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ABSTRACT

This work presents emplacement kinematics for two plutons emplaced in a crustal level dominated by brittle
conditions as a useful methodology in the study of shallow, small intrusive bodies where the field evidence of
deformation is scarce.

The study was carried out in the Sauce Guacho and Santa Rosa plutons, both located on NO sector of Sierra de
Ancasti. They are zoned syeno-monzogranitic, strongly peraluminous intrusive bodies representing typical
Carboniferous intracontinental magmatism in the Eastern Sierras Pampeanas of Argentina. Both plutons present
ellipsoidal external shapes, and sharp and discordant contacts with the host rocks suggesting an emplacement
with high rheological contrast between the intrusive magma and the metamorphic host rock. The geophysical
study highlights an elongated, arcuate gravimetric low that coincides and is aligned with the long axis of both
plutons and with a zone characterized by brittle structures. Regarding structural measurements, the main
penetrative structure of the host rocks (Ancasti Formation) shows an averaged NNW-SSE orientation and presents
a slight but significant variation close to the plutons. Magmatic fabrics were observed in the porphyritic units (K-
feldspar megacrysts) that constitute part of the igneous bodies. All these pieces of evidence suggest a possible
structural control during the emplacement of the igneous bodies and constitute the data used in the structural
analysis that tests five different conceptual models simulating the shear zone influence for the emplacement of
the plutons.

According to our kinematic analysis, the distinct structural features and external shapes found in the Sauce
Guacho and Santa Rosa plutons and their metamorphic envelope were imposed by the curved deformation zone.
Thus, magma ascent and emplacement were probably assisted by the nucleation and growth of a dextral
transtensional structure, with a predominance of simple shear (Wk > 0.81) in its southern, NNE-SSW-striking
segment (Santa Rosa pluton area), and with a predominance of pure shear (0.6 > Wk > 0.1) in its northern,
NE-SW striking segment (Sauce Guacho pluton area).

In addition to a feasible emplacement model, our structural analysis shed light on the barely known
Carboniferous tectonic scenario in this intracontinental setting of SW Gondwana. The common divergence angle
estimated for both brittle-ductile shear zone segments is oriented 157°+9°. Therefore, this structure could have
acted as a dextral transtensional structure with predominance of the coaxial component (extension) in NE-SW
segments and dominated by simple shear in oblique NNE-SSW branches, interpreted as R-type fractures.
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A.E. Acosta-Nagle et al.
1. Introduction

Studies about kinematics and strain in combination with fluid me-
chanics allowed geologists to expand the knowledge about the ascent
and emplacement mechanisms involved in the construction of igneous
bodies. The upward migration of magmas and the batholith building are
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linked to deformation affecting crustal host rocks, as an interaction
between magma buoyancy and regional tectonics stress, where both
magmatism and tectonic deformation are part of the same process (Brun
and Pons, 1981; Hutton, 1988, 1997; Bouchez, 1997; de Saint-Blanquat
et al., 1998; Vigneresse, 2004). The understanding of geodynamic set-
tings and regional syn-magmatic kinematics, especially in the case of
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Fig. 1. a) Geological sketch of central and NW Argentina. Geotectonic domains are indicated: Devonian Foreland (DF), Carboniferous Arc (CA) and Carboniferous
Retro-Arc (CRA). Shear zones (black line) and its prolongation (black line-cut) are indicate. Abbreviations ranges: SL (San Luis), Co (Cérdoba), Ch (Chepes), VF (Valle
Fértil), PP (Pié de Palo), An (Ancasti), Am (Ambato), Ve (Velasco), Fa (Famatina), CC (Cumbres Calchaquies), Ac (Aconquija), Ca (Capillitas), Qu (Quilmes), Fi
(Fiambald), TN (Toro Negro), U (Umango). b) North-central Sierra de Ancasti (Sierra Brava Complex: gray light; Ancasti Formation: medium gray; El Portezuelo
Igneo-Metamérphic Complex: dark gray). MD: Mina Dal fault. SR: Santa Rosa fault.
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small plutons, is not always clear. These studies are grounded in a
petrological and structural analysis of igneous bodies and their associ-
ated host rocks. This analysis aims to elucidate the degree of interaction
between magmatic forces and tectonic processes, thereby facilitating the
development of emplacement models (Bouchez et al., 1981; Guillet
et al., 1985; Aranguren et al., 1996; Bouchez, 1997; Aranguren et al.,
1997; Hutton, 1988; Vegas et al., 2001; Pinotti and D’Eramo, 2008; de
Saint-Blanquat et al., 2011).

In the shallow crust, the emplacement mechanisms are mostly
associated with extensional structures in shear systems which may
operate in a complex linked network of fault planes and zones, where
diking is the most efficient magma migration mechanism (Hutton, 1988,
1992; Vigneresse, 1995; de Saint Blanquat et al., 1998; Clemens, 1998;
Tobish and Paterson, 1990; Hutton et al., 1990; Guillet et al., 1985;
Hutton and Reavy, 1992; Clemens and Mawer, 1992; Petford et al.,
2000; Marcotte et al., 2005). However, these structures are not always
easy to observe. In some cases, these structures are buried and only
evidenced by the location of igneous bodies associated with minor
structures (Vegas et al., 2001). In other cases, in upper-crustal levels, the
brittle-ductile shear zones may be related to the development of
mylonites, cataclastic zones, fault gouge, tectonic breccias or phyllonites
(Tommasi et al., 1994; Aranguren et al., 1997; Vegas et al., 2001; Oriolo
et al., 2024). At the same time, the presence of magmatic and/or
solid-state fabrics in igneous bodies related to these structures also de-
pends on the crystallization and cooling rate at the shallow emplace-
ment level, which are expected to be fast processes in the case of small
granitic bodies due to the great thermal contrast between the host rock
and the melt (Castro, 1986; Bouchez et al., 1992; Aranguren et al., 1997;
de Saint Blanquat et al., 2011; Diaz-Alvarado et al., 2012). Therefore, in
some cases, it becomes complex to determine the location and orienta-
tion of the extensional structures that functioned as feeder channels or
emplacement sites of the igneous bodies and thus, the kinematics of the
structure that allowed its emplacement.

In this work, we present a feasible emplacement model for two
plutons emplaced at reactivated deformation zones in a shallow crustal
domain dominated by brittle-ductile conditions. The fact that there is
little record of emplacement dynamics and tectonic deformation does
not mean the uncoupling between the emplacement process and the host
rock deformation, proposing in some cases rapid rates of tectonic
deformation in relation to the emplacement of small bodies (e.g., Petford
et al., 2000). This study aims to shed light on these questions and
advance the understanding of the kinematics of the shear zone that we
propose is associated with the emplacement of these granitic bodies. In
this way, we show a useful methodology to study shallow plutons with
weakly developed fabrics where the field evidence of deformation is
scarce.

