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This research is based on a joint geological and geophysical study performed in the South Central Andes region.
We acquired and processed terrestrial and satellite gravity data, as well as terrestrial and aeromagnetic data.
Balanced geological cross-sections were constrained by physical properties of rocks (densities and magnetic
susceptibilities obtained from field samples and well log). This study was performed in order to interpret a com-
plex region that is still under debate: the location of Famatinianmagmatic arc and its boundary with the Cuyania
terrain. By means of gravity anomaly we developed direct and inverse models constrained by field data. The
existence of a major high-density geological structure was evidenced from these models, located below the
Vinchina basin and to the east of Cerro Rajado respectively. The existence of such gravity high could be linked
to the boundary between the Famatinian magmatic arc and the accreted Cuyania wedge.
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1. Introduction

In the South Central Andes region between 28°S and 31°S, the
Famatina magmatic arc developed between Cuyania and western
Gondwana (Miller and Söllner, 2005; Pankhurst et al., 1998; Toselli
et al., 1996). Diverse authors have related this arc to the occidental
border of Gondwana, produced by the subduction of Cuyania terrane;
(Dahlquist et al., 2005a,b, 2006; Pankhurst et al., 1998; Ramos et al.,
1998; Rapela et al., 1998, 2001; Sims et al., 1998; Toselli et al., 1996).
The collision between both terranes has been proposed by diverse
authors e.g.: Ramos et al. (1984, 1986, 1996), Thomas and Astini
(1996), Rapela et al. (2001), Pankhurst et al., 1998; based on the
conspicuous outcrops (mafic and ultra-mafic rocks) to the West of the
study zone (Villar, 2003; Fauqué and Villar, 2003). Nevertheless, it is
difficult to estimate the exact location of the suture zone due to the
lack of geological information reported in the area.

This research addresses the probably suture zone location and the
Famatina magmatic arc by means of potential field methods: gravime-
try andmagnetometry. Previous geophysical studies identified other su-
ture zones to the south of the study region by using potential field
methods (Giménez et al., 2000; Martínez et al., 2003; Alvarez et al.,
2012; among others). The 2D and 3D derived maps adjusted with bal-
anced geological sections and densities extracted from a well allowed
us to observe a probable lateral distribution of densities and magnetic
susceptibilities in the basement of Vinchina basin.
2. Tectonic setting

There are several hypotheses about accretion of the different
terranes, as is the case of Laurentia with an allochthonous origin
(Dalla Salda et al., 1992; Dalziel et al., 1994). Cuyania terrane as a rift-
separated from Laurentia continent that collided in the westernmargin
of Gondwana in mid-Ordovician times (Cristofolini et al., 2014; Ramos,
2004; Ramos et al., 1998; Thomas and Astini, 2003) or in Silurian–
Devonian times (Keller et al., 1998; Pankhurst et al., 1998; Rapela
et al., 1998) (Fig. 1).

Aceñolaza and Toselli (1988), Baldis et al. (1989), Aceñolaza et al.
(2002) and Finney et al. (2003) proposed the Cuyania terrane as para-
autochthonous to Gondwana, located in the same latitudinal belt as
Laurentia. Thus, they explained the carbonate platform and fossils
found in Cuyania. Following this hypothesis Cuyania terrain migrated
along a transform fault, located on the southern margin of Western
Gondwana (present coordinates) in Mid-Ordovician times, to its actual
position of the Famatinian magmatic belt in Devonian times (Finney,
2007).

Ramos et al. (1984, 1986) defined Cuyania as a micro-continental
length of early Paleozoic age. This terrane derived from Laurentia conti-
nent (Ramos et al., 1998); which is in turn made up of two micro-
terrains: Precordillera and Pie de Palo separated by a Mid-Proterozoic
ophiolitic belt. The collision between the Cuyania proto-margin and
western Gondwana began at Mid-Ordovician time. Afterward uplifting
and deformation lasted until the early Devonian, while the last defor-
mational events are associated with the coupling of Chilenia (Ramos
et al., 1998). Evidence of mafic and ultra-mafic rocks were reported by
Vujovich and Kay (1998) in the Pie de Palo range south of the men-
tioned suture, finding some scarcer evidence to the North in the
Famatina System (Vujovich, 1992). In this region the Vinchina basin
presents a thick sedimentary cover that could be masking the presence
of these rocks (Ramos, 2004).
The Sierras Pampeanas of northwestern Argentina are comprised of
abundant granitoid batholiths and meta-volcanic rocks (of Ordovician
age) that jointly define the Famatinian magmatic arc. This magmatic
arc developed in response to the eastward subduction of a paleo-
Pacific oceanic plate (e.g., Miller and Söllner, 2005; Pankhurst et al.,
1998; Toselli et al., 1996). Further to the south, the Famatinianmagmat-
ic arc is mostly buried beneath Quaternary sediments that can be
delineated up to 39°S by means of aeromagnetic data (Chernicoff
et al., 2010).

