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Abstract: Detailed structural, kinematic and geophysical data on the foreland of the Pampean flat-
slab segment (Hualilan area, Andean Precordillera of Argentina) have shown that cross-strike
structures have had an important role in the evolution of this Andean segment since Miocene
times. These structures represent pre-existing crustal fabrics reactivated during the Andean
orogeny and could have controlled the emplacement of the Miocene arc-magmatism migrating
into foreland due to the flattening of the slab. Likewise, kinematic results obtained for these struc-
tures support a similar stress frame to that obtained elsewhere in the Precordillera but showing
different motions as a consequence of their high obliquity to the orogen trend. Moreover, they
record a reorientation of kinematic axes during Late Miocene—Pliocene times.

Cross-strike structures are steeply dipping cross-
strike structural discontinuities represented by
wide zones of brittle—ductile deformation (Whee-
ler 1980; Twiss & Moore 1992; Mueller & Talling
1997). Usually, they represent reactivated pre-
existing structures inherited from earlier tectonic
phases. They are considered important structures
since they can behave either as barriers for seis-
mic ruptures of major faults or as transfer structures
linking two adjacent segments of the same fault
system (Wheeler 1980; Hudnut et al. 1989; Pizzi
& Galadini 2009). Likewise, cross-faults cutting
across main faults resulted in the formation of fault
blocks and therefore could have relevant econo-
mic significance (Johnson et al. 2002; Saha et al.
2006). In some orogenic systems, cross-faults act as
channels for crustal fluids and highlight basement-
involved deformation. Studies of these faults have
renewed discussion about thin-skinned v. thick-
skinned tectonics. Hence, the true amount of oro-
genic shortening when cross-faults are present has
to be carefully considered (Tavarnelli et al. 2004).

The Central Andes display two flat-slab sectors,
the Peruvian (5—15°S) and the Pampean (28—33°S)
segments (Ramos er al. 2002), which resulted from
the subduction of the Nazca and Juan Fernandez
aseismic ridges, respectively (Pilger 1981; Gutscher

et al. 2000). Linked to the subduction of the Nazca
Plate under the overriding South American Plate,
the Central Andes (5-47°S; Gansser 1973) show
oblique structures compartmentalizing the orogen,
and controlling its architecture (Baldis & Vaca
1985; Salfity 1985) as well as its kinematic evol-
ution (Rossello et al. 1996; Urreiztieta 1996; Ré
et al. 2001; Japas & Ré 2005, 2012). Both flat-slab
regions show similar tectonic features such as arc-
related magmatism and compressional/transpres-
sional deformation migrating more than 600 km
inland from the trench. Although inland migration
of arc-magmatism and deformation has been much
described along these segments, studies concerning
the structural control of the former are scarce.
Hence, the Central Andes between 28° and 33°S
provide an excellent opportunity to study the evol-
ution of an active margin linked to flat-slab sub-
duction and, particularly, the Precordillera offers
the chance to analyse the relationship between
inland migration of deformation and magmatism.
References about cross-strike structures in the
Pampean flat-slab segment are still scarce. Within
this framework, contributions from Baldis & Vaca
(1985), Japas (1998), Ré et al. (2000, 2001), Japas
et al. (2002a, b) and Ré & Japas (2004) stand out.
These latter authors (Japas 1998; Ré er al. 2000,
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2001; Japas et al. 2000a, b; Ré & Japas 2004)
have recognized two systems of conjugated
brittle—ductile megashear zones in the Precordil-
lera: NNW left-lateral and NNE right-lateral trans-
pressional structures, and WNW left-lateral and
ENE right-lateral transtensional ones. The former
consist of gently oblique zones whereas the latter
comprise cross-strike structures. Contributions on
the relationship between cross-strike structures and
magmatism in the flat-slab segment are restricted
to the Sierras Pampeanas, particularly to the Sierra
de San Luis (Urbina et al. 1995, 1997; Sruoga
et al. 1996; Sruoga & Urbina 2008; Urbina &
Sruoga 2009; Japas et al. 2010, 201la, b).
However, many authors have outlined the impor-
tance of the structural control of magmatism. De
Saint Blanquat & Tikoff (1997), de Saint Blanquat
et al. (1998), Brown & Solar (1999), Zik et al.
(2005), Lara et al. (2006) and Romeo et al. (2006)
have remarked on the interaction between transpres-
sion/transtension and magmatism. Recently, Aco-
cella & Funiciello (2010) have provided a detailed
study of many arcs and their kinematic and struc-
tural settings, concluding that regional or local
extension is always required for volcanic output.

