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ABSTRACT

At the northwestern portion of the Tandilia System, a detailed structural analysis on the Precambrian
sedimentary units exposed in the quarries of the Olavarria-Sierras Bayas area was carried out. These units
exhibit deformational structures of several scales, from centimeters to hundreds of meters. The hundreds
of meters scale involves E-W- and NW-SE-trending normal faults and NW-SE- and NE-SW-trending
contractional folds. The centimeters to meters scale involves veins, joints, normal faults, shear frac-
tures and stylolites, with a prevailing ~ E-W to NW-SE trend. All these structures were formed by two
major tectonic events. The first was the folding event at ~580 Ma, with NNE-SSW to NE-SW and NW-SE
direction of contraction. The second was the extensional faulting event, given by the widespread NNE-
SSW-directed extension event during the Atlantic Ocean opening (Jurassic-Cretaceous). Both major
events would have been controlled by the reactivation of basement anisotropies. These major tectonic
events controlled the deformation of the Precambrian sedimentary cover of the Tandilia system, leading
to an economically important aspect in the mining development of the Olavarria-Sierras Bayas area.

Precambrian

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The Tandilia System is characterized by its long and complex
geological history. Main studies come from the sedimentological
and chronostratigraphic analysis of the Neoproterozoic sedimen-
tary cover and from the structural and petrological analysis of the
basement (Teruggi and Kilmurray, 1975, 1980; Iniguez Rodriguez
et al,, 1989; Dalla Salda et al., 1988; Dalla Salda and Dalziel, 1993,
2006; Poiré et al., 2007, 1989; Poiré and Spalletti, 2005; Gémez
Peral et al., 2007; Arrouy et al., 2015). These studies led to many
authors to figure out different geodynamic interpretations that
have been proposed for the southwest Gondwana configuration
(Cawood, 2005; Goscombe and Gray, 2008; Gaucher et al., 2008;
Trindade et al., 2006; Rapela et al.,, 2007, 2011).

Regional-scale structural studies, mainly on the igneous-
metamorphic basement (Buenos Aires Complex; Dalla Salda et al.,
1988), suggest a basement fault-block deformation, preserving
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the Precambrian stratigraphy in the downthrown blocks (Iniguez
Rodriguez et al., 1989). Structural studies on the sedimentary
cover are local and scarce, but they allowed to differentiate defor-
mational events in the area (Massabie et al., 2008; Rossello et al.,
1997; Massabie and Nestiero, 2005).

At the Olavarria-Sierras Bayas area, located at the northwest of
Tandilia System (Fig. 1a—b), the Precambrian sedimentary cover has
been preserved. This sector constitutes one of the most important
mining areas of the Buenos Aires province, and the scattered
quarries become key places to carry out field studies.

Given that detailed structural surveys are scarce in this area,
being this a helpful tool in the understanding of the tectosedi-
mentary evolution of any region, the aim of this work is to go into
detail about the deformational processes that the Olavarria-Sierras
Bayas area underwent, by means of the description and interpre-
tation of the multi-scale deformational structures and its rela-
tionship with the major tectonic events that happened at the
southwest Gondwana margin.
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Fig. 1. Location of Tandilia System and the study area. a) Tandilia System in the Rio de La Plata craton, Argentina. b) Study area near Olavarria city, as a part of the Tandilia System.

(Iniguez Rodriguez et al., 1989; Modified after Iniguez, 1999; Gomez Peral et al., 2007).

faults marked in dotted lines.

2. Geological setting

Tandilia System (Ndgera, 1940) is a northwest-southeast
trending, 350 km-long, 55 km-width (at its central part)
orographic belt, located at the center of Buenos Aires province
(Fig. 1Ta—b), with maximum height of 500 m a.s.l.. Tandilia System
belongs to the Rio de la Plata Craton (CRP) (De Almeida et al., 1973,
1976, 2000; Cingolani and Dalla Salda, 2000), which along with
other continental blocks formed the southwest part of the

¢) Location of the study area and the distribution of the quarries. Master faults and internal