3. Geological aspects

We used two balanced geological sections performed by SEGEMAR
Argentine Geological-Mining Service (SEGEMAR) (Fauqué et al.,
2005), which are based on geological surface observations.

In A–A′ section at 29° 30′S (Fig. 3)we used a profile of approximately
170 km length, in the W–E direction. It begins at the eastern
Precordillera, cutting across the Vinchina basin to its culmination at
the Famatina System. We considered geological information available
concerning the area of the Vinchina basin (Collo et al., 2011; Fauqué
et al., 2005 and Ramos, 1970), which reported a sedimentary thickness
ranging from 7 to 10 km. The Famatina System constitutes a region of
structural overlap (Dávila and Astini, 2003b) composed by a folded
thrust belt that involves basement levels.

Section B–B′ is located at 29° 45′S (Fig. 3) with an extension of
approximately 170 km length, predominantly in the W–E direction. It
begins in the Precordillera Oriental, crossing through the Guandacol
basin (Fig. 2) passing over Cerro Rajado (Valle Fértil range). The struc-
ture of the Western Sierras Pampeanas was defined by González
Bonorino (1950) as basement uplifts under a compressive regime,
affected by listric faults (see Giménez et al., 2000; Introcaso et al.,
2004; Martinez, 1997).

3.1. Sierras Pampeanas

This morpho-structural unit represents a series of outcrops that
emerged during the Andean orogenesis and are part of a cratonic
block defined as Pampia by Ramos et al. (1993) andVujovich (1993), lo-
cated in the central–northern region of Argentina. The outcrops are
composed of a series of important mountain ranges, among which the
most relevant for this study are identified as Espinal, Maz, Umango,
Toro Negro and Valle Fértil ranges (Fig. 2).

The basement of the Sierras Pampeanas is mainly comprised of a se-
quence of igneous and metamorphic rocks. Themain rocks are: granite,
migmatite, gneisses, schists, phyllite, marble, calceous-silicate rocks, of
lower Proterozoic–Paleozoic age (Caminos, 1979; De Alba, 1954;
Furque, 1972; Toselli et al., 1986; Turner, 1964). This metamorphic
basementwas intruded by granitic rocks fromOrdovician to Carbonifer-
ous times. This magmatic activity is linked with the Pampean and
Famatinian events (Aceñolaza and Toselli, 1976; Larrovere et al., 2012;
Pankhurst et al., 2000; Sato et al., 2003). Vujovich and Kay (1996a,b)
recognized a metamorphic band in the Western Sierras Pampeanas,
which were originated (to a lesser degree) from the protoliths of
mafic and ultramafic rocks of Precambrian age.

3.2. Famatina

The Famatina System is located in the Central Andean foreland
and extends approximately along 400 km in a N–S direction as it is



Fig. 1. a— location map represented by a digital elevation model (DEM) where it represented the study area by a yellow-shaded line, A–A′ and B–B′ indicate the location of the balanced
geological sections that were modeled with gravity, cutting across the main intervening morpho-structural units. b — location of the different cratonic blocks and their relation with the
adjacent blocks. c— schematic section of the tectonic setting, showing the relation between the terranes Cuyania, Godwana, & Laurentia and the location of the Famatinamagmatic arc, at
500 Ma.
Modified by Ramos et al. (1996) and Cristofolini et al. (2014).
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developed over the horizontal subduction segment of the Central Andes
(Barazangi and Isacks, 1976) (Fig. 2). The Famatina System exhibits
Paleozoic age stratigraphy, constituted by marine sequences. These
sequences are associated with volcanic and metamorphic rocks, which
are intruded by granitic, tonalities and monzogranite rocks related to
the Famatinian orogenic cycle during the lower Paleozoic (Rapela
et al., 2001 and references within). However, the Neo-Paleozoic se-
quences are represented by arkosic sandstones (Astini and Dávila,
2002; Bodenbender, 1922; Dávila and Astini, 2003a,b; De Alba, 1979;
Turner, 1962) (Fig. 3).
3.3. Precordillera

The Jagüé Precordillera is located in a transition zone between the
normal subduction and the low-angle subduction of the Central Andes
(Allmendinger et al., 1982). This unit ismainly composed by Proterozoic
and Paleozoic rocks,which lie below the Cenozoic vulcanites toward the
North (where the geologic units of Precordillera, Famatina and la Puna
converge) (Astini et al., 2011). The Ordovician stratigraphic sequence
was determined by Caminos (1972) and is comprised of meta-
greywackes, phyllites, slate and marine limestone associated with



Fig. 2. Geologic map with the principal morpho-structural units of the area under study
(Fauqué et al., 2005). Black lines indicate the location of both balanced cross sections:
A–A′ and B–B′. The main morpho-structural units which cut through geological profiles
are identified.
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ophiolites (Villar, 2003). The Neo-Paleozoic sequence is evidenced by
sediments containing plutonic intrusions of intermediate compositions
and volcanic–sedimentary sequences (Aceñolaza et al., 1971; Caminos
et al., 1993; Fauqué and Villar, 2003; Limarino and Cesari, 1992) (Fig. 2).
4. Terrestrial gravimetry