2. Geological setting

The study area is located at the northern tip of the Sierra de Ancasti
mountain range, which is part of the Eastern Sierras Pampeanas, in the
Northwest of Argentina (Fig. 1). In this sector crop out the Sauce Guacho
(346-366 Ma, LA-ICP-MS U-Pb in apatite, Sardi et al., 2023), and Santa
Rosa (336 + 8 Ma, SHRIMP U-Pb in zircon, Dahlquist et al., 2018)
plutons as a product of the intracontinental magmatism, coeval with arc
magmatism developed to the west, that occurred continuously between
395 and 300 Ma (e.g., Alasino et al., 2012; Dahlquist et al., 2021; Ala-
sino et al., 2022; Acosta-Nagle et al., 2022) (Fig. 1). It was characterized
by Devonian batholithic intrusions in the southeastern sector of the
Eastern Sierras Pampeanas (foreland setting) and Carboniferous small to
medium-sized plutons and dykes in the central and northwestern sectors
of this region (retro-arc and arc settings). It presents predominantly
monzogranitic to syenogranitic compositions, comprising high to mod-
erate peraluminous, calc-alkalic to alkali-calcic and high-K to shosho-
nitic magmatic series (Lira and Kirschbaum, 1990; Llambias et al., 1998;
Grosse and Sardi, 2005; Grosse et al., 2009; Lopez de Luchi et al., 2017;
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Dahlquist et al., 2010, 2013, 2021; Toselli et al., 2011, 2014; Alasino
et al., 2012; Acosta Nagle and Lopez, 2014; Baez et al., 2018; Acosta
Nagle et al., 2022). Isotopic signatures are typical of mixing of old
crustal (meta-sedimentary and igneous) and juvenile components, the
later increasing to the west (Grosse et al., 2009; Alasino et al., 2012;
Lopez de Luchi et al., 2017; Dahlquist et al., 2021; Acosta Nagle et al.,
2022). This magmatism is characterized by emplacement in shallow
crustal levels that were associated with a set of NNW- and NNE-trending
shear zones of Cambrian, Ordovician, Devonian and Carboniferous age
(Pinotti et al., 2002, 2006; Lopez de Luchi et al., 2012; Alasino et al.,
2012; Macchioli Grande et al., 2019; Acosta Nagle et al., 2022). An
extensional/transtensional tectonic regime has been proposed for the
Carboniferous in the study area (Stuart-Smith et al., 1999; Siegesmund
et al., 2004; Pinotti et al., 2002; Pinotti et al., 2006; Grosse et al., 2009;
Dahlquist et al., 2010, 2018, 2021; Toselli et al., 2014; Toselli and Rossi
de Toselli, 2018; Lopez de Luchi et al., 2012; Alasino et al., 2012;
Macchioli Grande et al., 2019; Acosta Nagle et al., 2022).

The host rocks of the studied plutons correspond to the Ancasti
Metamorphic Complex (Kniiver and Reissinger, 1981; Mir¢ et al., 2004;
Verdechia et al., 2012): a succession of schists (Ancasti Formation —
central sector), gneisses and migmatites (El Portezuelo Meta-
morphic-Igneous Complex - western sector), which presents higher
proportions of carbonate and basic rocks in the eastern and southern
sectors (Sierra Brava Complex) (Turner, 1960; Willner et al., 1983;
Acenolaza et al., 1988; Jézek, 1990; Omarini et al., 1999; Acenolaza and
Acenolaza, 2007). The Sauce Guacho and Santa Rosa plutons were
intruded in the schists of the Ancasti Formation, although the SW con-
tact of the Santa Rosa pluton is in contact with the gneisses and mig-
matites of the El Portezuelo Metamorphic-Igneous Complex (Fig. 1b).

The Ancasti Formation is constituted by banded schists (Qtz-PI-Bt +
St + Grt), calc-silicate rocks (Qtz-Act-Czo + Grt) and quartz micacites
(Qtz-P1-Ms-Bt), with low to medium metamorphic grade (Kniiver, 1983;
Baldo et al., 2008; Verdechia et al., 2012; Acosta Nagle et al., 2017).
These units grade transitionally to gneisses and migmatites of the El
Portezuelo Metamorphic-Igneous Complex (Qtz + Kfs + Bt; Crd + Grt +
KFelds + Sill) (mineral abbreviations according to Whitney and y Evans,
2010) (Fig. 1b). Based on regional correlations and rock compositions,
their protoliths are considered equivalents of the later Proterozoic —
early Cambrian Puncoviscana Formation (Rapela, 1976; Rossi de Toselli
et al., 1976; Toselli et al., 1978; Acenolaza et al., 1990; Becchio et al.,
1999; Biittner et al., 2005; Durand, 1996; Rapela et al., 1998; Murra
etal., 2011). The main migmatization event has been dated between 477
and 470 Ma and the metamorphic conditions have been estimated
around 670-820 °C and 4.5-5.3 kbar (Larrovere et al., 2011; Rapela
et al., 2007; Murra et al., 2011). On the other hand, the Sierra Brava
Complex is composed by meta-carbonate rocks (Cal + Ms + Phl + Qtz +
Gr), meta-psammites (Ms + Bt + Chl + Grt), meta-basic schists (Am +
Ep + Chl + PI) and gneisses and migmatites in the eastern and southern
sectors of the mountain range (Miller and Willner, 1981; Acenolaza
et al., 1981; Willner et al., 1983; Kniiver, 1983; Baldo et al., 2008; Murra
et al., 2011). Towards the northeast, the contact between the Sierra
Brava Complex and the Ancasti Formation is constituted by El Alto shear
zone (Acosta-Nagle et al., 2024) (Fig. 1b). The protoliths of the Sierra
Brava complex have a depositional age between 570 and 590 Ma.
(Murra et al., 2011), which relate to the Western Sierras Pampeanas and
the Sierra de Tandilia (Rapela et al., 2007; Murra et al., 2011).

3. Early Carboniferous Santa Rosa and Sauce Guacho plutons:
field relationship, internal structures, and petrographic features

The Santa Rosa and Sauce Guacho plutons are zoned, syeno-
monzogranitic, strongly peraluminous, magnesian and high-K plutons.
They present ENdA(t) values of —5.3 (Sauce Guacho) and —5.7 (Santa
Rosa), typical of crustal sources without substantial mantle contribution
(Toselli et al., 2011).

The igneous bodies present elongate (Santa Rosa pluton) and
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ellipsoidal (Sauce Guacho pluton) external shapes, with the greater
elongation in NE-SW direction, showing mostly discordant and sharp
contacts with the main structure of the Ancasti Formation (Fig. 3a),
roughly striking N-S (Fig. 1b). Both granitic bodies are constituted by
two main magmatic units that present sharp contacts between them
(Fig. 2). A Bt-Ms porphyritic, syeno-monzogranite unit (Porphyritic
Unit, later PU) presents K-feldspar megacrysts of 6-9 cm of size, varying
from 15 to 25 vol%. Megacrysts are included in a coarse-to medium-
grained matrix composed of quartz, alkaline feldspar, plagioclase, bio-
tite, and muscovite, with ilmenite, apatite, monazite, and zircon as main
accessory phases. The preferred orientation of K-feldspar megacrysts
defines an internal magmatic fabric parallel to the contacts between
igneous units (Fig. 2). A second granitic unit is an equigranular, Ms
syeno-monzogranite (Equigranular Unit, later EU), with a medium to
coarse grain size and compositionally more evolved than the PU and
composed of quartz, microcline, plagioclase, muscovite, apatite and
zircon. Scarce metasedimentary xenoliths are observed along the con-
tacts with the host rocks.