Gondwana continent (Bossi and Cingolani, 2009). The basement
rocks (Buenos Aires Complex; Marchese and Di Paola, 1975) are
mainly granitoids, orthogneisses and migmatites, with U-Pb
SHRIMP zircon ages of 2440—2668 Ma (Cingolani et al., 2002) and
Sm-Nd age of 2.6 Ga (Pankhurst et al.,, 2003). The basement is
overlaid by the ~500 m-thick Neoproterozoic sedimentary succes-
sions (Iniguez Rodriguez et al., 1989; Poiré and Spalletti, 2005;
Gomez Peral et al.,, 2007; Arrouy et al., 2015, Fig. 2), which are
the Sierras Bayas Group (SBG) and La Providencia Group (LPG).
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Fig. 2. Representative stratigraphic column of the Sierras Bayas and La Providencia
Groups (modified from Arrouy et al., 2015).

Available geochronological data for the Sierras Bayas Group are
sparse and somewhat controversial. Detrital zircon ages were re-
ported by Rapela et al. (2007), Gaucher et al. (2008) and Cingolani
(2011), being the age of 1150 Ma the youngest one (Rapela et al.,
2007). The age of Loma Negra Formation is also controversial.
Gaucher et al. (2005) suggested a 542—550 Ma age by the occur-
rence of a possible Cloudina. Gomez Peral et al. (2007) dated this
formation in ~580 Ma, considering 313C and 87Sr/86Sr combined
trends. Regarding to La Providencia Group, Arrouy et al. (2016)

describe typical morphs of Aspidella (related to the 560-550 Ma
White Sea Assemblage; Waggoner, 2003) in the Cerro Negro For-
mation. These units are exposed in the southernmost outcrops of
the Rio de la Plata Craton and have been correlated with units from
Uruguay (Arroyo del Soldado Group; Gaucher et al., 2005), from the
Brazilian states of Parand and Sao Paulo (Acenolaza and Ciguel,
1987) and with the South African Nama Group (Dalla Salda, 1982
and Gaucher et al., 2005).

Structurally, the basement was affected by large NE-SW-
trending faults, with horizontal slip of several kilometers (Teruggi
et al., 1973; Dalla Salda et al., 2006).

2.1. Study area

The study area is located at the Olavarria-Sierras Bayas area
(Fig.1c), where the structures that affect the Precambrian basement
and sedimentary cover are exposed in several quarries. This area is
limited by the above mentioned NE-SW-trending fractures, and it is
internally divided into three blocks, separated by NW-SE-trending,
vertical faults (Iniguez Rodriguez et al., 1989). These blocks are
commonly named as northern, central and southern blocks
(Fig. 1c). This work is focused in the central block (Fig. 1c), where La
Cabanita, El Polvorin (both property of Cementos Avellaneda S.A)
and La Alcancia quarries are located. Neighboring quarry fronts
from the northern and southern blocks were taken into account in
order to make this work more accurate.

3. Methods

Field work was carried out at the central block of the Olavarria-
Sierras Bayas area, within the El Polvorin, La Cabanita y La Alcancia
quarries (Fig. 1c). In this quarries, detailed geological mapping was
done, along with stratigraphic and structural surveys. Stratigraphic
data comprise the delimitation and classification of formation
contacts, formation thickness and bedding orientation (dip direc-
tion/dip used as notation). Structural data comprise fracture studies
at multiple scales. Large-scale faults were delimited regarding the
mapped stratigraphic contacts by means of wells and scattered
outcrops, given that the exposure of these structures is very poor.
Minor-scale faults were studied on outcrops, regarding its type,
geometry, size, orientation and description of the fault zone.
Outcrop-scale fractures were studied regarding its type, geometry,
orientation and cross-cutting relationships.

Subsurface data were obtained from wells located throughout
the area. Surface and subsurface data were integrated using
Geographical Information System (GIS) software, allowing the
construction of maps and structural profiles. Structural data were
analyzed by means of stereographic software (equiangular net,
lower hemisphere for planar data. Equiareal net, lower hemisphere
for linear data; Marshak and Mitra, 1988).

4. Results

In this section we present a description of the structures that
affected the Neoproterozoic sedimentary cover of the Olavarria-
Sierras Bayas area at the central block (Fig. 3). We start by
describing the large-scale structures and continue with the more
detailed structures at the different quarries. These structures are
folds, normal faults of different scales, joints, veins and stylolites.

