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Abstract

Investigations into the Andean orocline revealed a counterclockwise rotation
of about 37° in the north and a clockwise rotation of about 29° in the south.
This rotation would have started in the Eocene because the Nazca and South
American plates converged. The transition zone between the Puna and the
Sierras Pampeanas has a clockwise rotation pattern. Our new data show that
the NE convergence of the Nazca and South American plates caused the
counterclockwise rotation around the NW end of the Sierras Pampeanas. The
temperature rise during a magmatic activity at 13 Ma would have favored a
counterclockwise rotation of the mountain blocks of about 20° on a detach-
ment zone within 10 to 15 km of depth. These range rotations generated local
stress tensors trending NE and NW, facilitating the development of valleys,
basins, mineralized dikes, mineral deposits, and alluvial fans separated from
their origin. The Atajo fault shows both ductile and brittle characteristics. A
mylonitic belt from the Sierra de Aconquija was juxtaposed on the rocks of
the Ovejeria Block and the Farallén Negro Volcanic Complex by reverse ver-
tical displacement, and a dextral horizontal component of displacement re-
sulted in curvatures that gave rise to pull-apart basins and step over features.
The Santa Maria Valley, Campo del Arenal, Hualfin Valley, and Pipanaco salt
flat most likely constituted a vast early Miocene basin rarely interrupted by
low feature relief.
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1. Introduction

The study area is at the northwest end of Argentina’s Sierras Pampeanas, on the
continental edge of the retro arc, on the 150 - 175 km depth lines of the Wadat-
ti-Benioff zone [1], where the Farallon Negro Volcanic Complex gave rise to
porphyry Cu-Au and epithermal Au deposits (Mn, Ag, As, Pb, Zn) (Figure 1
and Figure 2). Given the depth of the Wadatti-Benioff zone, most seismic foci
occur between 150 and 300 km deep, with others occurring less frequently be-
tween 70 and 150 km deep (Figure 2).
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Figure 1. (a) Argentina’s location in South America and an indication of paleomagnetic

rotations. (b) Regional scheme of the Sierras Pampeanas, NW Argentina, and study area
location. SZ: Study zone. SP: Sierras Pampeanas. CCR: Counterclockwise rotation. CR:
Clockwise rotation. CD: Copiap6 Ridge. JFR: Juan Fernandez Ridge. The white lines indicate
the trajectories of the ridges. SSA: Sierras Subandinas. Cv: Las Cuevas Range. CC: Cumbres
Calchaquies. H: Hualfin Range. Ac: Sierra de Aconquija. MM: Dorsal Mujer Muerta. Fm:
Famatina. F: Fiambald Range. Am: Ambato Block. G: Guasayan Range. V: Velazco Range.
An: Ancasti Range. VF: Valle Fértil Range. Ch: Chepes Range. Ab: Ambargasta Range.
PP: Pie de Palo Range. Cb: Sierras de Cérdoba. Ha: La Huerta Range. SL: San Luis Range.
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Figure 2. Simplified geologic map showing the study area in the context of the Wadatti-Benioff plane’s

depth lines and the position of the seismic source points and their magnitudes. QR: Quilmes Range. AR:
Aconquija Range. CVEN: Farallon Negro Volcanic Complex. FR: Fiambald Range. CP: Cerro Pampa. BR:
Belen Range. AV: Ampujaco Valley. CA: Campo de Andalgala. CB: Campo de Belén. VR: Velazco Range.
Red triangle: reverse fault. Red arrow: transcurrent fault.

The continental sector of South America, east of the Andes, is characterized
by north-south shortening, possibly caused by a collision with the Caribbean
plate, which would have initiated the Andean orocline in an east-west compres-
sion tectonic scheme [2]. The Andean orocline [3] is of the secondary type, in-
volving both the crust and the lithospheric mantle [4], and is characterized to
the north by a counterclockwise rotation of about 37° (Figure 1(a)) (the Pera
orocline) and to the south by a clockwise rotation of about 29° (Figure 1(a))
(the Arica orocline), which would have begun in the Late Eocene because of the
convergence of the Nazca and South American plates [4] [5] [6] [7]. Magneto-
stratigraphic and paleomagnetic data from Cretaceous and Neogene rocks in the
transition zone between the Puna and the Sierras Pampeanas (Hualfin-Santa
Maria) demonstrate a clockwise rotation pattern [8] [9]. Dextral strike-slip along
the transition zone between the Puna and the Sierras Pampeanas is demonstrat-
ed by structural studies [10] [11] [12]; however, this transition was interpreted as
counterclockwise when morphotectonic expressions and paleomagnetic data
were considered [13] [14] [15]. The clockwise rotation pattern in northern
Chile’s Andes (Precordillera and Cordillera Frontal) extends up to 29°S, indi-
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cating that the Incaic deformation, which began in the Paleogene, ends at this la-
titude [15].

From a spatial standpoint, the Sierras Pampeanas feature an extended mor-
phology with an NNW strike, which contrasts sharply with the Andean chain’s
NS strike (Figure 1). At the Sierras Pampeanas, ranges with NS, NNW, and
NNE strikes are separated by extensive sedimentary basins and mega fractures
with dextral and sinistral horizontal displacement, resulting in a counterclock-
wise rotation of the smaller mountain ranges [13] [16] (Figure 1). The Ambato
Block is a crustal element that experienced counterclockwise horizontal rotation
of the mountain ranges and was displaced to the east by plate convergence in the
Cenozoic, with its rotation center in the north, colliding against the Sierra de
Aconquija [17] [18] [19].

Our research contributes to the knowledge of the neotectonic deformation of
large mountainous blocks formed above shallowly inclined subduction zones
and its relationship with intense magmatic activity (Figures 1-3). We demon-
strate the counterclockwise rotation of this set of mountain ranges, which col-
lided with the Sierra de Aconquija because of plate convergence and had to ro-
tate counterclockwise to accommodate the deformation. The thermal weakening
of the crust caused by magmatic ascent favored counterclockwise rotation. Dur-
ing this tectonomagmatic process, transcurrent faults with vertical displacement
components were formed to accommodate range uplift, intramontane basins
were formed, magmatism and associated minerals were produced, and alluvial
fans were separated from their riverbeds.

The mountain ranges (Cerro Pampa, La Ovejeria, del Venado, Talayacu, Car-
rizal, and Algarrobal) that we call the Ovejeria Block are separated from the
Sierra de Aconquija by the Atajo fault (Figure 3). During the evolution of the
volcanic complex, the mineralized dikes were formed and oriented from NE to
NW. Connecting some fluvial and sedimentary processes with typically asso-
ciated geoforms (for example, alluvial fans) is impossible because tectonic

processes unlinked them.

2. Regional Geology

The Sierras Pampeanas is between 27° and 33°LS, where the Nazca plate sinks
beneath the continent at low angles of 5° to 10° [20], reaching a length of around
750 km from the oceanic trench. The Nazca plate subducts at a greater angle
north of 27°S [20], indicating a period of oblique convergence trending NE in
the Cenozoic [21] (Figure 1). According to [22], the Sierras Pampeanas were
separated from the Puna. The Pampean horizontal subduction zone is most
likely caused by two simultaneous collisions of aseismic mid-ocean ridges; the
Copiap6 ridge could control the northern limit of the flat subduction zone, while
the Juan Fernandez ridge controls the southern boundary [23] (Figure 1).

The interaction of the Nazca plate has been linked to the deformation of the
Andean foreland and the counterclockwise rotation of the Sierras Pampeanas
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Figure 3. Geological map of the study area. RQ: Recent sedimentary deposits. FQ: Foothill deposits, Quaternary. ALP: Alluvial
fan, Lower Pleistocene. SN: Sedimentary rocks, Neogene. FNN: Farallén Negro Volcanic Complex, Neogene. SPg: Sedimentary
rocks, Paleogene. GrOS: Granito Capillitas, Upper Ordovician - Lower Silurian. BmPC: Metamorphic basement, Upper Precam-
brian - Lower Cambrian. 1: Mineralized dikes (8.59 - 5.95 Ma). 2: Mylonitic belt. 3: Lineaments. 4: Transcurrent fault. 5: Syncline.
6: Anticline. 7: Reverse fault. 8: Normal fault. 9: Natural dam. 10: Blind fault. F14: Figure 14 location.

about a vertical axis [1] [13] [20]-[30]. The tectonic forces that deform a region
act on crust with preexisting inhomogeneities and specific physicochemical
properties, which are influenced by temperature, which enables quartz plasticity
[31] [32], and magmatic heat supply to weaken the rocks [33] [34] [35]; favoring
the development of ductile shear zones at 10 - 15 km depth [36] [37].