The aim of this paper is to contribute to the
understanding of the development and kinematics
of cross-strike structures as well as their interac-
tion with magmatism in a flat-slab setting. The
integration of tectonic fabric analysis and struc-
tural, kinematic and magnetometric data have pro-
vided information that helps to constrain temporal
and spatial relationships between magmatism and
deformation.

Geological setting

The main morphostructural units in the Pampean
flat-slab segment in Argentina are the Frontal
Cordillera, the Precordillera and the Sierras Pam-
peanas (Fig. 1a). The Frontal Cordillera represents
a basement block made up mostly of Palaeozoic
sedimentary rocks intruded by Permo-Triassic and
Jurassic granitoids uplifted during the Andean
orogeny (Heredia et al. 2002). The Precordillera
comprises a NNE-trending range that represents
a foreland composite fold-and-thrust belt and
can be divided into three main morphostructural
units: Western, Central and Eastern Precordillera
(Fig. 1b). Western and Central Precordillera show
east-verging epidermic deformation while the East-
ern Precordillera represents a west-verging thick-
skinned fold-and-thrust belt (Allmendinger et al.
1990; Cristallini & Ramos 2000). The Sierras
Pampeanas represent a series of uplifted blocks
constituted mostly of metamorphic and igneous
rocks of Neoproterozoic to Palaeozoic ages.

The study area is located in Hualilan in the Cen-
tral Precordillera of San Juan, Argentina (Fig. 1b).
This region includes an intermontane basin known
as the Pampa de Hualilan that is bounded by
several ranges (Fig. 2). The locality is of spec-
ial interest because of the presence of outcrops
of Miocene dacites that represent one of the very
few manifestations of the Miocene arc migration
into the foreland due to the flat-slab process in the
Precordillera (Kay & Abbruzzi 1996). These vol-
canic and subvolcanic rocks are associated with
hydrothermal veins related to the late magmatic
stages (Logan 2000). The stratigraphic column also
comprises Ordovician siliciclastic rocks (Sierra
de la Invernada Formation) and limestones (San
Juan Formation), Siluro-Devonian metasedimen-
tary rocks (Tucunuco and Gualilan Groups), Mio-
cene continental sediments (Cuculi Formation),
and Quaternary alluvial, aeolian and lacustrine
sediments (Fig. 2).

Tectonic fabric analysis
Tectonic fabric of the Precordillera

Tectonic fabric analysis was carried out in the
Precordillera and the Hualilan area. In the first
case, a chromatic scale was used to discriminate
between fabric elements (structural lineaments,
traces of fold axes and faults) with different orien-
tations (van Gool & Piazolo 2006; Japas et al.
2013) using data already published by Ragona
et al. (1995). Fabric elements in Hualilan were
recognized on the basis of satellite imagery, aerial
photographs at 1:25 000 and 1:50 000 scales, and
field work.

On a regional scale, the Precordillera fold-and-
thrust belt shows a north — NNE trend of major
faults and fold axes (Fig. 3a). However, detailed
fabric analysis revealed the presence of three
domains according to the orientation of their con-
stituent elements (Fig. 3b).

Domain I displays a WNW orientation and is
distinguishable in three areas (IA, IB, IC; Fig. 3b).
Tectonic fabric elements have mostly a NW-
NNW strike but ENE to WNW structural features
are also common. It must be emphasized that all
Miocene volcanic and subvolcanic rocks crop out
within this domain. On the other hand, domain II
exhibits a NNE trend and fabric elements with the
same orientation, whereas domain III has a NNE
orientation and NNW structural features.

Sector IA (Fig. 3b) shows mostly NW to NNW
fabric elements and matches the Miocene North-
ern Precordillera volcanic belt defined by Limarino
et al. (2002). Sector IB includes many struc-
tures striking WNW—ENE and shows a regional
WNW distribution of Miocene igneous rocks.
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Fig. 1. (a) Location of the Andean flat-slab segment in the Central Andes. Contours of depth (km) of oceanic slab after
Cahill & Isacks (1992) and the main morphostructural units are shown. Inset indicates the regional Andean subduction
and the Pampean flat-slab segment in Argentina. The shaded area is shown in (b). (b) Main morphostructural units
between 30° and 32°S. The study area is shown by the light-grey rectangle. PPN, Pie de Palo Norte lineament.