4.1. Methodology

For this study we used the gravity andmagnetic anomalies database
property of the Instituto Geofísico Sismológico Volponi (IGSV) of
Universidad Nacional de San Juan (UNSJ). In addition, values taken
from the Instituto Geográfico Nacional (IGN) during the 1980s
(Fig. 4a) were used. These measurements are linked to the absolute
value of gravity (97960.03 mGal) located at the Miguelete station, in
Buenos Aires Province. The theoretical gravity was determined accord-
ing to ellipsoid IGSN71 (International Gravity Standardization Net
1971) (Morelli et al., 1974), to be compatible with pre-existing values
of the IGSV regional database.

Calculation of the Bouguer anomaly was performed using classic
gravity expressions (Blakely, 1995). For the topographic correction,
two digital elevationmodels (DEM)were used, obtained from the Shut-
tle Radar Topography Mission (SRTM): a) local DEM with a grid size of
90 m and b) regional DEM, which expanded 167 km outside of the
local DEM,with a grid size of 250m. Then, the value of the topographical
correction was assigned to each gravimetric station. The corrected
gravimetric anomaly values were regularized with a 2500 m separation
distance by applying the minimum curvature method (Briggs, 1974).

The Bouguer anomalymapwas computed using the grid parameters
corresponding to the area of study (Fig. 4a). This map contains the sum
of the regional and local gravimetric effects. The objective is to analyze
the gravimetric response of geological structures located in the mid-
to-upper crust. To achieve this, we applied filters based on the fast
Fourier transform (FFT) algorithm, such as the upward continuation
(Pacino and Introcaso, 1987; Blakely, 1995; among others). Following
this methodology, we applied the upward continuation method up to
40 km over the geoid, obtaining the regional gravimetric effect. Filtering
techniques in potential methods are widespread. The methods used for
this work were tested bymany authors such as Blakely (1995) and par-
ticularly in the study region by Fisher et al. (2002), Gimenez et al.
(2009) and Götze and Krause (2002), among others. The residual
Bouguer anomaly map was obtained by removing the regional
gravimetric effect from the Bouguer anomaly map (Fig. 4a and b).

4.2. Results

The Bouguer anomaly map (Fig. 4a) ranges approx. between
−400 to +180 mGal. This map contains the effect of important
geological structures, such as the Andean roots, the Precordillera, the
Sierras Pampeanas, the Famatina System and sedimentary basins in
the center and east of the map. Minimum negative values are due to
the effect produced by the Andean roots, while the maximum positive
observed is linked to the Valle Fértil range. In this map (Fig. 4a), and
in the Bouguer residual anomaly map (Fig. 4b), positive anomaly values
can be highlighted, in agreement with the location of the geological
structures that exhibit higher density values than the reference consid-
ered in the Bouguer correction (2.67 g/cm3). This can be observed in the
Valle Fértil andMaz rangeswhich aremainly composed by high-density
metamorphic rocks (Cristofolini et al., 2014; Zaffarana et al., 2011). On
the contrary, negative values are associatedwith low-density geological
structures, as sedimentary basins of Bermejo, Pagancillo, Guandacol and
North of Vinchina. Nevertheless, the southern sector of the Vinchina
basin and West of Famatina presents positive gravity values.

The positive anomaly values are aligned with the anomalous gravity
gradient in thewesternmargin of the Valle Fértil range, coincidingwith
the Desaguadero–Bermejo lineament (Snyder et al., 1990; Zapata,
1998). Some authors have related this area to a suture zone between
Cuyania and Pampia (Alvarez et al., 2012; Chernicoff et al., 2009;
Gilbert et al., 2006; Giménez et al., 2000; Introcaso et al., 2004) or
between Cuyania and the Famatinian magmatic arc (Cristofolini et al.,
2014).



Fig. 3. Balanced geological models in the E–W direction, with 170 km of length (Fauqué et al., 2005). The models show the different geological units intervening in the region of
Precordillera, Sierras Pampeanas and Famatina System. a — section A–A′ through the eastern Precordillera–Vinchina Valley and Famatina System, at 29°30′S. b — section B–B′ through
the eastern Precordillera, Guandacol basin at the latitudes of the Valle Fértil range (Cerro Rajado), 29°45′S. The references are shown in Fig. 2.
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It is well known that the increase of the metamorphic grade in-
creases rock density. This can be quantified on the basis of petro-
physical data, for example in Finlandmeta-mudstones show an increase
in density from 2.71 g/cm3 for rocks of a lower degree up to 2.78 g/cm3

for garnets in a high metamorphic grade (Elo, 1997; Puranen et al.,
1978; Zaffarana et al., 2011). Mogessie et al. (2000) reported density
values of 2.95 g/cm3, 3.02 g/cm3 and up to 3.05 g/cm3 for Las Águilas,
Viroco and El Fierro intrusives respectively in the San Luis range.
These values contrast very well with the gneiss and phyllites with
values of 2.71 g/cm3 reported by Kostadinoff et al. (1998). Zaffarana
et al. (2011), measured average values of 2.66 g/cm3 for the phyllites
of the San Luis formation, for the gneiss and schists of the Pringles
Complex 2.85 g/cm3 and 3.10 g/cm3 for the mafic and ultra-mafic
rocks of the Las Águilas Group.