The Santa Rosa pluton presents an elongate shape with the EU
located in its center forming a contorted body with a main axis in a NW-
SE azimuth. This unit presents central porphyritic facies with large
quartz crystals, alkaline feldspar, and clusters of opaque crystals into an
aplitic matrix composed of quartz, microcline, plagioclase, and musco-
vite. The preferred orientation of K-feldspar megacrysts in the external
PU defines a magmatic foliation with ENE-WSW strike at the NE and SW

a) Santa Rosa

Magmati
agmatic pluton

foliation

magmatic
units

[ JeU
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b) Sauce Guacho

magmatic pluton
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Fig. 2. Magmatic foliation maps within the Santa Rosa and Sauce Guacho
plutons. Equal area, lower-hemisphere projections and rose diagrams of
magmatic foliation. Contours according to the Kamb (1959) method (here and
in the rest of this work). Magmatic units (EU and PU) explained in the main
text. Spherical projections throughout this manuscript: Stereonet program
(Allmendinger et al., 2012; Cardozo and Allmendinger, 2013).
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ends of the intrusive body, oblique to the contacts with the metasedi-
mentary host and dipping with high-angle to the NNW and SSE (Fig. 2a).
In the central sector, the foliation becomes parallel to the internal con-
tact with the (inner) Ms syeno-monzogranite unit, where it mostly pre-
sents inward, medium-angle dips (Fig. 2a). The Sauce Guacho pluton
presents an inverse, concentric, compositional zoning, with an asym-
metric pattern around a center located in the NE sector of the pluton
(eccentric pattern). The inner domain (PU) is constituted by a biotite-
rich, porphyritic facies, and the EU is located in the eastern and south-
ern edge of the body, embracing the PU (Fig. 2b). The magmatic folia-
tion presents an ellipsoidal trajectory to the south of the pluton. It
mimics both the external shape of the pluton and the internal contact
between the granitic units in the eastern side (Fig. 2b). The magmatic
foliation (Sp) is generally concordant with the contact with the host
rocks. The foliation traces describe a concentric pattern in the NE part of
the body. Medium-angle, inward dips of Sy, dominate the central and the
SW sector of the pluton. In the contact zone with the EU, the magmatic
foliation presents an NE-SW direction and moderate dips toward the
west. This foliation pattern transitions towards the S of the intrusive
body into an elongate NE-SW domain with foliations dipping towards
the SE. (Fig. 2b).

Both plutons present syn- and post-magmatic aplo-pegmatitic dykes
sub-parallel to the magmatic foliations. The syn-magmatic dykes present
magma-magma contacts with lobulated shape (Fig. 3b). On the contrary,
the post-magmatic dykes present sharp contacts and a tabular shape
(Fig. 3c and d). Besides, miarolitic cavities with quartz and feldspar
(Fig. 3e), chalcedony-quartz veins with banded structure associated with
fluorite veins are present. Particularly, the Sauce Guacho pluton shows a
set of pipes located in the NE sector of the body, where the major axis of
microcline megacrystals are parallel to the dyke’s wall (Fig. 3f). Equi-
granular granitic xenoliths are present near the contact between the
igneous units which may be interpreted as autoliths (e.g., Rodriguez and
Castro, 2017; 2018; Fernandez and Castro, 2018) (Fig. 3g). Annular
fractures parallel to magmatic foliation were also observed in the Sauce
Guacho pluton (Fig. 3h). The post-magmatic dykes are parallel to these
fractures.

4. Structural characteristics of the host rock

In the studied area, the Ordovician main tectonic fabric of the
metamorphic rocks (Sy foliation) of the Ancasti Formation presents a
regional NNW-SSE strike dipping to the WSW (Fig. 4, Sy external), with
average orientation 166°/67°SW, while around the Santa Rosa pluton
the S2 foliation dip to the E (Fig. 4). It is associated with the trans-
position of previous structures and fabrics by isoclinal folding, with
main horizontal coaxial shortening around the E-W direction (Miller
et al., 1978; Willner, 1983). A relic foliation (S;), oblique to the main
structure, is present like inclusion trails in biotitic porphyroblasts of this
metasedimentary sequence (Willner, 1983; Baldo et al., 2008; Acosta
Nagle et al., 2017). Also, brittle-ductile shear zones, parallel to the main
structure and located in the contact with the Sierra Brava Complex
(Fig. 4), are linked with retrograde metamorphism and cataclasis asso-
ciated with a gradual exhumation of the metamorphic domain (Willner,
1983; Acosta Nagle et al., 2017; Acosta-Nagle et al., 2024).

Around the Santa Rosa and Sauce Guacho plutons, the main pene-
trative structure of the Ancasti Formation (Sy) presents a slight but
significant variation in its orientation. Around the Santa Rosa pluton, it
still shows a NNW-SSE azimuth and medium to high dips toward the E,
(Fig. 4). Around the Sauce Guacho pluton, Sy only deviates slightly from
the regional trend, although it rotates close to the pluton from the
external NNW-SSE azimuth towards N-S or even NNE-SSW strikes and
relatively shallower dips (Fig. 4).

Brittle structures crosscut the main fabric of the metamorphic rocks
hosting the Santa Rosa and Sauce Guacho plutons. These correspond to
kilometer-scale NE-SW faults evidenced by scarps and fault gouge and
breccias (Figs. 1 and 4) (Willner et al., 1983). To the NW limit of the
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Fig. 3. a) Relationship between the metamorphic rock host and plutons (a) and internal structures of the igneous bodies: b) and c) syn-magmatic dykes, d) Post-
magmatic dykes parallel to the magmatic foliation and to the fractures, e) Myarolitic cavities, f) Pipes in the NE sector of the pluton, g) Equigranular granite
xenolith. h) Diaclases parallel to the magmatic foliation.
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range, the normal Alijilan fault was mentioned by Baldis et al. (1975)
and Acenolaza and Toselli (1977) as an important Paleozoic mega-
fracture. Bordering both plutons by the southeast, the normal Mina Dal
fault (MD fault in Fig. 1b), with subvertical dip (Ibanez, 1978; Acenolaza
et al., 1983), and the high-angle reverse Santa Rosa fault (SR fault in
Fig. 1b) are present (Acenolaza et al., 1983). Both are associated with
mineralized fluorite veins of possible Permo-Triassic age (Ibanez, 1978;
Acenolaza et al., 1983; Zappettini, 1999; Sardi et al., 2023). At the same
time, this set of brittle structures with a NE-SW orientation spatially
coincides with the northern segment of the trace of the Catamarca
Lineament (Baldis et al., 1975), a regional structure that limits the north
of the Sierra de Ancasti, south of the Ambato block and east and south of
the Sierra de Velasco (Figs. 1 and 4). This lineament corresponds to a
structural anisotropy inherited from a long and complex geological
history.

5. Gravity, density and magnetic susceptibility features

Gravity was used to determine the geology at depth and, together
with the density data, to obtain the geometry of the pluton in 3D and
locate the possible feeder channels or other structures associated with
the ascent and emplacement of the magma. Furthermore, magnetic
susceptibility data were used as a reference for the petrophysical pa-
rameters and compositional differences within the pluton and host rock.

5.1. Methodology

Gravity data at 126 stations were acquired with a Scintrex CG-3
gravimeter and heights were referenced to the ellipsoidal of the
WGS84 using a Trimble 5700 Differential GPS. The spacing between

each station was 250 m within the intrusive body and near the contacts,
and 500 m-1000 m in the most distant sectors. Gravity data were
referred to the IGSN71 network. Density values were determined in the
laboratory from igneous and metamorphic rocks samples (36 samples,
Table 1), according to the method of double weighing with paraffin
(Smithson, 1971; Christiansen et al., 2019). The magnetic susceptibility
of the different units (Table 1) was measured on-site with an SM-30 of
Terraplus USA Inc. Magnetic susceptibility meter, averaging at least
three and five measurements within a radius of 50 m in every station.

The physical attributes of density and magnetic susceptibility were
used only as reference input for the petrophysical parameters of the
lithological units, and their differences may be due to compositional and
mechanical variations. In the case of magnetic susceptibility, there is a
possible range of values of two to four orders of magnitude for any
lithological group (Clark, 1997), in addition to the fact that rock
weathering can decrease magnetic susceptibility values due to the na-
ture of metastable minerals such as magnetite and pyrrhotite on the
Earth’s surface (Isles and Rankin, 2013).