These outcrops are mostly located in the Hualilan
area and in the Cerro Negro de Iglesia which is
placed in the Western Precordillera (Leveratto
1976; Goémez Rivarola 2007). A more complex
pattern of deformation is observed in sector IC
where NNW structures dominate.

Structure of the Hualildn area

Detailed mapping in the eastern area of sector
IB shows the presence of two main structural
systems (Fig. 3a). The first system includes NNW
to NNE west-dipping thrusts, while the second one
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Fig. 2. Geological map of the study area. The black arrow indicates the WNW lineament that cross-cuts the Sierra de la

Invernada.

contains WNW to ENE structures with strike-slip
displacement.

The Sierra de la Invernada is located between
the Western and Central Precordillera and shows a
NNE regional trend (Fig. 2). It is made up of Early
Palaecozoic units thrusted and folded with NNE
and NNW strikes. Many WNW to ENE lineaments
are also present, one of which exhibits a WNW
strike, and cross-cuts the whole range (Fig. 2).

East of the Sierra de la Invernada (Fig. 2), the
Sierra de la Mina is comprised of a west-dipping
homoclinal structure with a basal detachment
thrust which strikes NNE in the central area, to
NNW in the southern and northern ones. Despite
its short length, the Sierra de la Mina is of special
interest because of the presence of several obli-
que structures associated with Miocene volca-
nic rocks. WNW to ENE cross-faults controlled
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Fig. 3. (a) Map of tectonic fabric elements (faults, lineaments and fold axes traces) in the Precordillera and Western
Sierras Pampeanas (modified after Ragona et al. 1995). Main outcrops of Miocene igneous rocks are represented

by grey dots. The shaded area indicates the study area from Figure 2. (b) Map from (a) where tectonic fabric elements
have been discriminated using a chromatic scale according to their orientation. Different domains (I, II, III) and sectors
(A, B, C) recognized from the chromatic analysis are shown, as well as the two main localities with Miocene igneous
rocks mentioned in this work (Hu, Hualilan; Ne, Cerro Negro de Iglesia). It is observed that Miocene igneous rock

outcrops are restricted to domain I.

the development of the gullies that cross-cut the
range. Likewise, neotectonic activity reported by
Bastias et al. (1984) and Bastias (1985) in the
central block of the Sierra de la Mina as well
as along-strike changes in geomorphological and
structural features suggest strong segmentation of
drainage patterns controlled by these cross-strike
structures (Fig. 2). They not only separate areas
with differences in their drainage networks but
they also represent the watershed in the southern
margin of the basin (Oriolo 2012 and references
therein).

Surveying of brittle—ductile shear zones of cen-
timetre to metre widths affecting the Miocene
dacites reveals the presence of a great number of
steeply dipping structures (Fig. 4a). A three-modal
distribution includes a WNW mean mode with two
subordinated NNE and ENE modes (Fig. 4b). Kin-
ematic analysis of these shear zones is presented
in the following section.

The cross-strike structures that are frequent in
the Precordillera (Fig. 3) are well represented in
the Hualilan area, particularly in the Sierra de la
Mina (Fig. 4). Mesoscopic brittle—ductile shear
zones also support these observations, though the

presence of many oblique WNW to ENE cross-
structures seems to be verified at regional to local
scale in this region.

Kinematic analysis

Measurements of 3D kinematic indicators were
made in brittle—ductile shear zones (Fig. 5) (these
zones defined in the sense of Ramsay & Huber
1987)) developed in Miocene dacites and their
wall-rock following the method described by Japas
et al. (2008). These structures consist of planar
or curviplanar zones of widely distributed defor-
mation that have centrimetre to metre width where
mostly R (Riedel) shears were measured. Scarce
tensional fractures have also been measured. Stat-
istical analysis was performed using the Faultkin-
win 5.0 software (Marrett & Allmendinger 1990;
Allmendinger et al. 2012). This analysis led to
the definition of three kinematic populations
(Fig. 6a—c) on the basis of the clustering of exten-
sion axes (Fig. 6d).