5. Satellite gravimetry and vertical gravity gradient

5.1. Methodology

The vertical gravity gradient (Tzz) highlights mass heterogeneities
when the density contrast is significant, especially in the upper crust.
However, the gravity anomaly is more effective when the density con-
trast is relatively low and the geologic structures highlighted are deep;
in this case, the Tzz loses resolution. Even though the latter and the
gravity anomaly reflect density variations in the crust, they delineate
very different sub-superficial characteristics. When both quantities are
calculated for terrestrial masses, equivalent geological characteristics
are highlighted in a distinct and complementary way (Álvarez et al.,
2012; Braitenberg et al., 2011a,b).

To calculate the Tzz, two models were used (EGM2008 from Pavlis
et al., 2008 and GOCE-GO_CONS_GCF_2_TIM_R4 from Pail et al., 2011)
in a geocentric coordinate system (Fig. 5a and b). The calculation was
carried out at 7000 m to ensure that all points were over the topogra-
phy. The values were calculated on a regular grid of 0.05o cell size,
with the maximum degree and order of the harmonic expansion for
each model (N = 2159 for EGM2008 and N = 250 for GOCE). The
calculation with EGM2008 presents the advantage of higher spatial res-
olution, while GOCE gives higher accuracy and homogeneous precision
(for more detail see Braitenberg et al., 2011a,b; Alvarez et al., 2012,
Álvarez et al., 2013).

A topographic effect correctionwas applied to eliminate the correla-
tionwith topography in bothmodels (Álvarez et al., 2013). Themass el-
ements obtained based on a global relief model (ETOPO1, Amante and
Eakins, 2008), were approximated with spherical prisms (Anderson,
1976; Heck and Seitz, 2007; Grombein et al., 2012; among others) of
constant density in a spherical coordinate system to take into account



Fig. 4. a— Bouguer anomaly map, with the gravity stations. b— residual Bouguer anomaly map, only the short wave lengths are observed, i.e., considering the gravimetrical effects of the
geological structures that are emplaced in the upper and middle crust. Both maps depict the main structures in the area and sections under study, Profiles A–A′ and B–B′.
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the Earth curvature (Uieda et al., 2010). A standard density of
2.67 g/cm3 was used for the masses above sea level.

5.2. Results

By comparing terrestrial Bouguer anomaly maps with vertical
gravity gradient (Tzz) from the EGM2008 model, we found good
correlation (Fig. 5b). When compared with that obtained from satellite
GOCE data (Fig. 5a); they also agree but at higher wavelengths. The Tzz
obtained from the EGM2008 model shows a high-resolution anomaly
distribution, while the Tzz obtained with GOCE shows a smoother
pattern, i.e., a higher wavelength. It can be seen that the GOCE signal
shows a regional characteristic in the definition of structures relative
to the EGM2008 model.

In both maps, the Bermejo basin is delineated by a low Tzz (up to
−20 Eötvös GOCE; −30 Eötvös EGM2008). East of the basin, the high
Tzz of the Valle Fértil range (ranging from −3 to +3 Eötvös for GOCE
and from +8 to +150 Eötvös EGM2008) can be observed. The
Bermejo–Desaguadero lineament shows this density contrast. West of
the Bermejo basin, the positive response of the Precordillera can be
seen (from −3 to 0 Eötvös GOCE; from −11 to +150 Eötvös
EGM2008). The Tzz obtained from GOCE model shows a high gradient
value (+156 Eötvös for EGM2008; +3 Eötvös for GOCE) over the Maz
range. To the N–E, the Vinchina basin which is separated from the
Valle Fértil range to the southeast, the Tzz reveals a lower gradient
value.

6. Aeromagnetometry

6.1. Methodology

Aeromagnetic data were available in a total magnetic field (TMI) grid
corrected by the daily variation of blocks 4 and 18 of the Argentinean
Geological-Mining Service (SEGEMAR). Block 18 corresponds to
Famatina and was measured to a nominal flight height of 120 m, with
principal lines going north to south at a spacing of 1000 m and control
lines running east to west every 7500 m. Block 4 corresponds to the
northern Precordillera area, where the nominal flight height was
140 m, with the main lines going north to south at a spacing of
1000 m, and control lines running east to west every 10,000 m.