Gravity data were processed through the Oasis Montaj program to do
the free air (CAL), Bouguer (CB), and topographic (CT) corrections and
obtain the Complete Bouguer anomaly map using a reference density of
2670 kg m~3 (LaFehr, 1991; Hinze, 2003; Hinze et al., 2005). The
high-frequency noise in the Bouguer anomaly grid was removed by a 9 x
9 convolution filter. Furthermore, anomalies were separated into
regional and residual contributions using an upward continuation filter.

Inversion and modeling of the data were carried out using Geo-
modeller software (Calcagno et al., 2008; Guillen et al., 2008). The
method was developed for scenarios where geological knowledge is
sporadically available across the surface area. Drawing upon the prin-
ciples of potential field theory, this approach both interpolates and



A.E. Acosta-Nagle et al.

Table 1
Lithology type, density and magnetic susceptibility data.
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Station Latitude/Longitude Lithology type Density Magnetic Susceptibility

N° of samples Density (kg m~3) N° of measurements Average (SI)
A033 —28.396222 —65.487068 Porphiritic granite (Santa Rosa) 4 2480 + 37.6 5 0.000191 + 0.000116
A037 —28.395827 —65.498068 Equigranular granite (Santa Rosa) 4 2540 + 15.0 4 0.00003275 =+ 0.000011
A072 —28.300743 —65.425412 Equigranular granite (Sauce Guacho) 4 2470 + 22.5 3 0.000009 + 0.000003
A075 —28.296856 —65.432184 Porphiritic granite (Sauce Guacho) 4 2470 + 20.9 5 0.0000798 + 0.000014
A014 —28.365241 —65.415738 Schist (regional) 4 2680 + 11.4 5 0.000313 4 0.000063
A021 —28.388804 —65.448360 Schist (regional) 4 2690 + 15.7 3 0.000188 =+ 0.000031
A123 —28.344355 —65.442472 Schist (near the pluton) 4 2540 +19.8 4 0.0002867 + 0.000074
A052 —28.417415 —65.539639 Schist (near the pluton) 4 2430 + 46.4 3 0.000124 + 0.000017
A119 —28.350784 —65.482163 Schist (near the pluton) 4 2500 + 40.7 5 0.0003264 + 0.000155

extrapolates data, considering the geological contacts, their orienta-
tions, and the sequence of formations within the stratigraphic column.
The goal is to construct a 3D model that delineates the shape and pet-
rophysical characteristics of the geological units (Mclnerney et al.,
2005). Subsequently, the model is divided into voxels (three-dimen-
sional rectangular prisms characterized by the geological unit they
symbolize) to facilitate computational analysis. Through a process of
forward modeling, the geological units within the model are refined,
aiming to closely match their geophysical signals with those of the
original geophysical grids, and are then refined through a least squares
analysis, leading to further adjustments in the model. Ultimately, a
litho-constrained stochastic inversion process is implemented (following
Christiansen et al., 2019). As a result, we obtain the geometry of the
pluton constrained by petrophysical, geophysical and geological data.

5.2. Results

The residual Bouguer anomaly map (Fig. 5a) shows a gravimetric
low (—47.39 mGal) with an elongated shape in NE-SW direction and
arcuate in its SW extreme, of 7.5 km wide. Within this area, two other
local gravimetric lows are observed (between —52.15 and —49.64
mGal), one with an elliptical shape, corresponding to the Sauce Guacho
pluton, and another less defined corresponding to the Santa Rosa pluton.
The location and orientation of the elongated gravimetric low coincide
both with the alignment direction of igneous bodies and with the loca-
tion and orientation of the set of brittle structures (Mina Dal and Santa
Rosa faults). Besides, differences in density values of approximately 100
kg m~3 between the Ancasti Formation around the plutonic bodies
(2610 kg m’3) and the most distant sectors (2710 kg m’3) would be
linked to the presence of these brittle structures, and the deflections
linked to expansion of the plutons, since no lithological changes in

surface were observed. The Santa Rosa and Sauce Guacho plutons pre-
sent density values between 2530 and 2470 kg m~3 (Table 1) and
coincide with the lowest gravity values. These differences in density
values allowed the development of a gravimetric inversion model for the
Sauce Guacho pluton and its environment (Fig. 5). The Sauce Guacho
pluton resulted in a density of 2470 kg m~3 (Fig. 5b), the metamorphic
host rock near to the pluton resulted in a density of 2610 kg m ™ (Fig. 5¢)
and the metamorphic host rock further from the pluton resulted in 2710
kg m~3 (Fig. 5d). The profiles corresponding to the major (Fig. 5¢) and
minor axes (Fig. 5f) of the body show an area with greater thickness in
the NE sector of the body, which gradually decreases towards the SW. In
the thickest area, up to three elongate bands, sub-perpendicular to the
major axis of the body, and with cylindrical or tubular geometry,
affecting the bottom of the pluton, are distinguished. These bands could
be interpreted as feeder channels or as due to corrugation or folding of
the contact between the pluton and its host rock.

In the Santa Rosa pluton case, with a density of 2530 kg m~3
(Table 1), the lack of data in the western and southern sectors of the
study area does not allow the construction of a gravimetric inversion
model for the pluton. However, this zone constitutes the contact be-
tween the granitic pluton, and the gneissic and migmatite rocks of the El
Portezuelo Metamorphic-Igneous Complex, where a lower-density
contrast is expected.

The magnetic susceptibility values between 1,0 x10 ~> SI and 3,1 x
10~* SI for the Santa Rosa and Sauce Guacho plutons show a para-
magnetic granite with ilmenite tendency, typical of granitic magmas
formed into the upper-middle crust (Ishihara, 1977; Clark, 1999).
Particularly, the PU unit of the Santa Rosa plutons presents slightly
higher magnetic susceptibility values than the EU unit. In the Sauce
Guacho case, differences between its units were not observed (Table 1).

<IN
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-35.41 mGal

-52.15 . -49.64 -47.39 -44.91 -42.10 -39.12

Fig. 5.

Gravity data. a) Bouguer anomaly map, NW of Sierra de Ancasti. b) Inversion model of Sauce Guacho pluton: ¢) Geometry of the lower boundary of the

pluton. d) Metamorphic host rock close to the pluton. d) and e) SW-NE (longitudinal) and NW-SE (transversal) profiles of the pluton.
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6. Kinematic analysis

The geometric and structural characteristics of the plutons and their
country rock and the observation of an arcuate gravity anomaly inter-
preted as a deformation zone that includes both plutons suggest a
possible structural control during the emplacement of the igneous
bodies. Due to the little structural evidence at the outcrop level to
establish the tectonic control in the emplacement of the plutons by the
pre-existing structure, a more rigorous evaluation involves a detailed
kinematic study using all available tectonic and magmatic structures
and fabrics previously described in this work.

6.1. Methodology

Given the structural and gravimetry data about the elongated
deformation zone and the absence of more detailed information in the
study area about this structure, we have chosen to assume a simple
analytical model of monoclinic transpression/transtension shear zone
(e.g., Passchier, 1998), with the simple shear (non-coaxial) component
acting parallel to the strike of the shear zone, and the direction of
maximum stretching (transpression) or shortening (transtension), asso-
ciated with the pure shear component (coaxial component), located
according to the dip direction of the shear plane. The parameters con-
trolling the kinematic model are (see e.g., Fernandez and Diaz Azpiroz,
2009, 2022, for further explanations of those parameters): ¢, the pitch of
the simple shear direction on the shear plane; : or v, the angle between
the shortening —transtension- or stretching —transpression- direction of
the pure shear component and the dip direction of the shear plane,
respectively; k, value of the Flinn shape parameter corresponding to the
coaxial component for pure shear; Wy, kinematic vorticity number
(Truesdell, 1953). The following values of the involved parameters have
been chosen: ¢ = 0% 1 or v = 0° k = 1; Wy: Values were explored
assuming the predominance of the coaxial component (0.2, 0.4, 0.6), the
non-coaxial component (0.9, 0.99, 0.9999) and for the boundary be-
tween both (0.81).