The Sierras Pampeanas’ thick-skinned basement uplift as a rise in brittle-ductile
subterranean decollements caused by the thermal weakening of the crust asso-

ciated with the eastward migration of arc magmatism [27]. Planar subduction of
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the Nazca plate beneath the South American plate during the Miocene exhumed
igneous-metamorphic basement blocks in the Andean foreland, where the Sier-
ras Pampeanas form through basement displacement involving high-angle re-
verse faults that likely cut through the entire crust [38] [39]. Previous research
developed various models to link foreland deformation to the thermal structure
and mechanical properties of the South American lithosphere [40], the geometry
of subducted plates [10] [41] [42], and previous stratigraphic and structural in-
homogeneities [43] [44].

The geological map of Capillitas [45] includes the research area. The Suncho
Formation’s metamorphic rocks, which date from the Late Precambrian to Early
Cambrian, are the oldest [46]. In the Late Ordovician to Early Silurian, the widely
dispersed Granito Capillitas rocks [47] intruded into the metamorphic rocks
[48] [49]. A mylonitic zone about 1000 meters wide stretches along the eastern
edge of the Atajo fault from Cerro Atajo to the Amanaos range in the south [50]
(Figure 3). Northwest of Cerro Atajo, the Atajo fault disposes metamorphic
rocks over Cenozoic sedimentary strata. South of Cerro Atajo, the Las Vizcachas
fault lays mylonitic rocks upon metamorphic rocks [51] (Figure 3). The granitic
and metamorphic rocks are discordantly overlain by Paleogene continental se-
dimentary rocks that were intruded by Farallon Negro Volcanic Complex rocks
[47], on which Neogene continental sediments were later deposited [45] [47]
[52] [53] (Figure 3). The Farallén Negro Volcanic Complex’s dominant extru-
sive rocks are volcanic-tuffaceous andesitic breccias (purple and polymictic
breccias) composed of poorly stratified dacitic and basaltic hornblende-pyroxene
andesite breccias with a grey, violet-grey, or greenish-grey matrix [52].

Intrusive rocks and dike swarms have specific names (Dacita Arroyo Alum-
brera, Andesita El Durazno, Diques Cerro El Durazno, Riolita Las Casitas, An-
desita La Chilca, Diques El Aguila, Dacita Agua Tapada, Riodacita Macho
Muerto, and Riolita Los Leones) based on their specific characteristics and em-
placement age, dated by 40 Ar/39Ar methods between 12.56 Ma and 5.9 Ma [54]
[55].

A detailed analysis of the stratigraphy and geometry of the Cenozoic sedi-
mentary basins of the surrounding region was carried out [56]. They interpreted
that the initial Paleogene fill, comprising the Hualfin and Saladillo formations,
appears associated with asymmetric depocenters controlled by normal faults.
The El Morterito Formation is like the Calchaquense-Araucanense Formation
and is Miocene in age because of the presence of fossil vertebrates [57]. It was
deposited on the igneous-metamorphic basement [49]. Red banks deposited by
fluvial systems were included in the Hualfin Formation (Eocene - Early Mi-
ocene?) and primary clastic, volcaniclastic, and intercalated volcanic deposits in
the Faralléon Negro Volcanic Complex (Upper Miocene - Pliocene) [58]. On the
eastern slope of Cerro Pampa, lacustrine deposits like the San José Formation
(Miocene) that crop out in the Santa Maria Valley were found and characterized.

While there is no evidence that the Parana seaway flooded the promontory in
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Argentina’s Sierras Pampeanas during the Miocene, the period of climate change
that resulted in lake deposit is possible [59]. The Ampujaco Valley and the
southern end of the Venado range were characterized as having ancient alluvial
fans offset by faults [60]. Conglomerates, gravels, and sands containing volcanic
rock components and sandy and silty eolian deposits represent the Quaternary
[56] [61]. On the western edge of the Velazco range, thick alluvial fans of the Las
Cumbres Formation were discovered and attributed to the Early Pleistocene [62]
[63] [64]. The presence of fossil dacipodid plates found in the lacustrine layers
confirms the Pleistocene age of these deposits, which are correlatable with the
conglomerates of the Guanchin Formation [64] in the Bolsén de Fiambala [65]
[66]. These northwestern Sierras Pampeanas conglomerates are associated with
the apex of the ascent of mountain blocks such as the Punaschotter [61] [64].
The Las Cumbres Formation and the Guanchin Formation conglomerates can
be associated with the Yasyamayo Formation conglomerates in the Santa Maria
Valley [67], which range in age from 2.9 to 1.5 Ma [68] [69].

3. Tectonic Scheme

International research on the central Andes’ morphotectonic evolution used
various methods and data to develop regional shortening directions and kine-
matic models. Four successive Andean deformational events were determined
for the region [70]. A model of the upper crust comprising diamond-shaped
domains with differential horizontal displacements along their edges caused by
NW and ENE shortening was proposed [71]. Changes toward shortening have
been dated in the Puna between 9 Ma [72] and 4 to 1 Ma [73] and continue into
the Pleistocene [25] [74]. The Eastern Cordillera’s curved structures and vertical
uplifts were attributed to NS-oriented stress components generated by oblique
shortening during Miocene-Pliocene deformation [75]. Based on surface and
subsurface studies, the decoupling surface from where the basement blocks of
the eastern Andean edge rise on one or both of their flanks has been explained in
a variety of ways that place it at depths of 25 km and 10 to 15 km [22] [76]-[80].
The deformation and uplift of the sierras most likely began around 13 Ma [24],
with significant uplifts occurring in 7.6 - 6 - 4 - 2.97 - 0.6 Ma and after 630 BP
[68] [81] [82] [83] [84] [85]. Since roughly 9 Ma, the Sierra de Aconquija has
experienced similar uplift, ~4 - 5 km, and 6 - 8 km exhumation [86]. The evolu-
tion of the El Cajon-Campo del Arenal basin from an initially undeformed state
as of 11 Ma was described by [87]. The basin’s internal deformation began at 6
Ma, along with the exhumation of the northern Quilmes range. By the middle
Pliocene, the Quilmes range’s total uplift had separated the El Cajon-Campo del
Arenal basin from the Santa Maria basin. The Farallon Negro Volcanic Complex
(Figure 3) is located to the north of the studied area and is bordered to the east
by the Atajo fault. It has an elliptical geometry with a major axis strike to the
NW, and its current morphology is because of the collapse of a volcanic struc-

ture that reached a height of around 6 km [53]. The elliptical geometries of the

DOI: 10.4236/0jg.2023.135018

351 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.135018

A. A. Gutiérrez et al.

cartographic features of the Bajo La Alumbrera deposit and the Cerro Galan
volcanic caldera, according to [44], are related to Andean deformation and serve
as kinematic indicators.

The earthquake focal mechanisms and fault geometries in the research area
and neighboring regions indicate NE and NW significant stress orientation [10]
[88] [89] [90] [91]. The presence of normal faults with strike-slip components in
the Bajo La Alumbrera deposit indicates NE extension before 6.75 Ma [55]. The
dikes and subvolcanic intrusions of the Farallén Negro Volcanic Complex were
deposited in a structured pattern with a preferential NE strike at the beginning
of the volcanic activity. The later shift to an NW strike, between 8.59 and 5.0 Ma,
because of deformation rotation in this direction resulted in the formation of
porphyry copper and epithermal deposits [29]. In the Vis-Vis ravine, south of
the La Ovejeria range, a caldera-shaped structure was discovered, associated with
the Miocene volcanism of the Farallén Negro mining district [92] (Figure 3). A
folded belt 100 to 200 km wide that extends from the north end of the Precordil-
lera to the Santa Barbara System is limited by the Salta and Tucuman lineaments
and evidence an NNE compression [30]. In this belt, the Neogene and Quater-
nary tectonic evolution of the Ampujaco valley, among others, was produced by

the reactivation of preexisting structures [14].