The aeromagnetic anomaly was calculated for each block described,
removing the IGRF field (International Geomagnetic Reference Field)
from each block at the acquisition date (Blakely, 1995). We created a
mosaic with both grids following the methodology proposed by Ruiz
et al. (2011), for which terrestrial measurements of the Total Magnetic
Intensity were used, belonging to IGSV (Fig. 6a).



Fig. 5. a— vertical gravity gradient (Tzz) based on satellite GOCE data (up to degree/order: 250), showing the anomaly north of the Valle Fértil range and west of Famatina. b — Vertical
gravity gradient based on EGM2008model (up to degree/order: 2159). In bothmaps, cross sections are represented by solid black line (A–A′ and B–B′) and themain structures of area are
also highlighted.
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6.2. Results

The magnetic anomaly map shows two regions well-differentiated
in their positive values; they are: the Vinchina basin, the Famatina
System, and the Central South of the Precordillera region. The rest of
the map observes regions of less positive anomalies in the basement
of the negative magnetic anomalies which increase in the Andean
Cordillera region.

6.3. Reduction to pole of magnetic data

6.3.1. Methodology
Reduction to pole (RTP) (Baranov, 1957; Phillips, 2007) is a magnet-

ic data processing method that removes the asymmetry caused by the
non-vertical direction of magnetization (the anomaly reduced to the
pole is located above the causing body). The RTP method takes the
total magnetic field observed and transforms it to produce themagnetic
map that would have resulted if the study zone were in the terrestrial
magnetic pole (magnetic inclination 90°). Assuming that the entire
observed magnetic field is due to the induced magnetic effects, the
application of this technique facilitates comparison with gravimetric
data (Fig. 6b).
6.4. Results

The reduction to the pole of magnetic anomalies displays a range of
values from−400 nT to+430 nT. Unfortunately, they do not cover the
entire area under study, especially in the southern section. However, an
important positive anomaly can be observed in the northern section:
this anomaly widely surpasses the Vinchina basin and extends toward
the Famatina System. Additionally, negative values can be seen in the
west, over the Maz range and north of the Precordillera. In contrast, in
the southern section (B–B′), the positive values are located to the west
over the Precordillera and a portion of the Guandacol–Bermejo basin
(Fig. 6b).

7. Sampling of densities and magnetic susceptibilities

Densities used in the 2D direct models were collected by means of
surface samples in some representative sectors, as well as through
mineralogical modal rock composition (Pérez Luján et al., in press and
references therein) in the occidental Precordillera zone. Authors such
as: Giménez et al., 2000; Martínez et al., 2003 and Azeglio et al., 2010,
reported similar densities in neighboring gravi-magnetometric basin
models.



Fig. 6. a— total magnetic anomaly field map: white shaded area shows gridded blocks of aeromagnetic flights. Block 4 corresponds to north of Precordillera and Block 18 to Famatina. In
both blocks the IGRFwas discounted and corrected by diurnal variations. b— reducedmagnetic pole anomalymapwhere thepositive anomaly on the Vinchina basin is clearly observed. In
both maps the balanced geological profiles are shown by the continuous black line [A–A′–B–B′] and the principle structures of the study zone. The aeromagnetic flights do not cover the
entire study area.

Table 1
Density and magnetic susceptibility values of rock samples obtained in borings, and
outcrops corresponding to the geological units present in the study area.

Quaternary

Tertiary

Cretaceous

Triassic

Permian

Carboniferous

Devonian–Silurian

Ordovician

Camrian–Precamb

Average (ε ± 0.001)
densities (g/cm3)

Average

susceptibilities

2.20

2.39

– –

– –

––

2.07

2.59

2.66

2.68

2.05 × 10–5

61.3 × 10–5

24.4 × 10–5

24.72 × 10–5

11.05 × 10–5

21.85 × 10–5
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Geologic samples (minimum 10 samples per unit) were collected
from the most representative units of the study region. The Rock &
Soil Mechanics Laboratory [UNSJ] calculated the average density based
on the method of double weighing with paraffin for each sample, with
an error of one hundredth [1/100th] of a g/cm3 (see Table 1). The
magnetic susceptibilities were obtained both in situ (in borings)
and from manual samples using the susceptibility-meter (Kappameter
KT-6 with a precision of 107) (see Table 1).

8. 2D gravi-magnetometric direct models

8.1. Methodology

Forward gravity-magnetic models from two balanced geological
cross-sections, are indicated in Fig. 7a and b as A–A′ and B–B′. The
initial forward gravity-magnetic models were developed using the
GMSYS software. We assigned densities and magnetic susceptibilities
(Table 1) to the different polygons that represent the geologic units of
interest. Different geometric configurations for each polygon were



Fig. 7. 2D geophysical models, A–A′ and B–B′, both sectionsweremodeledwith gravity andmagnetism data. Density ranges are indicated in g/cm3, three curves can be observed in each one of the profiles: the blue-dotted line correspond to observed
curves of themeasured data, red lines are calculated from the densities andmagnetic susceptibilities, green curvemakes reference to an unadjustedmodel without considering the densemasses located below the Vinchina basin, East of Cerro Rajado
and the light blue curve determine that reduced to pole of the magnetic anomaly.
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Table 2
Statistical parameters for the 2Dmodels: gravity observed and calculated from the inverse
modeling of the balanced sections (A–A′–B–B′). This shows minimum/maximum values
for each plotted curve in Figs. 8 and 9, themaximumdifference, the average, and standard
deviation in both curves represented.