The orientation of the boundaries of the shear zone is a fundamental
element in this case, given that, in the studied area, there are few

Model 1 Model 2

‘&
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structural elements at the emplacement level. Accordingly, up to five
different conceptual models have been considered to simulate the shear
zone influence on plutons emplacement (Fig. 6). Conceptual models 1 to
4 consider a curved shear zone, following the geometry of the gravity
anomaly identified in this work (Fig. 5). In all these cases, the northern
segment of the curved shear zone, around the Sauce Guacho pluton,
would be oriented 040°/90°, following the trend of the gravity anomaly
and considered as the large-scale attitude of the Catamarca Lineament.
More difficult is to ascertain the orientation of the southern segment of
the curved shear zone, around the Santa Rosa pluton. Several possibil-
ities were tested, all of them following an NNW-SSE strike, which is the
trend of the gravity anomaly in the southern area. After discarding the
geometries that do not allow an adequate explanation of the available
data, it was decided to simulate the orientation of the shear zone in its
southern segment using the average strike and dip of the main anisot-
ropy (S2) of the country rocks, that is: 166°/67°SW. More detailed ar-
guments for this choice will be given later. The conceptual model 5
simulates a shear zone parallel to the supposed regional layout of the
Catamarca Lineament, both for the Sauce Guacho pluton and the Santa
Rosa pluton, that is: 040°/90°.

Due to the scarce reliable kinematic criteria about the movement
sense of the deformation zone, all the possibilities were considered
(Fig. 6). Thus, conceptual models 1 and 3 propose a dextral displace-
ment for the shear zone, which shows two possibilities due to its cur-
vature. In model 1, the southern segment mainly accommodates a
simple shear component, forcing the northern segment to show trans-
tensional kinematics. In model 3, simple shear predominates in the
northern segment, forcing a transpressional setting in the southern
segment. In contrast, conceptual models 2, 4, and 5 propose a sinistral
displacement for the shear zone. Model 5 assumes a planar shear zone,
while the curvature implied in models 2 and 4 leads to a variation in the
kinematics of the northern and southern segments. Simple shear pre-
dominates in the southern (model 2) or northern (model 4) segments,
leading respectively to transpression in the northern segment (model 2)
and transtension in the southern segment (model 4).

The analytical kinematic model used in this work (e.g., Fossen and
Tikoff, 1998; Fernandez and Diaz Azpiroz, 2009) allows determining, for

Model 3

Model 5

\¥
- /
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10 km
-_—

- Early Carboniferous
plutons

|:| Ancasti formation

I:l El Portezuelo igneous-
metamorphic complex

- Sierra Brava complex

Fig. 6. Distinct conceptual models that can be proposed to account for the emplacement of the Sauce Guacho and the Santa Rosa plutons within a shear zone.
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each conceptual model and combination of parameters: the orientation
of the main axes of the infinitesimal and finite strain ellipsoid (X, Y, Z);
for the southern segment of the curved shear zone in models 1 to 4
(non-vertical shear zone), the orientation of the long and short axes of
the strain ellipse in a horizontal plane; and the reorientation that the S,
planes (or their poles) undergo inside the shear zone as the magnitude of
the finite deformation increases. The results and predictions of the
analytical kinematic model for each conceptual model are compared
with the orientation of S in the vicinity of both plutons as a criterion to
check the conceptual models that are kinematically compatible with the
observed structures and to constrain the possible range of vorticity
values involved in the process of pluton emplacement. Additionally, the
horizontal outline (Sauce Guacho and Santa Rosa plutons) or 3D shape
(Sauce Guacho pluton) of the intrusive bodies, as well as the geometric
pattern of the magmatic foliation (Sy,) in each pluton, are evaluated in
the light of the kinematic model to better understand the kinematics of
the shear zone.

6.2. Results

The results of the analytical model simulating the conceptual models
considering a sinistral simple shear component (models 2, 4, and 5) fail
to reproduce the natural structures and fabrics. In particular, the reor-
ientation trajectories of the Sy poles (red arrows in Fig. 7) predicted by
the analytical model for conceptual models 2, 4, and 5 are very different
from those observed close to the Sauce Guacho pluton. Regarding the
Santa Rosa pluton, the trajectories predicted for conceptual models 2
and 4 are more similar to the natural ones, although the modeled and
observed S, poles do not coincide in the case of conceptual model 5. The
axis of maximum infinitesimal shortening in the horizontal predicted by

Sauce Guacho
Moggl 2

Transpression

Sauce Guacho
Models 4 & 5
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the analytical model varies in orientation between NNE-SSW and NW-SE
(Fig. 7). These orientations would be congruent with the strike of the
supposed feeder channels suggested by the geophysical and geological
information (Fig. 5c). These structures should have rotated counter-
clockwise toward perpendicularity with the boundary of the shear zone
with the increase of the finite deformation (e.g., Fernandez and Diaz
Azpiroz, 2022). However, for any of these conceptual models to be
considered viable from a kinematic point of view, it would be necessary
for both plutons to simultaneously show an acceptable match between
the predictions of the analytical model and natural observations. It can
be seen in Fig. 7 that this fit is not possible for conceptual models 2 and
4, which present a reasonable match between the analytical model and
reality for the Santa Rosa pluton but not for the Sauce Guacho pluton. As
for conceptual model 5, it does not show compatibility for any of the
plutons.

The predicted reorientation for the S, poles under conceptual model
3 is fairly consistent with the natural data for the Sauce Guacho pluton,
but not for the Santa Rosa pluton (Fig. 8). Conceptual model 1 shows the
best fit for both plutons. Specifically, the reorientation of the Sy poles
predicted by the analytical model fully covers the dispersion of these
poles observed around the Sauce Guacho pluton (Fig. 8). A reasonable fit
is also observed for the Santa Rosa pluton.

7. Discussion

7.1. Ascent and emplacement associated with a brittle-ductile
deformation structure

The Santa Rosa and Sauce Guacho plutons present sharp and
discordant contacts with their host rocks. Emplacement-related fabrics

Santa Rosa

Transtension (close to simple shear) Transpression (close to simple shear)

Wk =0.4 Wk = 0.99 Wk = 0.99
Santa Rosa Santa Rosa
Model 2 Model 4

Transtension (close to simple shear)
Wk = 0.99

Maximum horizontal
infinitesimal shortening

/ Shear zone boundary

Cartographic shape of pluton

‘ S2 pole reorientation
| trajectories

Transtension
Wk =04

Fig. 7. Results of the analytical kinematic model of transtension/transpression applied to conceptual models 2, 4, and 5. Equal area, lower-hemisphere projections
illustrate the orientation of S, measured around both plutons (density plots and black dots), as well as the predictions of the kinematic model (red arrows). The
external outline (purple dashed lines) of the plutons is also represented on the plots, together with the trend of the maximum horizontal infinitesimal shortening
(purple arrows) according to the kinematic model. Wy is the kinematic vorticity number. (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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Wk = 0.99

Fig. 8. Same as Fig. 7, but for conceptual models 1 and 3.