4. Methods

The primary source of data and the fundamental work methodology comes from
the interpretation of satellite images. The visual interpretation of ASTER (Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer) [93], LANDSAT
(Satellite for ground monitoring), SENTINEL (Satellite missions of the Euro-
pean Space Agency), and SRTM (Topographical Radar) [94] [95] satellite images
were used to analyze tectonic morphology and interpret morphotectonic processes.
These photos were also used to create thematic cartography. The geometry of the
morphology adopted by the mountains, the layout and geometry of the major
faults and the lineaments, the geometries of the forms originated by the faults,
the morphologies adopted by the products of the superficial processes, and their
relations with the tectonic processes are interpreted. The morphotectonic fea-
tures of the region might be analyzed, and tectonic deformation processes could
be explained using these tools. They also functioned as a location for identifying
kinematic indicators and measuring structures to describe the tectonic processes
that produced the contemporary landscape. Field data were collected over sever-
al years during campaigns, generating 193 measurements of fractures and faults,
101 measurements of schistosity planes in metamorphic rocks, 27 measurements
of stratification planes in Tertiary sedimentary rocks, 31 measurements of pseu-
do stratification planes in volcanic rocks, and 31 measurements of bedding
planes in Quaternary conglomerates. These data were analyzed using the Ste-
reonet v11 software [96] [97] to determine the most common population orien-

tations that respond to a state of local effort.
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5. Results
5.1. Current Morphotectonic Scheme

The NE strike compressive shortening associated with Andean tectonic move-
ments [89] [90] acts on the morphological landscape dominated by the NS
orientation. In the Sierras Pampeanas, continental deformation from north to
south is associated with the Juan Fernandez Ridge [41] [98].

During the Cretaceous, extensional processes that created rift basins influ-
enced the retro arc zone. Neogene and Quaternary tectonic activity in the study
area may also have evolved by reactivating some previous structures associated
with the Cretaceous rift, as in adjacent regions [19] [85]. The previously uplifted
terrain favored the development of reverse faults, transcurrent faults, and mag-
matism [14]. In the northern part of the La Ovejeria range, the Farallén Negro
Volcanic Complex [52] formed between 12.5 and 5.1 Ma [55] (Figure 3).

A reverse fault uplifted the mountain on one of its edges during the Pliocene
[22]. During the Quaternary, Andean compressive tectonics also produced ex-
tensive and transpressive processes that shaped current morphologies, seg-
mented and redirected Andean tectonics, and modified the drainage networks
[13] [17] [18] [19] [85] [99].

5.1.1. Morphostructure

The study area is between Sierra de Aconquija in the east and Sierra de Fiambala
in the west (Figure 1 and Figure 2). To the north is the Hualfin-Las Cuevas
ranges. It is bordered to the northeast by Campo del Arenal and to the south by
the Belén, Andalgal4, and Pipanaco salt flats (Figure 2 and Figure 3). The Fiam-
bald, Hualfin - Las Cuevas range tilt northwestward due to reverse fault displace-
ment along their eastern edges and are separate from the study area by the Hualfin
Valley (Figure 3 and Figure 4). The Fiambald range strikes the NNE and is se-
parated from the Hualfin range by the Ampujaco dextral fault. The Hualfin and
Las Cuevas range strike the NE; they are displaced by the Atajo dextral fault
(Figure 3 and Figure 4). The Hualfin Valley extends southwards between the
Fiambald and Cerro Pampa and between the Belén range and Cerro Pampa
(Figure 3 and Figure 4).

1) Ranges and hills: The Atajo fault is a regional structure that falls on mor-
pho-structural units that suffered deformation during Andean tectonism. The
ranges to the east of the Atajo fault form the southern foothills of the Sierra de
Aconquija (Cerros Atajo and Huyaco and the Capillitas, Santa Barbara, Yaco-
chuyo, and Amanao ranges) (Figure 4). The Cerro El Durazno is a remnant
promontory of the Farallon Negro volcano’s cone, which was cut by the Atajo’s
fault. Scars on the Cerro Atajo show the sliding and collapse of its SW flank,
which accounts for at least 1/4 of its surface. Cerro Huayco has a triangular
morphology, with the western side connecting to the eastern edge of the La
Ovejeria range (Figure 3 and Figure 4).

The Ovejeria Block and the Faralléon Negro Volcanic Complex are west of the

DOI: 10.4236/0jg.2023.135018

353 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.135018

A. A. Gutiérrez et al.

5

‘. Campo

. Las Cuevas
Range

66°30"

Campo

Nacimientos
del Arenal

de Arriba

27°10"

La Escalera
Cerro

El Durazno Jor

N

&

7
.
el %
o
Cl
Campo =
Tampa-Tampa

Cenro
Huayco

Cerro
Farallén Negro Atajo
Yolcanii; Complex
G,
%,
2,
c?o S
% ‘ZNQ‘\“"
BN g
Ve"e"\‘a o
LA S“I\Cho va“ey

Campo
Vis. Vis
Quemado

Campo de’
Andalgala

Seale 1:500.000

oo Alluyial rEa s
'g?e Be!én ‘3“ il Kilometers

Figure 4. Current morphotectonic scheme of the study region. Structures are marked with red lines. The
blue lines are indicators of place names. 1: Black cut line with hatched and oval shape indicates the Fa-
rallén Negro caldera. 2: Transcurrent fault. 3: Reverse fault. 4: Normal fault. VVR: Vis-Vis River.

Atajo fault (Figure 3 and Figure 4). The Farallon Negro Volcanic Complex, lo-
cated north of the La Ovejeria range, was formed between 13 and 5 Ma because
of the magmatic activity in the area. This volcano may have reached a height of
6000 m [54] and produced vein-like Au (Mn, Ag, As, Pb, Zn) and Cu-Au por-
phyry mineral deposits [52]. The volcano’s caldera is oval in morphology with
an NW strike and covers about 166 km?, but the volcanic deposits span a wider
area (Figure 3).

The La Ovejeria range is 24.5 km long, 7 km wide, and 3100 meters above sea
level. It is made up primarily of metamorphic rocks. The Venado range is 45.4
km long, 23.6 km wide, and rises 2700 m a.s.L. It is almost entirely composed of
granitic rocks. The Belén range-Cerro Pampa is 57.4 km long and 16.6 km wide,
and its northern end reaches 3200 m a.s.l. (Figure 3). The Carrizal and Algar-
robal ranges are separated by the Talayacu River south of the Venado range,
which the La Agiiita River separates. The Carrizal range is approximately 14 km
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long, and the Algarrobal range is about 22 km long. The Carrizal and Algarrobal
ranges and Quemado Hill form a block of NE strike made of granitic rocks about
40.5 km long and 14 km wide (Figure 3).

2) Valleys and fields: The Ampujaco valley extends with an NNE strike be-
tween the Venado range to the east and the Cerro Pampa to the west; at its wid-
est point, it reaches 8 km in length (Figure 5(a)). This valley connects to the
narrower Suncho valley to the north, which strikes E-W and separates the Ove-
jeria and Venado ranges, through which the Suncho River flows into the Ampu-
jaco valley (Figure 3, Figure 4, and Figure 5(a)).

The Tampa-Tampa (to the north) and Vis-Vis (to the south) fields are located
on the western edge of the Atajo fault and occupy areas of 8.6 km* and 6 km?,
respectively. These fields were identified as caldera structures associated with
mineralized zones [52] [91] [92] (Figure 3 and Figure 4).

3) Alluvial fans of the Ampujaco Valley: On the eastern flank of Cerro Pampa,
alluvial fans have distinct morphologic characteristics that distinguish them
from others nearby. They were identified as the second level of the area (Figure
5(a)). Half-buried remains of alluvial fans, between 4 and 6 km long and up to 2
km wide, can be found to the south of the Ampujaco river valley, similar to those
found on Cerro Pampa’s eastern flank (Figure 3 and Figure 5(a)). One of these
piedmont deposits (Figure 5(a)) comprises sandstone from the base to the top,
with intercalated lenticular conglomerates and matrix support. Passes into finely
stratified conglomerates near the top, with a predominance of metamorphic,
granitic, and volcanic clasts. The distal zone of the fan was eroded, leaving
5-meter-thick terraced levels.