Profile A–A′ B–B′

Min. value observed −40.551 −51.289
Max. value observed 26.348 50.584
Min. value calculated −40.357 −48.017
Max. value calculated 30.553 53.889

Statistical parameters for the absolute difference
Max. value of difference 17.256 9.171
Average difference 3.557 2.196
Standard deviation 3 1.664
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tested, in order to fit the model response to the observed data; the final
model is that of best fitting (Fig. 7a and b).

The region under study presents a great lithological variability; for
this reason we used different density values for each of the polygons,
ranging from 2.31 g/cm3 to 2.40 g/cm3 for the basins. These values are
typical of sedimentary filling found in neighboring basins (Giménez
et al., 2000; Ruiz and Introcaso, 2000; Introcaso et al., 2004; Azeglio
et al., 2010; among others). To model the metamorphic basement of
the Sierras Pampeanas, we used a range of densities from 2.61 g/cm3

to 2.70 g/cm3. Similar densities to widely-used values reported by
many authors for crustal models, e.g., the Valle Fértil range (Giménez
et al., 2000; Zaffarana et al., 2011), the Famatina System (Martínez
et al., 2003) and the San Luis range (Kostadinoff et al., 2010). In the
Precordillera, we used a density range from 2.51 g/cm3 to 2.6 g/cm3,
typical of sediments (Giménez et al., 2000; Kostadinoff et al., 2004;
Martínez et al., 2003; Ruiz and Introcaso, 2000).

Were modeled anomalous high-density bodies using a density vari-
ation between 2.91 g/cm3 to 2.95 g/cm3; as done in previous works in
the area under study, mainly in the Bermejo basin (Giménez et al.,
2000; Kostadinoff et al., 2004; Martínez et al., 2003; Ruiz and
Introcaso, 2000). Pérez Luján et al. (in press)worked in the Precordillera
occidental zone, south of the study zone, and reported density values in
ultra-mafic rocks of approx. 2.88 g/cm3 to 3.28 g/cm3, obtained from
modal mineralogical rock composition.

The magnetic susceptibility values (Table 1) obtained (from hand
samples and outcrops) for the crystalline basement of the Sierras
Pampeanas are significantly lower than the values reported for ophiolitic
bodies found in the region (Chernicoff et al., 2009; Kostadinoff et al.,
2010).

The geometry of the crust–mantle interface (Moho) presents maxi-
mum values along the Andean axis (66 km) and about 35 km on the
study area (Weidmann et al. (2013)). The Cordillera de Los Andes is
associated with a pronounced crustal “root”, whereas beneath the
range of Famatina System and Sierras Pampeanas, the crustal thickness
decreases significantly. These results are consistent with Introcaso et al.
(2000) and Giménez et al. (2000).

8.2. Results

In the 2D geological–geophysical models (Fig. 7), it was necessary to
introduce high densities (≈3.0 g/cm3), in both Profiles A–A′ and B–B′,
below the Vinchina basin, west of the Famatina System and east of the
Cerro Rajado in the Valle Fértil range, respectively. In this way, were
achieved a good fitting between the Bouguer residual anomaly and
magnetic anomaly curves (observed data—blue dot curves) and the
response obtained for both models. This indicates a lack of correspon-
dence between the existing geological information and the signals
from potential field data. The need of considering higher densities in
the model obtained from potential field data; probably indicates a
misinterpretation of the preceding geological models.

In order to demonstrate the lack of adjustment between both curves,
observed and calculated (blue-dotted line & red curve respectively),
both profiles were modeled without placing dense bodies below the
Vinchina basin and Cerro Rajado respectively, obtaining the green
curve (Fig. 7) where the lack of adjustment is notorious. This shows
the need of incorporating materials of ≅ 3.0 g/cm3 in order to achieve
a better adjustment between both (observed and calculated) curves. It
alsodemonstrates that adjustment cannot be obtained by only changing
the geometry of the polygons (potential forward modeling ambiguity).
This is evident in both sections modeled with gravity and magnetism
(A–A′–B–B′).

Statistical analyses were made of the absolute residual between the
observed data and the model response along both profiles. Statistical
parameters for the difference between observed and calculated data
for both profiles are shown on Table 2. In Fig. 7 are represented the
error (red box) for the profiles A–A′ and B–B′ respectively. For profile
A–A′ we obtained a maximum difference of 17.257 mGal, while for
profile B–B′ we obtained a maximum difference of 9.171 mGal, which
corresponds to approximately the 10% of the peak-to-peak values of
the signal (see Table 2).