Population A shows kinematic axes (X:147°/09°,
Y:306°/81°, Z:057°/03°) that reflect NE shortening
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Fig. 4. (a) Pole diagram of brittle—ductile shear zones measured in the Hualilan dacites and their wall rock
(GEOrient 9.5.0, Holcombe 2011). Equiareal projection, lower hemisphere, n = 112. (b) Rose diagram showing the
WNW mean mode and the two subordinated NNE and ENE modes (frequency intervals of 2%).

related to a dominant strike-slip deformation
regime (Fig. 6a). Population B exhibits a similar
pattern (X:206°/03°, Y:326°/84°, Z:115°/05°) but
reoriented with a WNW shortening direction (Fig.
6b), while in population C (X:057°/09°, Y:290°/
74°, Z:149°/12°) X and Z axes are inverted respect
to population A (Fig. 6¢).

Mutual cross-cutting relationships suggest that
population A predates population B. Both these
populations represent local kinematics for the
study area during the Andean orogeny and reflect

a change from NE to WNW shortening by Late
Miocene—Pliocene? times. Results obtained for
population C are interpreted as being a consequence
of orogenic relaxation.

Shear zones striking WNW and ENE are sinis-
tral strike-slip structures in population A. A minor
dominantly normal dip-slip is also present. In popu-
lation B, both WNW and ENE-striking zones show
normal dip-slip with sinistral and dextral strike-slip
components, respectively. Likewise, applying cri-
teria from Sanderson & Marchini (1984), low

Fig. 5. (a) Schematic representation of the brittle—ductile shear zone with Riedel (R) shears and tensional fractures (7).
According to Sanderson & Marchini (1984), a &~ 20° and B ~ 45° for strike-slip, whereas both values are lower for
transtensional deformation. (b) Brittle—ductile shear zone with dextral shearing indicated by R shears.

(c) Transtensional brittle—ductile shear zone (sinistral shearing) filled with carbonates.
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Fig. 6. Kinematic diagrams of extension (black) and shortening (grey) axes obtained using Faultkinwin 5.0 (Marrett &
Allmendinger 1990; Allmendinger et al. 2012). The main kinematic axes X, Y and Z are represented. (a) Population A
(n = 41). (b) Population B (n = 16). (c) Population C (n = 8). (d) Extension axes used to define the three different

populations (n = 65, contour interval 2% per 1% area).

angles between the shear zones and tensional frac-
tures developed within them support transtensional
kinematics for cross-strike structures.

Magnetometry
Magnetometric data processing

Aeromagnetometric data were obtained from the
Geological Survey (SEGEMAR, Argentina) data-
base. This information was collected at flying
heights of 120 m, using north—south lines with spac-
ing of 1000 m and with east—west control lines with
spacing of 7500 m. A magnetic anomaly was cal-
culated for the area subtracting the International
Geomagnetic Reference Field (IGRF) at the time
of the acquisition of the data (Blakely 1995). In
order to interprete magnetometric data as the result
of geological and structural features, reduction to
pole and source parameter imaging (SPI) calcu-
lations were made.

Reduction to pole (Baranov 1957) removes the
asymmetry caused by the non-vertical magneti-
zation direction so that the anomaly is relocated
over the source. The presence of anomalies is inter-
preted in relation to high-gradient zones over their

source. First vertical and horizontal derivatives were
calculated over the magnetic anomaly reduced to
pole in order to recognize discontinuities that
could be compared with structural data.

The SPI method is based on the complex
analytical signal theory (Nabighian 1972, 1974,
1984; Roest et al. 1992) applied to determine
the attributes of the signal. The local wavenumber
k is calculated considering the amplitude and
phase of the analytical signal, and the algorithm pro-
posed by Blakely & Simpson (1986) led to the
calculation of k maximum values. These k values
reflect the contacts between different units and
the inverse of k is an estimate of the depth of the
magnetic source, which is related to high-gradient
zones that reflect contacts between different
lithologies.