This deposit is covered laterally by poorly sorted conglomerate facies,
load-bearing clast with a fine matrix, and gravel-sized clasts of granitic, metamor-
phic, and scarcely volcanic composition; the blocks are more significant. Current-
ly, the morpho-structural landscape of the Sierras Pampeanas is represented by
mountain ranges and blocks, which are divided into smaller mountains with
different orientations., sub-angular, approximately 50 cm in diameter, and pre-
dominantly granitic, compared to the underlying fan. The conglomerate disap-
pears in the distal zone, to the north, beneath a stratified conglomerate at the
base (35°NW dip), in contact with the Paleogene sediments (very cohesive
orange-brown sandstones with a 58°W dip of the strata) (Figure 6(a)).

There is a sedimentary sequence about 11 meters thick, of stratified green-
ish-yellowish pellets (35°NW dip), with concretions (Figure 6(b)), south of the
outcrops in Figure 5(a), below the cenoglomeratic-conglomeratic sequence,
which can be correlated with the San José Formation [100] of the Santa Maria
Valley because of their lacustrine characteristics [60].

We can interpret from the various dips of these sedimentary units that a blind
reverse fault, which is verging to the east, produced the plunge to the west on the
geomorphic surface of the terraced levels of the alluvial fans (Figure 6(c)).

4) Alluvial fans of the Algarrobal range: An alluvial fan with a surface area of
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Figure 5. (a) Map showing the distribution of the alluvial fans in the Ampujaco valley
and the eastern edge of the Algarrobal range. It is possible to distinguish four levels of the
alluvial fan. The location of Figure 6 and Figure 7 are indicated on the map. A: Profil
line. (b) Statistical diagrams of the fractures and faults poles in Schmidt’s equiareal net-
work, lower hemisphere. These fractures were measured in the Ampujaco valley. Colors
reflect pole density; red: higher density. PR46: Provincial route N° 46. In Figure 7 loca-
tion, neotectonic faults are generated in the foothills, and these faults raise the tectonic
morphology of the alluvial fans. The new faults have a different orientation and dip than
the Chafiaryaco fault and are generated far from the main fault (see details in Figure
7(a)). The Chafaryaco reverse fault disposes of the conglomeratic layers with a dip to the
NE (see detail in Figure 7(b)).
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Figure 6. Location in Figure 5. (a) The reactivated external fault is blind, but it is evident because it affects Paleogene sedimentary
rocks, reddish-brown color (DDD, 273°/58°) and consolidated Quaternary conglomerate (Q2: DDD, 275°/35°). QI: fluvial sedi-
ments and Quaternary terrace deposits. (b) San José Formation, Neogene (35° NW dip) affected by the blind fault. (c) Topo-
graphic profile to show the Pampa faults and another blind fault in the foothills that provides for the westward dip of alluvial fan

deposits and Paleogene sediments. Green line: geological contact.

12,500 m? is represented by a geoform with an E-W strike at the southeast end of
the Algarrobal range; the fan’s apex is at the height of approximately 1200 m
a.s.l. and is partially impacted by the Chafiaryaco reverse fault (Figure 3 and
Figure 5(a)). The northern end of the deposit, which corresponds to Level 1 of
the regional alluvial fans, is crossed by the Cuesta de Belén (PR46) (Figure 5(a)).
The remains of alluvial fans like the one described and others that correspond to
the second level can be seen to the north and along the same flank of the range
(Figure 5(a)). The alluvial fan of the Cuesta de Belén has a typical morphology.
It has a raised relief and a wavy geomorphologic surface dissected by the drai-
nage network, indicating intense erosion. Faults divide the fans in the middle
section to the north (Figure 5(a)). The fan mainly comprises conglomerate,
generally well-selected and cohesive, load-bearing clasts, gravel-sized and iso-
lated blocks up to 1.5 meters in diameter. The matrix is sparse near the foothills
and more abundant in the distal and lateral facies; bedding is tabular parallel
(DDD, 095°/55°), sloping towards the base and nearly horizontal towards the
top (Figure 7(a)). The clasts are rounded to subrounded in shape, spherical,
subprismatic, and discoidal in shape. They comprise lithic fragments of grey and

pink granite, porous volcanic, and a few metamorphic clasts [60].
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Figure 7. Location in Figure 5(a). (a) Stratigraphic sequence that alternates between
banks of thick, rounded conglomerates (the stratification is indicated by the yellow line:
DDD, 095°/55°), with layers of coarse, brown, friable sandstone, with abundant sheets of
gypsum. The reverse fault (indicated by the red line: DDD, 118°/55°) brings the sandbar
into contact with the upper conglomerate bank. The fault plane is about 3 m thick. (b)
View of the alluvial fan made up of rounded pebbles (the yellow line indicates the strati-
fication: DDD, 133°/48°). The Chafaryaco reverse fault disposes of the conglomeratic
layers with a dip to the SE. The conglomerates that form the alluvial fan are arranged on
granite rock. The contact between the Quaternary deposits is indicated with a green line:
Q1, conglomerates of the alluvial fan, older; Q2 river sediments.

Conglomerate deposits in some areas are on a granitic basement or in contact
with undifferentiated Cenozoic rocks, such as brown, friable sandstones rich in
gypsum (Figure 7(a)). A continuous level of fault breccia with a 118°/55° orien-
tation (DDD), about 50 cm thick, is observed in the contact between the latter
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(Figure 7(a)). Its surface geomorphology and conglomeratic composition differ
significantly from the adjacent fans (Levels 3 and recent). Levels 3 and recent are
modern alluvial deposits with a flat geomorphologic surface and rich sandy-silty
supporting matrix (Herazo et al., 2017). An alluvial fan (Level 1) with smaller
dimensions can be seen northeast of the Cuesta de Belén, but it is heavily con-
solidated on granite rock (Figure 5(a) and Figure 7(b)). This fan offsets the
Chanaryaco reverse fault, which gives the conglomerate layers a solid tilt to the
southeast (DDD, 133°/48°) and is far from the mountain front (Figure 5(a) and
Figure 7(b)).

The alluvial fans at the SE end of the Algarrobal range and the southern end of
the Ampujaco River, which correspond to levels 1 and 2 (Figure 5(a)), are geo-
forms unrelated to the elements that were necessary for their formation (such as
the raised relief at its head, the source area of the materials, transport drainage,
etc.), which managed to accumulate these volumes of rock that are currently
strongly consolidated and in an advanced erosion stage. The alluvial fans de-
scribed have a high relief, coarse granular composition, deep dissection from
surface drainage, and are impacted by faulting. The younger alluvial fans (Level
3 and current level) (Figure 5(a)) have less dissected and fault-free reliefs, which
starkly contrast with this. The age of the alluvial fans at Levels 1 and 2 is believed
to be between the Pliocene and Pleistocene.

5.1.2. Structures

1) Atajo fault: The reverse vertical component of the Atajo fault, which has an
NNW strike and measures about 69.5 km in length (Figure 3, Figure 4, and
Figure 8(a)), dips 60° and 80° to the east. Granitic and mylonitic rocks are dis-
placed over Cenozoic sedimentary rocks in the northwest region of Cerro Atajo
and over volcanic rocks of the Farallon Negro Volcanic Complex (Figure 3 and
Figure 9(a)). The displacements between the Hualfin - Las Cuevas and La Ove-
jeria - Cerro Huayco ranges (Figure 3, Figure 4, and Figure 8(a)) demonstrate
that it also has a component of dextral horizontal movement.

According to [52] and [91] [92], the Tampa-Tampa and Vis-Vis basins are
caldera structures with associated mineral deposits (Figure 3). We can interpret
that displacement along the Atajo fault produced releasing and restraining bends
by analyzing the geometry and morphology of the fault from satellite images,
field data, and the morphologies of the Tampa-Tampa and Vis-Vis basins con-
nected to mineralized zones (Figure 8(a)).