are post-kinematic relative to the main ductile structures of meta-
morphic rocks (S, foliation). These characteristics, and the presence of
syn- and post-magmatic dykes, suggest an emplacement in the brittle
shallow crust, with a high rheological contrast between intrusive magma
and host rock (Daly, 1933; Campbell and Turner, 1989; Castro Dorado,
1989; Valentine, 1992; Pinotti et al., 2002; Zak et al., 2006; Llambias,
2008). In this emplacement level, the flow of granitic magma batches
would be channelized through brittle-ductile structures (Vigneresse,
1995; Clemens, 1998; Tobish and Paterson, 1990; Hutton and Reavy,
1992; Guillet et al., 1985; Hutton and Reavy, 1992; Clemens and Mawer,
1992; Petford et al., 2000; Aragon et al., 2019). Fabrics and structures
within both studied plutons are mostly sub-parallel to their external
contacts, suggesting that they were formed during the emplacement
(Hutton, 1988; Fernandez and Castro, 1999). The geophysical and
structural evidence presented and discussed in this work points to a
tectonic control in the emplacement and, probably, also in the ascent of
magmas that gave place to Santa Rosa and Sauce Guacho plutons.
Alternatively, the assumed structural control may simply be conditioned
by the injection of magma and the consequent modification of the stress
field in the host rocks. If we choose the intermediate alternative, that is,
that there is positive feedback between magmatic and tectonic stresses
(e.g., Hutton, 1997; de Saint Blanquat et al., 1998; Brown and Solar,
1998), and assuming that the available magmatic structures and fabrics
are very scarce, we will next evaluate the role of regional structures in
the study area during the emplacement process of both intrusive bodies,
which ultimately also respond to the influence of the emplacement of
magma batches. An arcuate, NE-SW-trending low gravity anomaly, 5.7
km wide, coincide with the ubication and orientation of the set of the
brittle structures and is aligned with the major axes of the intrusive
bodies, which it includes (Fig. 5). The low gravity anomaly that corre-
sponds to the granites shows that could continue in depth. Since no
lithological variations within the host rocks or contact metamorphic
aureoles were observed on the surface, this low gravity in cone shape is
interpreted as variations in the mechanical behavior of host rocks,
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whose evidence is the presence of weakness zones in the crustal rocks.
The structural control of pluton emplacement proposed in this work
expresses a very specific interaction between a larger structure (shear
zone) and the extension fractures associated with its kinematics, in line
with previous works that illustrate the emplacement of plutons in
extensional and contractional settings (Hutton, 1982, 1988; Brun and
Pons, 1981; Courrioux, 1982; Murphy, 1987; Hutton and Reavy, 1992;
Fernandez and Castro, 1999; Aranguren et al., 1997; D’Eramo et al.,
2006; Stevenson et al., 2008). The main brittle-ductile deformation
structure to which the emplacement of the granitic plutons seems
related, shows little surface evidence, which may be due to an
emplacement in shallow crustal levels (D'Eramo et al., 2006, 2013;
Aranguren et al., 1997). Indeed, in many cases the presence of exten-
sional structures associated with concealed shear systems are inferred by
the shape in the map of igneous bodies, their fabric orientation, and by
gravimetric data (Castro, 1986; D’Eramo et al., 2006; Fernandez and
Diaz-Azpiroz, 2022).

7.2. Structural control and emplacement mechanisms of the Sauce
Guacho and Santa Rosa plutons: kinematic evaluation

Among the most important and striking facts of the structure asso-
ciated with the emplacement of the Sauce Guacho and Santa Rosa plu-
tons, two can be highlighted: the distinct configuration shown by the
reoriented regional foliation (Sy) around both plutons (Fig. 4), which
could also respond to the pluton’s expansion, and the differences in their
external shapes and the pattern of magmatic foliation (Sp,; Fig. 2). As a
result, the shear zone responsible for the emplacement of both plutons
must vary in orientation, kinematics, or both from one pluton to
another. The results of the analytical kinematic model indicate that a
shear zone with the same orientation and kinematics for both plutons (e.
g., conceptual model 5) is kinematically infeasible (Fig. 7). Therefore, it
is necessary to consider segments with different orientations of the shear
zone, which is also based on the pattern of gravity anomalies identified
in this work (Fig. 5). In this sense, the curvature of the shear zone
inevitably imposes different vorticities for the two segments considered
(the north, where the Sauce Guacho pluton is included, and the south,
with the Santa Rosa pluton). As for the simple shear component, it can
be considered dextral or sinistral. Again, the analytical model of S;
reorientation appears to exclude sinistral displacements (Fig. 7). The
results of the analytical model coincide with the qualitative observation
of the clockwise reorientation of the S, traces around the Santa Rosa
pluton. Although less marked, this same type of reorientation of Sy can
also be seen in the vicinity of the Sauce Guacho pluton. Of the two
possible conceptual models considering a dextral curved shear zone, the
one in which the southern segment (Santa Rosa) would show kinematics
close to simple shear, while in the northern segment (Sauce Guacho)
transtension would predominate (conceptual model 1), seems the most
valid from a kinematic point of view (Fig. 8). Conceptual model 1 will be
taken as a basis to analyze how the rest of the structural features within
and in the vicinity of both plutons could be explained.

Concerning the Sauce Guacho pluton, the orientation of the short
horizontal axis (Y, in this case) of the finite strain ellipsoid predicted for
conceptual model 1, for vorticity values with a predominance of pure
shear (Wi = 0.1 to 0.6), coincides with the arrangement of the largest
diameter of the pluton (Fig. 9). This parallelism is less marked with
increasing vorticity and the magnitude of the finite deformation. The
geometry of the open fracture in the host rock around the Sauce Guacho
pluton, determined in this work through the gravimetric study (Fig. 5d),
is compatible with the average orientation of the maximum horizontal
shortening, suggesting that it is an extension fracture (T-fracture). The
clockwise rotation of the Y axis with increasing deformation also seems
to coincide with the slightly sigmoidal geometry of that fracture. At this
point, it is worth asking about the meaning of the corrugated structures,
elongated in the NW-SE direction, detected in the gravimetric study of
pluton (Fig. 5¢). These elongated structures could be interpreted as
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Fig. 9. Comparison of the external map outline (red dashed lines), host-rock shape (given by the gravimetric study), and pattern of magmatic foliation (Sy,, equal
area, lower-hemisphere projections, see also Fig. 2) for the Sauce Guacho pluton with the orientation of the principal axes of the infinitesimal and finite strain
ellipsoid according to the results of the kinematic model (long axis, X: black; intermediate axis, Y: purple; short axis, Z: red; arrows indicate the rotation of the
principal axes with increasing finite deformation magnitude). Conceptual model 1, Wy is the kinematic vorticity number. The trend of the maximum horizontal
shortening (in this case, the Y principal strain axis) is also shown with purple arrows on the 3D reconstruction of the host-rock shape around the pluton obtained from
gravimetry (Fig. 5d). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