Lithomagnetic domains and lineaments

Lithomagnetic domains were defined on the basis
of significant variations in magnetic field param-
eters, such as intensity and gradient of the field
and the geometry of magnetic anomalies. High-
gradient zones can be related to the presence of
contacts between different units, fractures or faults
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so that definition of areas of homogeneous
magnetic signature led to the recognition of two
lithomagnetic units. In this area, the map of the
magnetic anomaly reduced to pole (Fig. 7a) reveals
a regional variation from NNE to SSW. Magne-
tization decreases to the SSW with a minimum
located at the latitude of the Hualilan swamp. Like-
wise, many anomalies of high magnetization
(>76 nT), short wavelength (1-5km) and high
amplitude (>300nT) are concentrated in two
well-defined areas. The first one is located in the
northwestern corner and corresponds to the Cerro
Negro de Iglesia area whereas the second cluster
is placed in the Hualilan district. Contrasting mag-
netic properties between Miocene igneous rocks
cropping out at both localities and their sediment-
ary wall rock could satisfactorily explain these
anomalies, allowing the recognition of two litho-
magnetic domains (Fig. 7b).

Magnetic lineaments were identified on the
basis of the horizontal derivative from Figure 7c,
though the vertical derivative exhibits a similar
pattern (Fig. 7d). Two main groups can be defined
according to their orientation (Fig. 7b). The first
group consists mainly of NNE lineaments that can
be locally oriented in a north to NNW direction.
They are continuous along-strike and cross-cut
the variation of the regional magnetic field recogni-
zed from a NNE to SSW direction (Fig. 7a). In
contrast, the second group includes WNW to ENE
lineaments, with those of WNW being more fre-
quent. Locally, these oblique lineaments seem to
cross-cut the NNE to NNW features.

There is high correlation between the surface
structural data described in the section ‘Tectonic
fabric analysis” and the magnetic lineaments. NNE
to NNW lineaments can be interpreted as the
result of the main Andean thrusts that made up the
Precordillera fold-and-thrust belt while the WNW
to ENE lineaments could be related to oblique
structures with strike-slip displacement. Those litho-
magnetic domains defined as Miocene igneous
rocks are located where both sets of oblique linea-
ments are present. These units are distributed along
a major WNW lineament similar to that which
cross-cuts the northern Sierra de la Invernada
(Fig. 2). A blind thrust, WNW and ENE lineaments
and several subsurface igneous bodies can also be
recognized below the Holocene deposits in the
Pampa de Hualilan (Fig. 2).

Source parameter imaging (SPI)

The map of k maximum values and calculated
depths is shown in Figure 8. Wide NNE domains
of high density k values can be observed region-
ally. However, strong oblique segmentation of
these domains also occurs and gives rise to along-

strike differences between high and low density
areas of k.

NNE domains show good correlation with
the main NNE to locally NNW lineaments defined
by vertical and horizontal derivatives, while the
major WNW to ENE lineaments previously defined
seem to control the oblique segmentation. It is
notable that those lithomagnetic domains repre-
senting volcanic and subvolcanic rocks show few
k maximum values. These results will be discussed
in the following section (see Discussion).

Estimated depths show values mostly up to 3 km
despite the presence of some areas with depths
between 3-5km. Rarely, data from more than
5 km depth are also present. Along-strike differ-
ences in depth can be observed in the NNE
domains and they could be related to the oblique
lineaments. According to the c. 15 km depth esti-
mated by Allmendinger et al. (1990) and Cristal-
lini & Ramos (2000) for the detachment level
of the Precordillera fold-and-thrust belt, results
obtained here with the SPI method suggest that
structures recognized in the Hualildn area could be
developed within a pre-Miocene basement.

Discussion

Relationship between cross-strike structures
and Miocene magmatism

Studies related to cross-strike structural discon-
tinuities have mostly focused on their role as bar-
riers that halt major fault segments and fault
propagation during seismic rupture (Pizzi & Gala-
dini 2009; Lin et al. 2011). However, their relation-
ship with magmatism has been poorly constrained
(Pohn 2000; Tavarnelli et al. 2004).

Despite the scarcity of detailed works referr-
ing to structural controls on Miocene magmatism
in the Andean flat-slab segment, many authors
have already mentioned the role of WNW to NW
structures during Cenozoic localization of magma-
tism in other regions of the Central Andes. This rela-
tionship has been probed in the Puna by Ré et al.
(2001), Riller et al. (2001), Chernicoff et al. (2002)
and Petrinovic et al. (2005, 2010). Contributions
from Urbina er al. (1995, 1997), Sruoga et al.
(1996), Sruoga & Urbina (2008), Urbina & Sruoga
(2009) and Japas et al. (2010, 2011a, b) have
demonstrated the link between a WNW to NW
transtensional belt and the emplacement of Mio-
cene—Pliocene magmatic arc rocks (Tertiary Vol-
canic Belt of San Luis) during the migration of
magmatism associated with the Pampean flat-slab
in the Sierras Pampeanas foreland.