The Tampa-Tampa and Vis-Vis basins are linked to the releasing bend zones,
while the western edge of Cerro Huayco is linked to the restraining bend zone
(Figure 8(a)). Northwest of Cerro Atajo, on the northeast edge of the volcanic
caldera, is where you will find the Tampa-Tampa field (Figure 8(a)). It is about
8.6 km? in size, and the faults overlap by about 4 km (Figure 8(a)). The Vis-Vis
field, south of the La Ovejeria range, is elongated, covers a surface area of 6 km?,
and has faults that overlap by about 4.5 km (Figure 8(a)). The Atajo fault

created a 4.2 km long restraining stopover between the edges of the La Ovejeria
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Figure 8. (a) Morphotectonic map of the study area. The regional structures, the volcanic
caldera, the mineralized dikes with different orientations, and the main mountain ranges are
shown. F9a: Figure 9(a) location. F9b: Figure 9(b) location. F10: Figure 10 location. F11:
Figure 11 location. 1: Transcurrent fault. 2: Reverse fault. 3: Normal fault. BED: Bajo El
Durazno. BLA: Bajo La Alumbrera. VVR: Vis-Vis River. SLF: San Lucas Fault. LVF: Las
Vizcachas Fault. Mineralized dikes: RL-MV: Los Leones Rhyolite and mineralized veins (5
Ma). DMM: Dacita Macho Muerto (5.95 - 6.14 Ma). DAT: Agua Tapada Dacite (7.39 Ma).
CED: Cerro El Durazno (8.10 - 8.59 Ma). (b) and (c) Statistical diagrams of geological frac-
tures and faults poles in Schmidt’s equiareal network, lower hemisphere. Colors reflect pole
density; red: higher density.

range and Cerro Huayco (Figure 8(a)). The La Ovejeria range included the
Cerro Huayco. To make the dextral displacement of the Cerro Huayco, the Atajo
fault split the northeastern end of the La Ovejeria range, tilting the regional foli-
ation in the metamorphic rocks that make them up towards the west, in the La

Ovejeria range, and to the east, in the Cerro Huayco (Figure 3 and Figure 8(a)).
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Figure 9. Location in Figure 8 and Figure 10. Photographs illustrating the vertical and
transcurrent behavior of the Atajo and Las Vizcachas fault. The dotted and cross circles
indicate the dextral horizontal movement of the fault. The shape of people is the scale of
the outcrop. (a) Granitic rocks thrust on Neogene sediments through the Atajo fault. (b)
Mylonitic rocks thrust on metamorphic rocks along the Las Vizcachas fault. The thick-
ness of the fault gouge is observed. (c) Image from the lower right corner of figure (b);
secondary conjugate fractures are observed showing dextral horizontal displacement of
the fault.
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grams of geological fractures and faults poles in Schmidt’s equiareal net, lower hemisphere. Colors reflect pole density; red: higher

density.

The Farallén Negro Volcanic Complex’s eastern boundary is also divided by
the Atajo fault, and the Cerro El Durazno is a volcanic cone remnant of the NE.
The measured fault planes on the Atajo fault strikes to the NW and NNW, re-
spectively, west of the Cerro Atajo and Cerro Huayco, indicating a close rela-
tionship with the main trace of the fault and its geometry (Figures 8(a)-(c)).
The Atajo fault would have been vital in causing the volcanic caldera to collapse
(Figure 8(a)).

2) Las Vizcachas fault The Las Vizcachas fault measures roughly 15 km (Figure
8(a) and Figure 10(a)). The fault occupies the central zone approximately 3 km
wide, where other structures have the same strike on its side (Figure 10(a)). The
stereonet software represented 27 measurements of the fault zone in Schmidt’s
net, lower hemisphere [95] [96] (Figure 10(b)).

Satellite images clearly show the curved nature of this fault, as well as its general
NW strike and dextral horizontal displacement. It forms the boundary between

Cerro Atajo and Cerro Huayco to the east (Figure 9(b)). It enters the Farallon
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Figure 11. Positive flower structure of the Las Vizcachas dextral fault.

Negro volcano’s caldera to the northwest, offsetting and cutting the Atajo fault
(Figure 8(a), Figure 9(c), and Figure 10(a)). The secondary conjugate struc-
tures accompanying it confirm de dextral horizontal displacement (Figure 9(c)).

There are zones of both transtension and transpression in the horizontal shear
zones. “Palm tree structures” are typically compressional structures with convex
geometry [101]. The fault also caused the NE end of the La Ovejeria range to
split apart, creating a narrow valley home to the Jejenes river and only 3 km long
and 180 m wide (Figure 10(a)). The field’s most definitive evidence is the posi-
tive flower geometry produced in the metamorphic rocks (Figure 11).

3) Buenaventura fault. The Buenaventura fault, which has a normal displace-
ment and dips 70° to the NNW [101], limits the La Ovejeria range to the north
(Figure 4, Figure 8(a), and Figure 10(a)). Little evidence of displacement of the
fault plane was found in the outcrops, but in the MW23 well located to the north
of it, the basement was found in the subsoil at a depth of 128 m, indicating the
dip and character of the surface of the fault [102].

4) San Lucas fault The San Lucas fault, which is 7 km long, strikes NW, exhi-
bits sinistral displacement, and creates a small pull-apart basin that is 1.14 km?
in size. The basin has an elliptical shape, a 1.7 km length, and a major axis that
strikes NW (Figure 8(a)). This depression contains subvolcanic intrusives rocks
from the Farallon Negro Volcanic Complex [52], which broke through the ig-
neous-metamorphic basement (Figure 3 and Figure 8(a)).

Metamorphic rocks on the western side of the San Lucas fault display a fault
plane (DDD: 267°/52°) (Figure 12(a)) and striations (DDD: 198°/05°) (Figure
12(b)) that are composed of horizontal displacement. The measured fracture

planes in the region preferentially strike in the direction of the San Lucas fault,
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¢) Fractures

Figure 12. See location in Figure 8. (a) Field image of the San Lucas fault, carved in metamorphic rocks. (b) Stria-

tions of the fault plane defining horizontal displacement. S (secondary conjugate fracture) is indicated in the red line.

(c) Lower hemisphere equal area projections of the fractures and faults poles. Colors reflect pole density; red: higher

density. The shape of the people is a reference scale for the outcrop.

which is to the NW (Figure 8(a) and Figure 12(c)). Secondary conjugate frac-
tures are also identified (Figure 12(b)), supporting the claim that the fault has
been displaced sinistrally. Normal faults in this area cut quartz veins in the me-
tamorphic basement (Figure 13).

5) Ampujaco fault. This fault represents a linear tectonic feature with an NW
strike about 30 km long and can be seen in satellite images. It exhibits reverse
vertical displacement components, an SW dip, and dextral horizontal displace-
ment (Figure 3 and Figure 4). Granitic rocks from Cerro Pampa are brought
into contact with rocks from the Farallén Negro Volcanic Complex and meta-
morphic rocks from the La Ovejeria range by this fault (Figure 3). It delineates
the boundary between the Fiambala and Hualfin ranges, which were displaced
by this fault (Figure 3 and Figure 4). At the northwest end of the La Ovejeria
range, the fault plane has an attitude of 240°/80° (DDD) (Figure 3).

6) Belén fault: This NE strike fault is 50 km long (Figure 3 and Figure 4). The
fault creates a small valley (8 km long) bordered to the west by the Belén range
and to the east by the Cerro Pampa by dividing the southern sector of a moun-
tainous block of granitic rocks (Figure 3 and Figure 4). The valley widens to-
wards the Belén field, where the town of Belén is situated and reaches a width of
3.20 km; to the north, it connects with the Hualfin valley, where the fault does
not outcrop (Figure 3 and Figure 4). This reverse fault dips to the west (DDD:
245°/30°); at its northern end, it places granitic rocks on top of Neogene sedi-
ments (Figure 14).

7) Pampa fault: The fault limits the Ampujaco Valley’s western boundary
(Figure 3 and Figure 4). It is a broken, 29 km-long reverse fault that lifts and
tilts the Cerro Pampa to the west (Figure 5(a)). As another reverse fault that
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Figure 14. Outcrop on National Route 40. Location in Figure 3. The Belén fault (DDD,
245°/30°) produces the thrust of granite rocks over the Neogene sedimentary rocks. The
general strike of the fault is NE, but in this area, it marks a break with an NW strike.

raises the stratification planes of Paleogene sedimentation that are orange-brown
(DDD: 273°/58°) and the deposits of alluvial fans formed by highly consolidated
conglomerates, possibly dating to the Early Pleistocene (DDD: 275°/35°), this
fault’s quaternary reactivation is visible 2.4 km to the east of the main fault
(Figure 5(a) and Figure 6). These tectonic morphologies were described by
[103] as outer faults, a byproduct of fault migration, creating a piedmont prom-

ontory between the two faults in tectonically active regions (Figure 6(c)). Some
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fracture planes were measured on the western edge of the Ampujaco valley, in-
dicating a preferential NNW strike (Figure 5(b)). Good examples of faults with
various geometries created in the foothills because of the reactivation of earlier
faults can be found in the Tafi valley [85].