feeder channels or, alternatively, perpendicular structures parallel to the
maximum horizontal shortening as suggested Fig. 9. It is possible to
evaluate both possibilities kinematically by way of analyzing the initial
orientation and the subsequent rotation of the extension fractures in the
transtension regime and under different vorticity values (Fernandez and
Diaz Azpiroz, 2022). The initial strike of these extension fractures (for
Wy values of 0.1-0.6) is far from that of the elongated structures
(Fig. 10). A very high finite strain would be necessary to ensure that the
extension fractures were oriented close to perpendicularity to the
boundaries of the shear zone (Fig. 10). On the contrary, the transten-
sional folding model of Fossen et al. (2013) allows for determining the
angle between the long axis of the transtension-related folds and the
boundaries of the shear zone. Applied to the case of the shear zone of
conceptual model 1 for the Sauce Guacho pluton, it is possible to verify
that the predicted initial orientation of the fold axes coincides with that
of the corrugations evidenced by gravimetry (Fig. 10). The transten-
sional folding model allows relatively limited rotations of the fold axes,
which should remain relatively fixed with increasing finite deformation
for low values of vorticity. It can be concluded, therefore, that the
elongated structures found through gravimetric analysis probably
correspond to open folds sub-normal to the maximum horizontal
shortening, nucleated at the contact between the base of the pluton and
its host rock because of the viscosity contrasts between both systems.
The emplacement mechanism of the pluton was probably conditioned by
the nucleation and growth of a large extensional fracture parallel to the
average strike of the Y axis of the strain ellipsoid. The extensional
fracture would have contained the Y and Z axis of the ellipsoid, both
implying shortening under transtension. Regarding the magmatic foli-
ation (Sp) pattern in the Sauce Guacho pluton, it is noteworthy that the
most important maximum of Sy, poles is vertical, parallel to the short
axis (Z) of the infinitesimal and finite strain ellipsoid (Fig. 9). That is, the
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vertical shortening led to the formation of sub-horizontal magmatic
fabrics. The fact that the best fit between natural data and the trans-
tensional analytical model was accomplished with low vorticities (Wj <
0.6), in the field of the predominance of the coaxial component, explains
the importance of the vertical shortening in the area. This also accounts
for the vertically shortened shape of the pluton as deduced from the
gravimetric study that shows a tabular shape (Fig. 5). Also remarkable is
the presence of a Sy, pole girdle sub-parallel to the long axis of the pluton
(Figs. 2 and 9), which can be explained as an open, long-wavelength fold
resulting from the maximum horizontal shortening (Y axis) in the
NE-SW direction (Fig. 9). Finally, a girdle of Sy, poles in the NW-SE di-
rection is arranged in a direction normal to the long axis of the pluton
(sub-parallel to the long axis of the strain ellipsoid, X, especially for low
vorticity values). It should represent the flow of magma along the
fracture walls, parallel to the long axis of the pluton. The elliptic Sauce
Guacho pluton presents a slightly eccentric pattern of Sy, trajectories in
plan view (Figs. 2 and 9), sub-parallel to the contact between the
igneous units at the southern and eastern part of the pluton, indicating
lateral expansion in a rigid crust (Aragon et al., 2019). The reverse
compositional zoning observed in the pluton suggests a low emplace-
ment rate (Vigneresse et al., 1996; Hecht y Vigneresse, 1995; Bachmann
and Bergantz, 2004, 2008; Miller et al., 2011), therefore susceptible to
being affected by the deformation transmitted by the shear zone (tabular
shape, folds in contact with the host rock).

According to the kinematic analysis of conceptual model 1, the Santa
Rosa pluton would have been located in a shear zone with a predomi-
nance of simple shear (Wy > 0.81). The orientation of the Z or Y axes of
the strain ellipsoid or that of the short axis of the horizontal ellipse
(which, in this case, does not coincide with the short axis of the 3D
ellipsoid since the shear zone is not vertical), is parallel to the longest
horizontal diameter of the pluton (Fig. 11). Therefore, it can be
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Fig. 10. Kinematic evaluation of the formation of elongated structures with an
NW-SE trend observed from the gravimetric study on the Sauce Guacho pluton
(central sketch). Upper diagram: Initial orientation (gray zone between points 1
and 2) and subsequent rotation of extension fractures for the values of the
variables controlling the transtension flow corresponding to the best fit between
the kinematic model and natural data (diagram of Fernandez and Diaz Azpiroz,
2022). The results are shown as dashed, black lines in the central sketch for the
optimal range of vorticity values indicated by the kinematic model (Wi = 0.1 to
0.6). Lower diagram: Initial orientation (points 3 and 4) and subsequent rota-
tion of transtension folds for the values of the variables of the kinematic model
as explained above (diagram of Fossen et al., 2013). The results are shown as
black lines in the central sketch.

suggested that the Santa Rosa pluton follows an emplacement model
similar to that of Sauce Guacho, corresponding to an extension fracture,
albeit forming here a high angle to the boundaries of the shear zone. The
initial angles are between 35° and 45° for Wy > 0.81, increasing strongly
with the increase in the finite deformation (Fig. 10). The principal
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maximum of poles of Sy, coincides with the X axis of the infinitesimal
and finite strain ellipsoid, especially for high vorticity values (>0.99).
This fact can be interpreted as a consequence of the magma flow parallel
to the NE-SW walls of an extension fracture, roughly coinciding with the
pluton that can be seen today. A prominent girdle of Sy, poles is observed
on the Santa Rosa pluton (Figs. 2 and 11). Geometrically, this girdle
indicates that the magmatic foliation defines an arcuate structure whose
axis is oriented sub-parallel to the maximum dimension of the pluton
(see also the pattern defined by the traces of the Sy, visible on the map in
Fig. 11), which can be interpreted as the result of magma flow within an
elongated dome-shaped plutonic body in a NE-SW direction. Note,
however, that the axis of the arched structure described by the Sp, is not
horizontal, but rather plunges towards the NE and tends to parallelism
with the Z axis of the strain ellipsoid. The girdle follows the average
plane of external foliation (S3) which, in conceptual model 1, defines the
orientation of the boundaries of the shear zone (Fig. 11). A weaker S,
pole girdle strikes NE-SW and can be interpreted as representing folds
normal to the maximum horizontal shortening, similar to the case of the
Sauce Guacho pluton, although much less developed. The S, trace
around the EU unit body, as well as the geometry of this body itself
(Figs. 2 and 11), seem to correspond to the interference of both types of
folds or arcuate structures. All these observations reveal the importance
of structural controls in the magmatic flow in the studied area. The
elongated, symmetrical, and normal zoning of the Santa Rosa pluton can
be used as evidence of a higher emplacement rate (Vigneresse et al.,
1996; Hecht and Vigneresse, 1999; Bachmann and Bergantz, 2004,
2008; Miller et al., 2011). The presence of the regional Sy foliation
(NW-SE striking and dipping towards the E) would have been decisive in
the case of the Santa Rosa pluton. The S, planes were penetrative me-
chanical weakness surfaces that, subjected to the activity of a renewed
regional deformation field during the ascent of magma, led to the
nucleation along them of a shear zone at the southern segment of the
studied region. The shear zone was kinematically close to a simple
shearing type of flow. It can be speculated that the deviation of the shear
zone’s direction towards the SSE in the vicinity of the Santa Rosa pluton
is related to the presence to the west of a domain of more resistant or less
foliated metamorphic rocks (El Portezuelo Metamorphic-Igneous Com-
plex, Fig. 4), so the shear zone curved towards the SE inside the Ancasti
formation.

In summary, it can be concluded that conceptual model 1 allows us to
kinematically understand the characteristics of the structures and fab-
rics within and around the Sauce Guacho and Santa Rosa plutons. The
kinematic analysis based on conceptual model 1 and applied to the
understanding of the reorientation of regional foliation (S,), and to the
evaluation of the external shape and the pattern of magmatic foliation
(Sm) of each pluton, reveals structural control of the emplacement of
both plutons within a transtensional curved shear zone, with a pre-
dominance of simple shear (Wi > 0.81 and probably >0.9) in its
southern, NNW-SSW-striking segment (Santa Rosa pluton area), and
with a predominance of pure shear (Wi between 0.1 and 0.6) in its
northern, NE-SW striking segment (Sauce Guacho pluton area).