4.1. Folds
Folds are best exposed at the eastern sector of the central block

(Fig. 3a). Geological mapping allowed us to define NW-SE-trending,
up to 3 km-long, anticlines and synclines with 500—600 m of
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Fig. 3. a) Geologic map of the central block. b) Structural profile comprising the graben
structures.

wavelength and an inferred low-plunging fold axis, according to
the scarce outcrops and the subsurface data. Few measures on fold
limbs in Loma Negra Formation give dip values of 15°, indicating a
gentle folding style of SBG. An isolated NE-SW-trending, gentle-to-
open anticline affecting the Loma Negra Formation was measured
at El Polvorin quarry (Fig. 3a). This fold has a subhorizontal fold axis
and an axial trace of 200 m.
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Fig. 4. a) Detailed map of the El Polvorin quarry. See map references in Fig. 3a. b)
Southern normal fault (view to the south). The translucent schematic fault plane (with
attitude symbol) separates the Loma Negra Formation (lower front view) from the Villa
Monica Formation (back). Loma Negra Formation (LN), Villa Ménica Formation (VM).

4.2. Large-scale normal faults

Large normal faults were mapped at the western sector of the
central block (Fig. 3a). These faults delimit downthrown blocks in
which the upper part of the Neoproterozoic cover are preserved,
describing a graben type geometry. These grabens are the El Pol-
vorin and La Cabanita quarries (Fig. 3b). El Polvorin quarry is limited
by two E-W-trending, subvertical faults (Fig. 4a). The northern fault
put the Olavarria Formation in contact with the Loma Negra For-
mation and the southern fault put the Loma Negra Formation in
contact with the Villa Monica Formation (Fig. 4b), indicating that
this latter fault has a larger thrown. In the downthrown block
(quarry), the Loma Negra Formation dips to south. La Cabanita
quarry is located 1500 m south of El Polvorin quarry (Fig. 3a). This
quarry is limited by two NW-SE-trending subvertical faults,
resembling the graben geometry (Fig. 5). The Olavarria and Loma
Negra formations and the La Providencia Group are exposed in the
downthrown block, in which bedding dips 20°—30° to south.

Hundreds of meters-scale subvertical normal faults were
observed affecting both groups (Fig. 5c¢). The graben shoulders
expose the Olavarria Formation to the north and the basement to
the south (Fig. 5b), indicating a larger thrown for the southern fault,
similar to the El Polvorin quarry.

4.3. Mesoscale fractures

Within each quarry, the Loma Negra Formation holds a fracture
pattern that includes mainly extensional fractures such as meters-
scale normal faults, veins and joints, and to a lesser extent,
contractional features as shear fractures and stylolites.

4.3.1. La Cabanita quarry

At La Cabanita quarry, mostly ESE-WNW-trending extensional
fractures were identified in Loma Negra, Avellaneda, Alicia and
Cerro Negro formations (Fig. 6e). Commonly found in the Loma
Negra Formation, ESE-WNW-trending, 0.5 to 10 cm-wide, upright
veins are the main mesostructure (Fig. 6a), sometimes with an en
echelon geometry. To a lesser extent, ENE-WSW-trending upright
veins are also found. These non-stratabound upright veins are tens
of meters-high, with an inferred length equal or larger than the
height. The minimum observed spacing is 1-2 m (Fig. 6a). Bed-
parallel stylolites of the Loma Negra Formation (Gomez Peral,
2006) are cut by the ESE-WNW- and the ENE-WSW-trending
veins, and at the same time, these veins are truncated by the
bed-parallel stylolites (Fig. 6a).

Joints exhibit heights of 3 m or more, in a non-stratabound
fashion. These are vertical fractures with several trends, from NE-
SW to NW-SE and NNW-SSE (Fig. 6a). Joints often cut veins, thus,
they are relatively younger than veins. These joints were measured
in the Loma Negra Formation, but they are common to all units.

Meters to-tens of meters-scale normal faults are observed in the
Loma Negra, Avellaneda, Alicia and Cerro Negro formations
(Fig. 6b—d). These faults strike E-W to ESE-WNW and dip to NNE
(Fig. 6), thus subparallel to the southern main fault that limits the La
Cabanita quarry.