8) Chadaryaco fault. The 39 km long fault strikes in the NE (Figure 3 and
Figure 4). Its morphotectonic expression is seen in the mountainous block of
the Venado, Talayacu, Carrizal, and Algarrobal ranges, as well as Quemado hill,
rising and tilting toward the west (Figure 4). Smaller structures limit the Ta-
layacu, and Carrizal ranges on their eastern edge, tilting them to the west by
verging to the east (Figure 3 and Figure 4). Highly consolidated alluvial fan de-
posits, which make up Level 1 of these deposits in the foothills of this mountain
block, east of the Chafiaryaco fault, are being affected by normal and reverse
structures of recent tectonic. These deposits are thought to date back to the Pli-
ocene-Pleistocene (Figure 7(a)).

The reactivation of the Chafiaryaco fault created these structures. Some have
oblique orientations concerning the Chafaryaco fault’s strike, with a generally
NS strike and opposite dip directions (Figure 7(a)). The 1000-meter-long re-
verse fault La Cuesta (DDD: 118°/55°) tilted the alluvial fan, separating it from
the Algarrobal range and disposing of conglomerate layers with a strong dip to
the east (DDD: 095°/55°) and eroding it (Figure 5(a) and Figure 7(a)). The fault
occurs where the brown sandstone meets the conglomerate deposits that make
up the alluvial fan (Figure 7(b)).

The reactivation of the Chaflaryaco fault also caused the tilting to the east and
dismemberment of another alluvial fan (Level 1, Figure 5(a)) to the north,
where the flank of the Algarrobal range forms a strongly curved inlet, concave to
the east (Figure 5(a) and Figure 7(b)). The height of the counter slope of one of
these residual deposits, which reaches approximately 90 m, can be seen in the
satellite image. This is the product of the fault’s tilting, which resulted in the
conglomerate strata having a strong SE dip (DDD: 133°/48°) (Figure 7(b)).

5.1.3. Mineralized Dikes
The magmatic activity allowed the Farallén Negro Volcanic Complex to form
near the end of the Tertiary, resulting in porphyry copper and epithermal depo-
sits (Figure 3). The dikes and subvolcanic intrusives were emplaced in the vol-
canic complex along a structural pattern that had a NE preferential trend at the
start of the volcanic activity (CED: 8.10 - 8.50 Ma) but later changed to an NW
strike (DAT: 7.39 Ma; DMM: 5.95 - 6.14 Ma and RL-VM) [29] (Figure 8(a)).
The volcanic complex’s internal fracturing also has a preferential NNW to
NW trend (Figure 8(b), Figure 10(b)). The Farallén Negro Volcanic Complex’s
tectonic-magmatic evolution was controlled by the counterclockwise rotation of

the shortening axis [29].

5.2. Statistical Treatment of Structural Data

The statistical diagrams of faults and fractures are represented in Figure 5(b)
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(corresponding to the Ampujaco valley), Figure 8(b) and Figure 8(c) (along the
Atajo fault), Figure 10(b) (representing the zone of Las Vizcachas fault), and
Figure 12(c) (corresponding to the San Lucas fault). In all cases, a preferential
NW strike of the structures is observed.

Schistosity measurements were taken on the Atajo fault, on the Vis-Vis river-
banks, primarily in the La Ovejeria range and Cerro Huayco outcrops. The
schistosity planes strike NW, dipping steeply to the NE and SW (Figure 3 and
Figure 15(a)).

The stratification planes of Tertiary and Quaternary rocks and the pseudo
stratification planes of volcanic rocks were measured on the Atajo fault, on both
banks of the Vis-Vis River, between the volcanic caldera’s eastern edge and Cer-
ro Atajo’s western flank (Figure 3). Subhorizontal NW strike is recorded in all
cases (Figures 15(b)-(d)).

N N

b) Tertiary
stratification

N

¢) Volcanic rocks d) Quaternary
pseudoestratification stratification

Figure 15. Statistical diagrams of the poles of the geological structure in Schmidt’s equia-
real network, lower hemisphere. Colors reflect pole density; red: higher density. (a)
Schistocity planes of the metamorphic basement. (b) Stratification planes of Tertiary se-
dimentary rocks. (c) Planes of pseudo-stratification of volcanic rocks. (d) Quaternary
deposit stratification planes.
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5.3. Recent Tectonic Activity

We discovered neotectonic evidence in the Vis-Vis ravine, the Ampujaco valley,
and the western edge of the Andalgala field (Figure 3 and Figure 5(a)). The de-
posits of terraced Quaternary alluvial fans were raised between 70 and 100 m
above the level of the current river channel at the southern end of the Vis-Vis
river’s left bank, indicating the vertical reactivation of the Atajo fault (Figure 3).
Some of these Quaternary terraces are affected by faults on the banks of rivers
that drain into the Vis-Vis River, indicating recent tectonic activity (Figure 16).

The stratification of the Paleogene and Neogene sedimentary rocks (dipping
58°W and 35°NW, respectively) and Quaternary conglomerate deposits (dipping
35°NW) in the Ampujaco Valley (Figure 6(a) and Figure 6(b)) are all tilted to
the west, revealing reverse and blind fault, verging to the east, in the distal zone
of the alluvial fans (Figure 5(a) and Figure 6(c)).

Alluvial fan deposits are detached from the source area and a channel that
feeds them on the eastern edge of the Algarrobal range (Figure 5(a)). Faults af-
fect these deposits. The reverse fault La Cuesta (DDD: 118°/55°) disposes of the
stratification of the Cuesta de Belén alluvial fan with a 55° east dip (Figure 5(a)
and Figure 7(a)). The reactivation of the Chafiaryaco fault tilts towards the SE at
an alluvial fan deposit (DDD: 133°/48°) and separates it from the mountain
front (Figure 5(a) and Figure 7(b)).

6. Discussion
6.1. Current Landscape

Numerous studies of the interaction of the Nazca and South American plates

Figure 16. Reverse fault in the quaternary sediment terrace on the right bank of the Huayco
river.
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show deformation of the Andean foreland as well as the displacement and rota-
tion of the Sierras Pampeanas on a vertical axis [1] [13] [20] [24]-[30]. Also, the
convergence of the Nazca and South American plates was attributed to the be-
ginning of the rotation of the Andean orocline in the Late Eocene with counter-
clockwise about 37° north (Peru) and clockwise about 29° south (Arica) [4] [5]
[6] [7] (Figure 1(a)). On the border between Puna and Sierras Pampeanas
(Hualfin - Santa Maria) (Figure 1(b)), directly NW of the study area, magneto-
stratigraphic and paleomagnetic data from Cretaceous and Neogene rocks reveal
a pattern of clockwise rotations [8] [9]. The upper, rigid part of the crust, which
moves essentially in horizontal planes and elevates crustal blocks by one or both
flanks, transmitted the compressional stress that gave rise to the Sierras Pam-
peanas, according to a variety of authors [22] [27] [76] [77] [78] [79] [80].

According to [16] [18] [19] [71] [104] [105] [106], the rheology of the rocks
and pre-existing faults impact over deformation.

Other researchers postulate that the Andean foreland was impacted by NE
compression and counterclockwise rotation. According to [2], the east of the
Andes region of South America, which is affected by east-west compression, is
characterized by north-south compression. Also, [14] demonstrate that strati-
graphic units as recent as the Neogene, including the Precordillera, Sierras
Pampeanas, Famatina System, Cordillera Oriental, and Santa Barbara System,
folded because of the NNE shortening.

This research was based on interpreting regional tectonic morphology and
evaluating structural data. Other studies revealed that some mountain ranges
that make up the Sierras Pampeanas rotate counterclockwise [13] [16]. A crustal
area affected by counterclockwise rotation because of plate convergence during
the Cenozoic is the Ambato Block [17] [18] [19].