Statistical parameters for the absolute difference are: average
difference = 3.556 mGal, standard deviation = 2.919 mGal, maximal
value of difference = 17.256 mGal for profile A–A′ and average
difference = 2.196 mGal, standard deviation = 1.664 mGal, and maxi-
mal value of difference = 9.171 mGal for profile B–B′. The maximum
mismatch between the observed data and the gravimetric response
models is due to the vagueness in balanced models. This is due to use
of what probabilistic models are generated, based on balanced surface
geologic data. It is impossible to achieve a perfect adjustment in both
curves (observed & calculated). Since Vinchina basin has a thickness
varying between 7 and 10 km and there are no outcrops to justify the
high densities found below this basin, it is impossible to determine
the geometry of these masses bymeans of themethods used. Therefore
this is a model requiring multiple interpretations.

9. Inverse modeling

9.1. Methodology

For inverse gravity modeling they used the ‘VOXI’ technique
(Geosoft), for residual Bouguer data surveys. It performed calculation
of the inversionmodel by defining an area greater than the study region
(Fig. 8). Subsequently the number of cells (voxels) was defined:
285× 315 voxels, and theminimumerror=1mGal. Themodel consists
of 3 layers: topography, plane of mean sea level, and basement. The
reference density for calculation was 2.67 g/cm3. The layers of
topography and mean sea level remain fixed, while the basement
layer was variable.

Ellis et al. (2012) developed the Magnetic Vector Inversion (MVI)
method to directly model the vector of magnetization based only on
anomalous TMI data. Themethod gives themodelling optimization pro-
cess the freedom to orient the direction of magnetization to best fit the
observed data. Notably, theMVImethod does not concern itselfwith the
reason for varying magnetization direction, which is left to the inter-
preter to ponder together with other information that may be at hand.

9.2. Results

Fig. 8 presents the results of the gravimetric inversion section using
the VOXI technique, from the Bouguer residual anomaly and the topog-
raphy. We obtained a density model up to a depth of 13 km. The dispo-
sition of the X and Y axes of the structures is displayed in high density
contrasts. The presence of high density materials is also evident with
this technique (VOXI). In section (A–A′) these materials are approxi-
mately ≅ 3.0 g/cm3 keeping in mind that the normal values in Vinchina
basin should be approximately 2.31 a 2.40 g/cm3 (Fig. 8a). To the South,



Fig. 8. Sections A–A′ and B–B′ are found located at the same latitudewhere 2D gravi-magnetometricmodelingwas carried out (Fig. 7). These sectionsweremade through use of the Voxel
technique. The cool color [blue & purple] represent high-density values of approx. ≈3.0 g/cm3. Whereas the warm colors (red, orange, yellow) represent low densities, shown in each
profile. a — north section A–A′ which cuts across the Precordillera, Sierra de Maz, Vinchina basin to the Famatina System. The high densities are observed below the Vinchina basin.
b — south section B–B′which crosses the Precordillera, Cerro Rajado (Valle Fértil range) to the Sierras Pampeanas. The high densities are concentrated to the East of Cerro Rajado.
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in Section B–B′, these materials are located to the East of Cerro Rajado
(Valle Fértil range).

The magnetic susceptibility model is presented in Fig. 9. This model
was realized through themodernMVI technique (Magnetization Vector
Inversion), using Geosoft VOXI platform. Results obtained from the
magnetic data inversion of the corresponding polygon were derived
from the basis of the DEM that is observed in Fig. 9a. The result of the
magnetic inversion is shown in Fig. 9b, where the model reached a
maximum depth of 13.9 km and the values of maximum susceptibility
are located below the Vinchina basin and Cerro Rajado. In part C of
the same figure, the observable values corresponding to the western
sector have been filtered (over the X axis), in order to observe the
susceptibility distribution of the region under study for this work, in
greater detail.
10. Discussion

In the South Central Andes region, a gravimetric andmagnetic-based
study was performed. We used geological information and physical
properties of the rocks, modeling two W–E geological sections that
cross the Vinchina basin in the northern section and the Guandacol
basin in the southern one.

There could be different interpretations for these models (cross-
sections in Fig. 7). Our results represent a new proposal based on
the background and new data that involve collisions between the
Cuyania terrain with the Gondwana continent and the Famatinian
magmatic arc. The calculated gravimetric and magnetic responses
were compared with the observed gravimetric and magnetic data,
which resulted in a significant misfit between the two curves
(observed and calculated).

Themaximumdifference is produced in profile A–A′, centered at the
Vinchina basin. In profile B–B′ the maximum difference is located in the
region to the east of Cerro Rajado, in the Valle Fértil range. The differ-
ence between observed and calculated anomalies in profiles A–A′ and
profile B–B′ would indicate the presence of denser bodies in these sec-
tors. Toward the North of the Vinchina basin the anomaly presents an
intermediate wavelength. Although this finding can be associated with
small structures within the upper crust it can also be produced by inter-
mediate size structures located at deeper levels. The latter would be
consistent with the typical collision zone environment with accretion-
ary structures such as the relics of accretion wedges identified in
Cuyania and Pampia in the Valle Fértil range or of Cuyania in the
Famatinian magmatic arc. This collision generated ophiolites, high-
grade metamorphism and volcanism.