7.3. Tectonic implications of the NE-SW brittle-ductile shear zone

The Santa Rosa and Sauce Guacho plutons are good examples of
granitic bodies emplaced in the shallow crust in an intracontinental
setting, as consequence of Carboniferous magmatism at the SW margin
of Gondwana (Grosse et al., 2009; Alasino et al., 2012; Toselli and Rossi
de Toselli, 2018; Dahlquist et al., 2021; Alasino et al., 2022; Acosta
Nagle et al., 2022). From the gravimetric, structural and kinematic study
presented in this work, it is possible to shed some light on the tectonic
significance of the brittle-ductile shear zone where both plutons were
emplaced. A fundamental aspect at this point is to establish the orien-
tation of the relative displacement vector of the blocks separated by this
structure. The orientation of the relative displacement vector (diver-
gence angle in the case of transtension) can be determined from the
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Short axis

Santa Rosa
pluton

Kamb contours in
Standard Deviations

Fig. 11. Comparison of the pattern of magmatic foliation (Sy,, equal area, lower-hemisphere projections, see also Fig. 2) for the Santa Rosa pluton with the
orientation of the principal axes of the infinitesimal and finite strain ellipsoid according to the results of the kinematic model (long axis, X: black; intermediate axis, Y:
purple; short axis, Z: red; arrows indicate the rotation of the principal axes with increasing finite deformation magnitude; left stereoplots for each case). Conceptual
model 1, Wy is the kinematic vorticity number. Because the principal axes of strain are not horizontal or vertical in this case, also the external map outline (red dashed
lines) and S, patterns are compared with the principal (short and long) axes of the horizontal strain ellipse (right stereoplots for each case). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

kinematic study of the shear zones by calculating the oblique flow
apophysis (see Fossen and Tikoff, 1998 for a detailed explanation). The
divergence angles estimated in this work for the shear zone segments
corresponding to both plutons are similar (blue double-headed vectors
and blue shaded areas in Fig. 12). The common trend for both segments
is oriented 157°+9°. This divergence angle implies that the shear zone
would have acted during this period as a dextral transtensional structure

with a strong predominance of the coaxial component (extension),
except for segments oblique to the main structure, such as that of the
Santa Rosa pluton. These oblique segments, where simple shear pre-
dominated, can be interpreted as R-type fractures (Riedel, 1929), syn-
thetic to the main structure (Fig. 12).

During the Carboniferous, the brittle reactivation of several old
basement structures and the nucleation of fault systems that cross-cut

5\

v
 Ancasti§

Wi=0.99% Wk=

Fig. 12. Left: Sketch showing the location and approximate geometry of the Catamarca Lineament on a regional scale in the Eastern Sierras Pampeanas of Argentina
(Baldis et al., 1975; Gutiérrez, 1999). Right: Results of the analytical kinematic model of the Catamarca Linement north of the Sierra de Ancasti (area of the Sauce
Guacho and Santa Rosa plutons). The solid red lines indicate the trace of the curved shear zone defined in this work, and the dashed red lines show the possible
extension of the shear zone towards the SW. The red arrows mark the kinematics (simple- and pure-shear components) deduced for each segment of the shear zone.
The blue arrows and shaded areas correspond to the direction of divergence between the blocks separated by the shear zone in each segment. The large blue and
white arrows indicate the average divergence direction in the studied area. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

13



A.E. Acosta-Nagle et al.

metamorphic fabrics in an extensional/transtensional setting was pro-
posed (Simpson et al., 2001; Whitmeyer, 2008; Limarino et al., 2013;
Maffini et al., 2017; Acosta Nagle et al., 2022) and associated with a
rapid exhumation (Enkelmann et al., 2014; Lobens et al., 2017; Davila
et al., 2021), intracontinental magmatism (Grosse et al., 2009; Coira
et al., 2016; Dahlquist et al., 2010, 2014, 2015, 2021; Alasino et al.,
2012, 2022; Acosta Nagle et al., 2022), polymetallic deposits (Hongn
et al., 2010; Brodtkorb et al., 1999; Mutti et al., 2007; Maffini et al.,
2017) and sedimentation in pull-apart basins (Limarino and Spalletti,
2006; Limarino et al., 2006; Astini et al., 2009; Gulbranson et al., 2010;
Lobens et al., 2017).

The results obtained in this work show that the relative movement
between basement blocks likely depended on the orientation of the
reactivated structures in the different sectors of the Sierras Pampeanas in
Carboniferous times. To the southeast (San Luis and Sierras de Cérdoba
ranges), the reactivated structures were dominantly subvertical N- to
NW-striking (Fossen and Tykoff,1998; Brodtkorb et al., 1999; Mutti
et al., 2007; Maffini et al. 2012, 2017; Maffini, 2015) with a maximum
extension vector-oriented NNE-to NE, with the maximum shortening
oriented WNW- to NW (Maffini et al.,, 2017). However, to the
center-north in the Eastern Sierras Pampeanas (study area), the results
obtained from this study show that the reactivation of the NE-SW brit-
tle-ductile shear zone allowed the extension relative movement between
blocks was NNW (around N157°E) (Fig. 12), similar to the extension
direction determined for the Carboniferous Huaco Igneous Complex
(354-345 Ma) in the center of the Sierra de Velasco (Macchioli-Grande
etal., 2019). It is worth noting that the shear zone described in this work
coincides with the NE part of the Catamarca Lineament trace (Baldis
et al., 1975; Gutiérrez, 1999) (Fig. 12), a large structure that extends
from the SE of the Sierra de Velasco and runs towards the NE along the
limit between the Ambato Block and the Sierra de Ancasti. This regional
lineament constitutes the north limit of the late Paleozoic Paganzo basin,
a series of pull-apart depocenters and associated strike-slip deformation
(Fernandez Seveso and Tankard, 1995; Simpson et al., 2001; Chernicoff
and Zappettini, 2007; Lobens et al., 2017). However, the information
available so far on the kinematics of the Catamarca Lineament during
the Paleozoic time is very limited.

8. Conclusions

The dynamics of small intrusive bodies emplaced in the middle-
upper crust under conditions of brittle deformation are supposed to be
dominated by the rapid processes of crystallization and cooling, where
the influence of regional stresses on those processes is not easy to
determine. However, the limited structural elements available at the
surface, such as magmatic fabrics and refracted foliations of the meta-
morphic host rock in the vicinity of the igneous body, in addition to the
geophysical study of the area, suggest clear control by a regional,
arcuate transtensive structure in the emplacement of the studied plu-
tons. We have used different methodologies of structural analysis to
better constrain the kinematics of the shear zone that assisted the ascent
and emplacement of the shallow reservoir, as an analytical model of
monoclinic transpression/transtension, a method to obtain the initial
orientation and the subsequent rotation of the extension fractures in the
transtension regime and a transtensional folding model. According to
our results, the different internal structural arrangement of both plutons
can be explained in the context of the same stress regime, but deter-
mined by the arcuate shape of the Catamarca lineament, with a NNW-
SSW-striking segment (Santa Rosa pluton area), where simple shear
prevails (Wk > 0.81 and probably >0.9), and a NE-SW striking segment
(Sauce Guacho pluton area) with a predominance of pure shear (Wk
between 0.1 and 0.6).

Furthermore, this work demonstrates that in the context of ancient
tectonic stages where large structures and associated tectonites do not
crop out, the kinematic study of plutons associated with these stages can
reveal structural lineaments and endorse the determination of regional
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paleo-stresses.
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