Regional tectonic fabric analysis within the
Precordillera suggests the presence of WNW to
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Fig. 8. Lithomagnetic domains and lineaments (modified from Fig. 7b) with estimated depths obtained from source

parameter imaging (dots).

NW cross-strike structures in three different areas
(Fig. 3b) already recognized by Ré ef al. (2001).
They represent steeply dipping brittle—ductile shear
zones that develop at different scales (see ‘Structure
of the Hualilan area’). Both field relationships and
regional observations show that ENE structures
are subordinate to those of WNW.

Lithomagnetic domains and lineaments recog-
nized in Figure 7b reveal the presence of two
areas where oblique lineaments and Miocene igne-
ous rocks are both concentrated. Both localities
are linked by some major WNW lineaments, as
shown in Figure 7b, and are aligned in a WNW—
NW direction. These results are in agreement
with structural data and confirm the existence of

cross-strike structures below the Holocene deposits
in the Pampa de Hualilan, supporting proposals
from Oriolo (2012) and Oriolo et al. (2012) based
on geomorphological studies.

SPI solutions are mostly aligned with NNE
lineaments (Fig. 8). Therefore, they are interpreted
to represent NNE Andean thrusts. Cross-strike
structures are only locally defined by alignments of
SPI solutions, although WNW and ENE lineaments
give rise to strong NNE along-strike segmenta-
tion in their grouping and depths. Differences
between first derivatives (Fig. 7b) and the SPI
method (Fig. 8) regarding the presence of cross-
strike structures can be explained by their orien-
tation. They are mostly subvertical structures that
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cannot be detected easily by the SPI method because
of their steep dips (Fig. 4a).

Areas with scarce SPI solutions could be the
result of the presence of a sedimentary cover.
However, they could also be explained by the pres-
ence of several cross-strike structures (Figs 2 & 7b)
and the small dimensions of Miocene igneous
bodies, which are also well grouped, because these
could give rise to interference patterns that would
overcome the method resolution.

The geological, structural and geophysical data
listed above led to the definition of the presence of
WNW and subordinated ENE cross-strike struc-
tures in the Central Andes. These may have con-
trolled the emplacement of Miocene magmatism
migrating into the foreland due to the flattening
of the slab, as field relationships and structural
observations have shown. Magmatism could mig-
rate along WNW cross-strike structures whereas it
could be emplaced where WNW and ENE features
are both present. Despite being dominantly strike-
slip structures, minor normal dip-slip kinematic
analysis would give rise to the local extension
required for volcanic output (Acocella & Funiciello
2010). Moreover, approximately east— west-trending
mineralized veins genetically related to Neogene
magmatism in the Hualilan area were described by
Pelichotti (1976) as supporting local extension.
WNW-trending half-graben described by Costa &
Cortés (1993) and the WNW transtensional volcanic
belt defined by Japas er al. (2010) in the Sierras
Pampeanas (Fig. 1a) also support the kinematics
presented herein.

Cross-strike structures in the study area indi-
cate the presence of the Hualilan Belt (Oriolo
et al. 2011; Oriolo 2012), which is equivalent to
the Talacasto lineament previously defined by Ré
et al. (2001) and which represents the structural
control of the Miocene Central Volcanic Belt of
the Precordillera (Oriolo 2012). Based on similar
relationships (Fig. 3b), the presence is also pro-
posed, of two other equivalent WNW sinistral
transtensional belts controlling Miocene volcanic
emplacement in the Precordillera that could be
coincident with domain I, sectors A and C (Fig. 3b).
This is more evident at 29°45’'S where WNW to
NW structures and magmatic rocks were documen-
ted by Chernicoff & Nash (2002).