The observed misfit can be only corrected with denser materials
than mean value 2.67 g/cm3 located at the base of Vinchina basin and
east of Cerro Rajado, since no surface evidence exists for this type of
rock in section A–A′. This result was consistent with the inversion of
the gravity and magnetic anomalies that constrained the location of
the higher densitymasses (in the case of gravity) andmajor susceptibil-
ities (the case of magnetism).

The satellite information concerning the vertical gravity gradient,
Tzz (GOCE and EGM2008), are coherent with the terrain measurement.
Although the feature of lower resolution, positive anomaly values can
be observed in the study area; supporting the hypothesis of the
existence of a dense mass located below these geological structures.

The development of this research has followed the deductive hypo-
thetical methodology. Which begins with observed data (Bouguer &
Magnetic anomaly) conveniently attempted through ‘separation of ef-
fect’ techniques. We interpreted that below Vinchina basin and Cerro
Rajado, there could be bodies of major density. These bodies would in-
dicate positive residual gravimetric responses and at medium- wave-
lengths. This is mainly observed in the Vinchina basin zone of thick
sedimentation.

The majority of the existent information is from surface from which
Fauqué et al. (2005) performed two balanced geological sections, over
which we made two gravimetric models. To do this, densities were
assigned to each one of the geological formations identified on the
terrain. The objective was to calculate the sum of gravity effects corre-
sponding to each geological structure and compare it to the Bouguer
anomaly. The adjustment between the anomalies observed and calcu-
lated was obtained by incorporating balanced bodies of maximum den-
sity (≅3 g/cm3) in each geological section, corroborating the original
hypothesis. If there is only one possibility for adjustment, then it may
not be unusual to encounter positive gravity anomaly below thick
basin sediments, considering that the geometry of the Moho is almost
flat (Gimenez et al., 2009, 2000; Introcaso et al., 2000).

To verify this result we performed inversion models based on gravi-
metric andmagnetic data, applying well-known (commercial), modern
techniques. These models separate from the residual Bouguer anomaly
and magnetic anomalies respectively. They focus on the contour condi-
tions andbuilt a box ofmodels ofwith topography and anomalies. In the
case of gravity, a standard density calculation of 2.67 g/cm3 was
assigned. As a result, a cube of information with density variations or
magnetic susceptibility accordingly was obtained.



Fig. 9. Inversion model of magnetic anomaly, using the Voxel technique. a— area in which the magnetic inversion is applied represented by a DEM. b—model of inversion in which red
colors indicate highmagnetic susceptibility and blue colors low susceptibility. c— the information in coordinate x has been filtered, in order to observe thehigher susceptibilities below the
Vinchina basin andwest of Cerro Rajado. d— section A–A′where the high susceptibilities are shown below the Vinchina basin. The aeromagnetic data does not cover the entire study area,
thus it was impossible to do profile B–B′.
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Using this technique, we could verify the existence of denser bodies
with high-magnetic susceptibility in some regions previously pointed
out by other authors, reinforcing the original hypothesis.
The new geophysical and geological results discussed here agree
with the proposal of Otamendi et al. (2009, 2012), and Cristofolini
et al. (2010, 2014). They suggested that Valle Fértil range is made up
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of igneous rocks integrating the Famatina magmatic arc, whose struc-
tural evolution shows the effects of a post-magmatic tectonic event.
This event is linked to the exhumation of the deepest part of the arc.
Moreover it appears to be the result of the collision between the
Cuyania terrane and the western Gondwana margin. Finally, the colli-
sion of the micro-continents composing Cuyania that generated the in-
terruption of the magmatic activity between 479 and 465 million years
ago, were followed by the shortening, piling and exhumation processes
throughout the Famatinian surface crust.

11. Conclusions

This research was developed in the foreland environment of the
Vinchina basin and north of the Valle Fértil range, beginning with a
treatment of gravimetric–magnetic data supported by geological
information. We encountered anomalous gravity and magnetic values
which we linked to the high-density/susceptibility bodies located in
the upper crust.

The collision of Cuyania with theWestern margin of Gondwanawas
generated during an important oogenesis [Famatiniana] of Ordovician
age. This affected both Gondwana as well as Cuyania micro-continent,
giving rise to different units of mafic and ultra-mafic rocks, represented
by ophiolitic sequences. These rocks were identified by diverse authors
throughout the Precordillera border.

The results obtained here allowed us to conclude that these anoma-
lous bodies (high-density rocks) found, could be relics of the accretion
wedge between Cuyania and the Famatina magmatic arc.
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