The study area is at the southern end of a curved mountain range made up of
the Sierra de Aconquija and the Cumbres Calchaquies, which have NNE strikes
(Figure 1) and separate other mountain blocks with an NS strike (the Quilmes
range to the north and the Ambato Block to the south) (Figure 2). The moun-
tains that make up the study area also divide two significant sedimentary basins:
the Pipanaco salt flat to the south and the Santa Maria valley-Campo del Arenal
to the north (Figure 2 and Figure 3). The elevated Hualfin valley, whose drai-
nage network starts in the northeast of the town of Nacimientos de Arriba
(Figure 4), travels through the Belén fault, and empties its waters into the Pipa-
naco salt flat, connecting these two intermontane depressions (Campo del Aren-
al and Pipanaco salt flat) (Figure 4). According to [60], the Ampujaco valley
contains lacustrine sediments that are comparable to the San José Formation
(Miocene), which could suggest a connection between the Santa Maria basins of
Campo del Arenal, Hualfin Valley, and Pipanaco Salt Flat, possibly forming a
larger basin in the early Cenozoic (Figure 2 and Figure 3). According to [87],
the uplift of the Quilmes range around 6 Ma because the uplift of the western
edge of the Aconquija range caused the division and deformation of the El

Cajén-Campo del Arenal basins.
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A different geometry of the morphotectonic pattern can be seen when ex-
amining the study area in greater detail. The Atajo fault divides the southern
portion of the mountainous complex of the study area to the west (Ovejeria
Block) and Sierra de Aconquija to the east (Figure 3 and Figure 4). Three bro-
ken mountain blocks can be seen west of the Atajo fault; they are divided by the
Ampujaco and Suncho valleys and comprise the Belén range-Cerro Pampa, Ve-
nado-Carrizal-Algarrobo, and La Ovejeria ranges, with general NNE and ENE
strikes, respectively. The north is bordered by a volcanic caldera (Figure 3 and
Figure 4).

The Atajo fault, in reverse slip sense with a NE dip and dextral displacement,
produced two pull-apart basins (Tampa-Tampa and Vis-Vis fields) and the
Cerro Huayco step-over, cut through the NE end of the Farallén Negro Volcanic
Complex, and caused displacement between the Hualfin and Las Cuevas ranges
and between the Ovejeria Block and Sierra de Aconquija (Figure 3, Figure 4,
Figure 8, and Figure 9(a)). Then, the Ovejeria Block, which separates the south-
ern end of the Sierra de Aconquija, rotated counterclockwise through the Atajo
fault (Figure 4). Granitic and mylonitic rocks were juxtaposed on Cenozoic sedi-
mentary rocks (Figure 9(a)), and the Atajo fault cuts the western edge of Cerro
Atajo. The northern end of the La Ovejeria range was separated and began ro-
tating counterclockwise by the Atajo fault displacement, which also caused the
Cerro Huayco to move, coinciding with the step-over geometry (Figure 3 and
Figure 8). The ranges El Durazno, Hualfin, Las Cuevas, Belén, and Aconquija
deviated from the sub-meridional direction of the northern and southern ranges
[107]. The regional shortening deviation to the NW near the end of the volcanic
activity is explained by [55]. The orientation of the shortening variation from
NE (8.10 Ma) to NNW (5 Ma) was interpreted by [13] and [29] based on the
orientation of the sub-vertical dikes of the Farallon Negro Volcanic Complex
(Figure 8).

The crust, including the Belén range, Cerro Pampa, has been cut by displace-
ment along the Belén fault and rotated counterclockwise by the Pampa fault
(Figure 4 and Figure 14). The Ampujaco fault, with an NW strike and dextral
displacement, terminates the northern edge of Cerro Pampa and separates it
from the La Ovejeria range (Figure 3 and Figure 4). The Ampujaco and Suncho
valleys were formed by the Cerro Pampa’s counterclockwise rotation (Figure 3
and Figure 4). Conglomerate deposits forming extensive alluvial fans (Figures
5-7) at the southern end of the Algarrobal range are devoid of a source area and
drainage channels that fed them. This geological anomaly shows that the alluvial
fan deposits were separated from their origins by a tectonic process (Figure 3
and Figure 5). This can only be explained by a period before the mountains
started rotating counterclockwise and the Ampujaco valley was formed. A single
mountain block provided debris along transport channels for developing these
piedmont deposits in a tectonically active area. Following the formation of the

Ampujaco valley and the counterclockwise rotation of the crustal blocks, addi-
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tional piedmont deposits would have accumulated on Cerro Pampa’s western
flank, creating at least three levels of piedmont deposits (Figures 3-5). The
morphology of these piedmont deposits and the fault-tilted Quaternary terraces
indicates recent tectonism (Figure 6 and Figure 7).

Conglomerate deposits of the Pliocene-Pleistocene age were reported in the
literature as Punaschotter. These conglomerates took their names from different
places and were identified and described as Las Cumbres Formation, Guanchin
Formation, and Yasyamayo Formation by [61]-[70].

The morphological and stratigraphic characteristics of the conglomerate de-
posits corresponding to Levels 1 and 2 alluvial fans in the Ampujaco Valley and
Cuesta de Belén allow us to attribute them to Pliocene-Pleistocene age (Figure 5

and Figure 6).

6.2. Origin of Counterclockwise Rotation

A concentration of seismic foci between 150 and 300 km depth is seen imme-
diately north of the Pipanaco salt flat, along the 150 - 175 km depth lines of the
Woadatti-Benioff zone [1] (Figure 2). In the study area, earthquakes with focal
depths less than 30 km happen less frequently (Figure 2). During magmatic ac-
tivity between 13 and 4 Ma, the Farallén Negro Volcanic Complex produced
porphyry-type deposits of Cu-Au and epithermal Au (Mn, Ag, As, Pb, Zn) [54]
(Figure 3). The Sierras Pampeanas would have developed a basal detachment
between 10 and 15 km depth that was roughly horizontal because of the com-
pression caused by the convergence of the Nazca and South American plates and
the thermal weakening of the crust [22] [27] [76] [77] [78] [79] [80]. The crustal
Ovejeria Block could rotate counterclockwise under these circumstances (Figure
17(a) and Figure 17(b)).

The beginning of quartz’s plasticity, or the brittle-ductile transition, occurs
when the fault evolves and moves along deeper faults, as suggested by estimates
of 10 - 15 km [31] [32]. Additional thermal input controlled by magma can
cause this transition to occur at shallower levels. Still, it can also partially melt if
the magma bodies have enough thermal energy. It has long been understood that
partial melting that occurs as a network or in layers weakens rocks and can faci-
litate the initiation of faults [33]. Also, melting at grain boundaries weakens the
rocks, and weak rocks deform more quickly [35]. Moreover, partial melts are
channeled through increased deformation if the melt volume is large enough
[34], which also supports the development of ductile shear zones [36] [37]. As a
result, shear zones can form, and the middle crust deforms ductile, decreasing
rock strength. Although the amount of melts produced by this process is signifi-
cantly less than that of lower crustal levels, they should be able to support the in-
itialization of ductile faults at levels > 25 km.

The size of the rigid block also affects how crustal rotations are related to
faults and folds because of its presence in the fault path, according to experimental

results. That this rigid block does not rotate when it is large and is instead cut by
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Figure 17. Note that, in both figures (a) and (b), the zone of crustal weakness, above which blocks experience counterclockwise
rotation, coincides with the location of the metamorphic basement of the La Ovejeria range and the Farallén Negro Volcanic
Complex, between the Atajo, Pampa and Ampujaco faults (Figure 3 and Figure 4). The location of both profiles is in Figure 3. (a)
Schematic crustal section showing the depth of the basal detachment. GrOS: Granito Capillitas, Upper Ordovician - Lower Silu-
rian. BmPC: Metamorphic basement, Upper Precambrian - Lower Cambrian. Mb: Mylonitic belt. Rf: Reverse fault. Df: Dextral
fault. (b) Schematic section showing the depth of the basal detachment. RQ: Recent sedimentary deposits. FQ: Foothill deposits,
Quaternary. SN: Sedimentary rocks, Neogene. FNN: Farallon Negro Volcanic Complex, Neogene. GrOS: Granito Capillitas, Upper
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strike-slip faults suggests that cutting the rigid block by faults is more straightfor-
ward and less energy-intensive than rotating the crust as a rigid block [108].
Even the formation of transcurrent structures with opposing kinematics is
caused by the interposition of larger granitic bodies in the deformation trajecto-
ry [16].