4.3.2. El Polvorin quarry

At the El Polvorin quarry, veins, joints, shear fractures and sty-
lolites are found (Fig. 7), with scattered exposures. The strikes of
these mesostructures are varied, but three main directions prevail
as shown in Fig. 7a. The ESE-WNW to NW-SE-trending fractures are
mostly veins, similar to those of La Cabanita quarry (Fig. 7b).
The ~ N-S-trending fractures are mostly upright, few millimeters-
wide veins and joints. Other ~ N-S-trending fractures are thick
(up to 3 cm), upright veins that exhibit en echelon segments along
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Fig. 5. a) Detailed map of the La Cabanita quarry. See map references in Fig. 3a. b) Southern normal fault. The Cerro Negro Formation (CN) bended in the contact with the basement
(view to the south; note that the profile view is oblique to the strike of the structures). c) Normal faulting in the interior of the quarry.

its trace, showing dextral shear. These are named here as shear
veins (Fig. 7c). The third group on fractures comprises ENE-WSW-
trending, upright thin veins (Fig. 7e) and carbonate-filled frac-
tures with dextral displacement of few centimeters (Fig. 7d). These
fractures are also referred as shear veins although they look
different in appearance to the previous described. Cross-cutting
relationships indicate that these fractures are younger than the
~N-S-trending ones. Locally, few ENE-WSW- and ESE-WNW-
trending, high-angle to bedding stylolites were measured
(Fig. 7f). Some veins are cut by these stylolites, indicating that
stylolites are younger than veins.

4.3.3. La Alcancia quarry

In this quarry the Olavarria Formation crops out. In this unit, few
meters-scale, E-W-trending, south-dipping normal faults with few
meters of slip were observed (Fig. 8).

5. Discussion

The Neoproterozoic sedimentary cover of Tandilia exhibits
deformational structures that provide an insight on the processes
that took place during the geological evolution of the region in
Precambrian times.

The described structures comprise different scales as well as
extensional and contractional tectonic regimes. The hundreds of
meters-scale structures involve normal faults and contractional
folds. The centimeters to meters-scale structures involve exten-
sional structures as veins, joints and normal faults, and contrac-
tional mesostructures as shear fractures (“shear veins”) and
stylolites.

As it is described in the previous section, the multi-scale
structures as a whole have common orientations that are
repeated all over the area. Thus, it is possible that subparallel
structures that represent the same strain have been formed by a

common event of deformation. In this way, the structures could be
grouped as follows: The ~ N-S-trending dextral shear veins, the
ESE-WNW-trending, high-angle to bedding stylolites and the large-
scale NW-SE-trending folds suggest a NNE-SSW- to NE-SW-
directed contraction (Fig. 9a), whereas the ENE-WSW-trending
shear veins, the ENE-WSW-trending stylolites and the NE-SW-
trending fold (El Polvorin quarry) suggest a ~NW-SE-directed
contraction (Fig. 9b). On the other hand, the ENE-WNW- and ESE-
WNW-trending veins (La Cabanita quarry), the ESE-WNW- to NW-
SE-trending veins (El Polvorin quarry) and the E-W- to NW-SE-
trending normal faults suggest a ~NNE-SSW-directed extension
(Fig. 9c).

Regarding to contractional or shortening-related tectonic
regime, the best expression in the area are folds. NW-SE-trending
folds prevail over the NE-SW-trending folds in the SBG. Moreover,
the NW-SE-trending synclines have preserved the Loma Negra
Formation in the fold troughs, so this fold system represents a type
of structural control over the quarries (Figs. 1c and 3a). Both fold
systems could be correlated with the second-order folds described
by Massabie and Nestiero (2005) in the Sierras Bayas area (located
at the northern block). Although in the central block the folds are
not interfered, the angle between the trends of both fold systems,
which is 70°—75°, is similar to the angle of interference described
by Massabie and Nestiero (2005), supporting the suggested corre-
lation. Given that evidence of folding in the LPG was not found, the
age of folding event could be restricted to ~580 Ma (inferred age for
Loma Negra Formation; Gomez Peral et al., 2007), possibly linked to
the Gariep-Saldania orogeny (520—580 Ma; Goscombe et al., 2005).
According to Massabie and Nestiero (2005), folding would have
been controlled by the reactivation of basement anisotropies with
NE-SW- and NW-SE-strike. These basement anisotropies would be
the B and C structural domains, respectively, described by Teruggi
et al. (1973) and Dalla Salda et al. (1988). Reactivation of base-
ment anisotropies that produce folding is a common process in
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Fig. 6. Mesostructures (centimeters to meters-scale) in the La Cabanita quarry. a) Upright veins. Dotted line marks the bedding. Veins stereoplot (left) and joints stereoplot (right) at
the lower right corner. Detailed photograph of stylolites-veins relationship (lower right corner). b) Normal fault in La Providencia group. Fault planes stereoplot in the lower left
corner. Cerro Negro Formation (CN), Alicia Formation (Al), Avellaneda Formation (Av). ¢) Normal fault in Loma Negra Formation. Fault planes stereoplot in the lower left corner.
Detailed photograph the fault plane at the upper right corner. d) Normal faulting affecting both Sierras Bayas and La Providencia groups. Loma Negra Formation (LN), Avellaneda
Formation (Av). e) Contour plot (left) and rose diagram (right) of the mesostructures as a whole (veins, normal faults, joints) in the La Cabanita quarry. Note the prevailing ESE-WNW

