Late
Miocene Las Arcas Formation, exposed in the Santa Maria Valley,
NW Argentina. The unit is composed of fine red sandstones and
siltstones intercalated with some lenses of conglomerate typical of
a fluvial setting. Detailed paleomagnetic processing of samples
from 48 sites permitted determination of a pre-folding remanence
in 26 sites. The mean remanence direction shows that this locality
underwent non-significant rotation (11.0° + 13.6°) since the Late
Miocene. A reliable and precise isotopic date was obtained for the
lower levels of the formation by “°Ar—3°Ar dating on volcanic
amphiboles from a tuff intercalated ~45 m above the base of the
unit yielding an age of 9.01 + 0.12 Ma. The local magnetic polarity
column obtained from the paleomagnetic study correlated with the
GPTS within the error limits in the age of the tuff and permitted to
determine that the LAF was deposited from prior to 9.1 Ma up to not
later than 6.8 Ma in the northern part of the Santa Maria Valley. The
lower part of the unit was deposited during a stable tectonic period
with a slow accumulation rate of fine sediments. At ~7.7 Ma a
sudden increase in the tectonic activity produced a significant in-
crease in the accumulation rate coinciding with an increment in the
grain-size and a higher frequency of conglomerate sedimentation.
This change likely reflects a tectonic reactivation and/or rise of the
inversion velocity of the source area with the increase of sediment
grain size.
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