The brittle—ductile nature of cross-strike
structures could be explained as the result of the
Rebinder effect (Karpenko 1974) and hydraulic
fracturing that could give rise to strain softening
due to the presence of magmatic fluids and ther-
mal activation. However, Hindle & Vietor (2005)
suggest that deformation of cross-strike structures
is distributed over wide zones made up of minor
structures but they do not link these features to the
presence of magmatism.

Temporal and kinematic evolution of
cross-strike structures

Field data suggest that magmatism and the main
tectonic activity of WNW to ENE structures have
taken place after the main uplift of the Andean
thrusts as Pelichotti (1976) and Oriolo (2012) had
previously suggested. Ages between 9 and 6 Ma
obtained from other volcanic and subvolcanic rocks
from the Precordillera (Kay & Mpodozis 2002) are
consistent with this proposal. This supports the
relationship between oblique structures and mag-
matism already mentioned (see ‘Discussion’).

The regional variation of the magnetic field from
a NNE to SSW direction and cross-cutting relation-
ships with those magnetic anomalies interpreted as
thrusts (Fig. 7b) suggest a probable ‘inherited’
nature of the highly oblique lineaments. Analogue
modelling and gravimetric data considered by
Oriolo (2012) and Oriolo et al. (2012) have also sup-
ported this hypothesis. Likewise, analogue models
from these authors have demonstrated that cross-
strike structures do not develop unless they rep-
resent pre-existing crustal fabrics but they reactivate
after the main shortening in orogenic along-strike
structures has occurred. According to results
obtained by the SPI method (see ‘Source param-
eter imaging (SPI)’), these structures must be
located mostly at depths up to 5 km so they can be
developed in a pre-Miocene basement. Moreover,
WNW structures in the Hualilan area could be
associated with the Pie de Palo Norte lineament,
located between the Sierra de Pie de Palo and the
Eastern Precordillera (Fig. 1b). Using seismic
data, Zapata (1998) has described the lineament as
a steeply dipping sinistral strike-slip flower struc-
ture in the Bermejo valley that causes left-lateral
offsets of Tertiary units in the Eastern Precordillera
(Milana 1990).

Siame et al. (2005) have provided kinematic
data that demonstrate a regional west—WNW short-
ening for the Precordillera that gives rise to almost
north-striking folds and thrusts that have devel-
oped since Late Miocene times. On the other
hand, kinematic results obtained in this study (see
‘Kinematic Analysis’) reveal that cross-strike struc-
tures show a strong component of strike-slip displa-
cements. Siame et al. (2005) have also proposed
a clockwise reorientation of kinematic axes in the
Precordillera that could have begun between 5
and 2.5 Ma; their proposal is also supported by
data obtained in this work (see ‘Kinematic Analy-
sis’). This reorientation can be restricted to the
Late Miocene—Pliocene? for the study area, as the
temporal relationship between magmatism (9 to
6 Ma according to Kay & Mpodozis 2002) and its
structural controls suggests (activation of cross-
strike structures since c¢. 9 Ma post-dating the main
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tectonic activity of thrusts; see Oriolo 2012 and
references therein). Therefore, kinematics showing
minor extension associated with cross-strike struc-
tures obtained in Hualilan are local and resulted
from the reactivation of ancient structures during
an Andean transpressional regime in the Precor-
dillera (Siame et al. 2005). These results are signi-
ficantly different from regional ones but they are
consistent with the regional Andean deformation.
The similar reorientation pattern between both
local and regional kinematic axes (Siame et al.
2005) also supports this idea.

Conclusions

The data presented in this paper have led to an
increased understanding of the kinematics and
development of cross-strike structures in the study
area and its regional framework:

(1) The presence of cross-strike structures in the
Precordillera is confirmed. They represent
WNW  brittle—ductile belts with sinistral
strike-slip displacements and are probably the
result of reactivation of pre-existing crustal
fabrics during the Andean orogeny. Particu-
larly, the Hualilan Transtensional Belt is
defined for the study area.

(2) Cross-strike structures represent the main
structural control in the emplacement of
Miocene magmatism migrating into the fore-
land due to the Andean flat-slab subduction.

(3) Kinematics of cross-strike structures show
mostly strike-slip displacements in spite of
approximately north-striking thrusting and
folding observed at regional scale, though
they are all consistent with regional Andean
transpressional deformation. Moreover, the
regional clockwise reorientation of kinematic
axes has also affected the local pattern of
deformation since Late Miocene—Pliocene?
times.
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