trend.

inverted areas all over the world, where basement-involved folds
are produced (Narr and Suppe, 1994; Mitra and Mount, 1998; Paul
and Mitra, 2012; among others). Although parallelism between
basement structural domains and fold trends is evident, the folding
style in the area do not resembles to those of basement-related
ones. Thus, one possible inference is that folding on the sedimen-
tary cover could have been produced little before than basement
block movements, helped by some detachment of the underlying
clay unit (Olavarria Formation). Nevertheless, there is no evidence
of such processes in the area, thus this hypothesis remains
inconclusive.

Considering that the fold systems and the shear veins indicate
similar shortening directions (Fig. 9b—c), the same deformational
event is interpreted as responsible of both types of structures. Ac-
cording to the cross-cutting relationships of the shear meso-
structures (ENE-WSW-trending shear veins cut the ~N-S-trending
veins; Fig. 7d), the ~NW-SE shortening (which would produce the

NE-SW-trending folds) would be the younger event. Massabie and
Nestiero (2005) suggest that both fold systems could have formed
during one solely event or in two separate events of deformation.
Although our data could suggest separate events, this remains
inconclusive given the scarce data.

The extensional tectonic regime is represented in the area by
several extensional structures of different scales of deformation.
The hundreds of meters-scale normal faults, which delimit the
quarries, represent a graben geometry, with the downthrown block
tilted to S-SE (Fig. 3b). These faults or grabens would represent a
second type of structural control over the quarries. As well as the
fold systems, faults are parallel to the E-W- and NW-SE-trending
structural domains (named A and C, respectively; Teruggi et al.,
1973; Dalla Salda et al., 1988). These faults are interpreted to be
part of an N-S to NNE-SSW-directed extension phase, in which the
basement was involved in the deformation (Fig. 5b). Given the fact
that the LPG was affected by the extensional event, this faulting
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Fig. 7. Mesostructures (centimeters to meters-scale) in the El Polvorin quarry. a) Contour plot (left) and rose diagram (right) of the mesostructures as a whole (veins, shear fractures,
joints) in the El Polvorin quarry. b) NW-SE-trending upright veins. Schematic strike plot in the lower left corner. ¢) NNW-SSE-trending dextral shear vein. Detailed photographs of
the shear sense of movement are in the left corners. Schematic strike plot in the lower right corner. d) ENE-WSW-trending shear vein displacing ~ N-S-trending upright veins.
Schematic strike plot in the lower right corner. e) Opening ENE-WSW-trending vein cutting older veins. Schematic strike plot in the lower right corner. f) Example of the ENE-WSW-

trending, high-angle to bedding stylolite. Schematic strike plot in the lower right corner.

process must be younger that Ediacaran (estimated age for the
Cerro Negro Formation of LPG; Arrouy et al., 2016). Two first-order,
post-Ediacaran events of deformation has been described in Buenos
Aires province: a Permo-Triassic contractional event related to the
origin of the Ventania System (Cobbold et al., 1991; Von Gosen
et al,, 1991; Rossello et al., 1997; Sellés-Martinez, 2001; among
others), and the Jurassic-Cretaceous extension event related to the
Atlantic Ocean opening and the development of the Salado and
Colorado basins (Zambrano, 1980; Uliana et al., 1989).