To have a reference for their current position concerning the Sierra de Acon-
quija, the mountains west of the Atajo fault were divided into regions (Belén
Ranges, Cerro Pampa, Ovejeria, and Carrizal ranges) (Figure 18(a)). We pro-
pose a series of events that represent the tectonic morphology before the general
uplift of the mountain ranges and any counterclockwise rotations, considering
the current tectonic morphology, the geometry of the mountain ranges, and the
structural relationships between them (Figure 18(b)).

The Ovejeria Block region was rotated clockwise (Figure 18(a)), following the
reverse path of deformation that produced the present landscape (Figure 4). The
Belén, Cerro Pampa, Ovejeria, and Carrizal ranges formed a chain with the same
NE strike as the Sierra de Aconquija (Figure 18(a)) before the deposition of San

José lacustrine sediments in the Ampujaco valley during the early Miocene. Likely,
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Figure 18. (a) Morphotectonic pattern at the beginning of the deformation, Paleogene. The alluvial fan of the Cuesta de
Belén was deposited during the initial uplift of the Ovejeria Block before the rotation of the ranges. The Atajo Fault existed
before the raising and rotation of the Ovejeria Block, marking the limit with the Sierra de Aconquija. Location and direc-
tion of runoff that the Ampujaco River would have had to deposit the conglomerates that formed the alluvial fan of the
Cuesta de Belén. These alluvial fans contain rounded, granitic, and volcanic pebbles, which show a long journey whose
origin could have coincided with the northern end of the Cerro Pampa and Ovejeria Range. (b) Current morphotectonic
pattern after counterclockwise rotation of the ranges.
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the Santa Maria Valley, the Campo del Arenal, the Hualfin valley, and the Pipa-
naco salt flat were connected before the Miocene, forming a sizable basin broken
up by low relief hills. In the southernmost portion of the Sierra de Aconquija,
the Atajo fault would have already been a structural feature (Figure 18(a)). Also,
some faults are likely inherited from the Cretaceous rift (Figure 13), which con-
strained depocenters that contained Paleogene sedimentary rocks [56].

The mountainous block comprised of the Sierra de Aconquija and Cumbres
Calchaquies, composed of granitic bodies with batholithic dimensions, is
thought to have interacted with other mountainous blocks because it is rocky,
rigid, and impassable massif. In the present instance, this rocky massif signifi-
cantly influenced the rotation of the mountains in the study area counterclock-
wise. The Atajo fault bound the Sierra de Aconquija to the south, creating a pos-
itive element during the middle Miocene against which the Ovejeria Block col-
lided and rise (Figure 18(a)).

The counterclockwise rotation occurred through the horizontal dextral dis-
placement of the Atajo, Pampa, Ampujaco, and Belén faults (Figure 18(b)).

At Faralléon Negro, volcanic activity began at 13 Ma because of magmatic ac-
tivity. The Cerro El Durazno dikes were deposited with a NE strike between 8.10
and 8.59 Ma, and the mineralized dikes associated with the intrusive Agua Ta-
pada dacite were deposited with an NNW strike between 7.39 Ma and 7.39 Ma
[54] [108] (Figure 8(a)). With a NE and NNW strike, these dikes show the be-
ginning and evolution of the Ovejeria Block’s counterclockwise rotation. The
Macho Muerto dacite dikes began between 5.95 and 6.14 Ma, with NW and
WNW strikes [54] (Figure 8(a)). The Macho Muerto dacite dikes and the Las
Vizcachas fault zone (Figure 8(a) and Figure 10(a)) share a similar NW strike,
and both were formed between 5.95 and 6.14 Ma. The Los Leone’s rhyolite in-
trusion gave rise to the mineralized dikes around 5 Ma, and the mineralized
veins persisted in subsequent events, all with NW strike [54] [108] (Figure 8(a)).

The conglomerates of the Level 1 alluvial fan (Figure 3 and Figure 5(a)) were
deposited after these final subvolcanic intrusive rocks toward the end of the Pli-
ocene and at the time of the most significant uplift of the mountain ranges that
make up the Ovejeria Block. After forming the Ampujaco and Suncho valleys
and the end of counterclockwise rotation, the conglomerates of the Level 2 al-
luvial deposits (Figure 5(a)) were deposited during the Pleistocene.

The counterclockwise tectonic process of the mountains occurs on either side
of the southern end of the Sierra de Aconquija. Ambato Block to SE [19] and
Ovejeria Block to SW of the Sierra de Aconquija (Figure 18(b)).

7. Conclusions

The Andean deformation caused by plate convergence is accommodated not
only by E-W shortening but also by horizontal displacements caused by range
rotation about a vertical axis and, sometimes, by NNE shortening. In the Lower

Miocene, the Ovejeria Block had a NE regional orientation, like the Sierra de
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Aconquija orientation (Figure 18(a)). We propose that the Ovejeria Block ro-
tated counterclockwise because of the NE convergence of the Nazca and South
American plates (Figure 18(b)). Displacement along the Atajo, Pampa, and
Belén faults allowed for tectonism related to the mountain ranges’ counter-
clockwise rotation (Figure 18(b)). This displacement of the rigid upper crust
over the lower crust during the magmatic activity at 13 Ma was made possible by
an enhanced geothermal gradient.

1) We interpret that in the early Cenozoic, the Santa Maria Valley, Campo del
Arenal, Hualfin valley, and Pipanaco salt flat were linked and formed a large ba-
sin, which was broken up by hills with low relief. In this basin, lacustrine sedi-
ments, equivalent to the San José Formation, were deposited.

2) The uplift of the Sierra de Aconquija on the Ovejeria Block through the
Atajo fault started after the deposition of lacustrine sediments from the Lower
Miocene. The mountain blocks rotated counterclockwise horizontally between
10 and 15 km depth (Figure 17(a) and Figure 17(b)). The Ovejeria Block also
started rotating counterclockwise.

3) The NE transpressive compression created the current landscape, which
moved the Belén range and Cerro Pampa about 11.6 km to the NW and rotated
them by about 20° counterclockwise (Figure 18(a) and Figure 18(b)). The La
Ovejeria range shifted to the NW by roughly 1.50 km (Figure 18(a) and Figure
18(b)). The Cerro Huayco, now east of the Atajo fault, was a portion of the La
Ovejeria range’s eastern end (Figure 10, Figure 18(a), and Figure 18(b)).

4) The thrusting of the Sierra de Aconquija on the Ovejeria Block was caused
by the Atajo fault, which in its geologic history displayed both ductile and brittle
behavior (as shown by the mylonitic strip on its eastern edge). The Atajo fault
exhibits dextral and reverse sense displacement with west vergence in its kinemat-
ics. Kinematics that produced pull-apart basins, including the Tampa-Tampa
and Vis-Vis fields and a step-over on the western edge of Cerro Huayco, are
recorded in the middle section of the Atajo fault (Figure 8).

5) The local rotation of the stress tensors in the study area, from NE to NW,
between 13 and 5 Ma, was caused by the rotation of the Ovejeria Block. The Fa-
rallén Negro Volcanic Complex’s mineralized dikes, which date back to ap-
proximately 8.10 Ma in a NE strike and about 5.0 Ma in an NW strike, demon-
strate the extent of the trans pressure caused by the rotation of the Ovejeria
Block (Figure 8(a)). The Macho Muerto dacite dikes were erected between ap-
proximately 6.14 and 5.95 Ma, according to the geometry of the Las Vizcacha
fault zone (Figure 8(a) and Figure 10).

6) Our morphotectonic sequence includes the Cuesta de Belén’s alluvial fan
(Figure 18(a)). The Pliocene to Pleistocene age is when the alluvial fans were
deposited, corresponding to Level 1 of the Cuesta de Belén. We believe that the
Ampujaco River, whose supply basin was at the top of the Cerro Pampa and La
Ovejeria range, was responsible for depositing these alluvial fans (Figure 18(a)).

7) Through progressive deformation, the Belén range and Cerro Pampa un-
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derwent further counterclockwise rotation, separating from the La Ovejeria
range to create the Ampujaco valley, where the Level 2 alluvial fans from the

Pleistocene were deposited (Figure 3, Figure 5, and Figure 18(b)).
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