During the Permo-Triassic contractional event, a NE-SW short-
ening vector is suggested in Ventania and Tandilia systems,
developing local transpression leading to thrust and strike-slip

faulting (Rossello et al., 1997; Massabie and Nestiero, 2005;
Massabie et al., 2008). Although it is known that inside of a
transpressive shear zone local extension could occur (e.g.
Sanderson and Marchini, 1984), it is not possible to link the
extensional structures (grabens) in the central block to a trans-
pressive system, given that there is no strong evidence about the
strike-slip movement on the NE-SW-trending master faults that
delimit the three blocks (see Fig. 1c). Another fact is that the NE-SW
contraction vector is oriented subparallel to the master faults,
which imply a minimum shear component (e.g. Fossen, 2010).
Therefore, the grabens of the central block, which indicate an
important N-S to NNE-SSW-directed extension, are interpreted as a
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Fig. 8. Normal faults affecting the Olavarria Formation in the La Alcancia quarry. Fault
planes stereoplot in the lower right corner. Upper Olavarria Formation (Ol up), Lower
Olavarria Formation (Ol Low).

explanation. Nevertheless, these veins could be formed (with
slightly changes in strike) during the whole deformation of the
area.

6. Conclusion

Based on the structural analysis carried out in the Olavarria-
Sierras Bayas area (central block), a chronology of structural and
tectonic events that affected the sedimentary cover of Tandilia
System is proposed. In summary, the deformational events and its
related structures can be described as follows:

1) Some ENE-WSW- and ESE-WNW-trending upright veins are
formed during Loma Negra Formation burial, along with the
bed-parallel stylolites. Estimated age: ~580 Ma.

2) Folds, shear fractures (shear veins) and high-angle to bedding
stylolites are formed during a contractional event, possibly
linked to the Gariep-Saldania orogeny, in which basement an-
isotropies were reactivated. Approximated shortening direction
would be NNE-SSW to NE-SW and NW-SE, according to the ki-

-

stylolite

~

7

a b c
SHORTENING SHORTENING EXTENSION
'\I'-\' shear vein __-:/5"' shear vein x veins

" stylolite

folds X fold

——

AN

meters-scale
normal faults

hundred of
meters-scale
normal faults
———

N

Fig. 9. Schematic structures grouped according to the related tectonic regime and direction of strain (contraction and extension). See text for details.

product of the widespread extension event during the Atlantic
Ocean opening, in which the E-W and NW-SE basement structural
domains were reactivated in the central block. This interpretation is
consistent with the proposal of Massabie et al. (2008) in which
breccias of the SBG outcropping in the northern block are ascribed
to this extension event.

Small-scale fractures related to extension are common struc-
tures in the Earth's crust and could be formed by several processes
(Pollard and Aydin, 1988). As well as the contractional meso-
structures were related to the folding event, the extension ones are
still inconclusive. Regarding to the ESE-WNW- and the ENE-WSW-
trending upright veins and the bed-parallel stylolites seen at the La
Cabanita quarry, the cross-cutting relationship could indicate that
these mesostructures were coeval, both formed during the burial
and vertical compaction (i.e. before the folding event). Sellés-
Martinez (1994) has a similar interpretation, suggesting that all
these veins are hydraulic fractures formed during diagenesis. On
the other hand, given that the ESE-WNW-trending upright veins
are subparallel and are spatially related to the meters-scale normal
faults, they could also be interpreted as being part of the same
extension event of deformation (i.e. Atlantic Ocean opening). Thus,
these veins are controversial, being both processes a possible

nematic of mesostructures and the trend of both fold systems.
Estimated age: 520—580 Ma.

3) Meters-to hundreds of meters-scale normal faults, and possibly
new ESE-WNW-trending upright veins, formed by an N-S to
NNE-SSW-directed extension. This event is correlated with the
widespread Atlantic Ocean opening during Jurassic-Cretaceous
times.

Finally, it is confirmed that the present morpho-structural
configuration of Tandilia System included a series of deforma-
tional events that acted on an episodic way from Precambrian times
until the Mesozoic, in which the reactivation of basement anisot-
ropies played a key role during its complex tecto-sedimentary
evolution.
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