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The Sierras de C�ordoba are the easternmost uplifted ranges of the Sierras Pampeanas geological province
of Argentina. They are composed of a NeoproterozoicePaleozoic basement arranged in northesouth
aligned mountain ranges, limited by west-vergent reverse faults, reactivated or formed by compressive
tectonics during the Andean orogeny. The ranges are also affected by oblique subvertical lineaments,
probably related to pan-Gondwanan structures. The recorded seismicity shows anomalously deep
earthquakes (up to 80 km depth) concentrated in the northwestern area. We attribute this seismicity to
the current tectonic activity of the Ojo de Agua Lineament. This lineament is a N130ºe135� strike, 70º
e80� NE dip, macrostructure with more than 80 km depth and 160 km length. A sinistral trans-
compressional kinematics (convergent oblique shear) is deduced by the focal mechanism of a deep
earthquake, together with hydrological and geomorphological features strongly modified. The conti-
nental lithosphere under the Sierras de C�ordoba would be colder and more rigid than in a normal
subduction area, due to the retraction of the asthenospheric wedge to the foreland, causing seismicity to
depths greater than 40 km, below the Mohorovi�ci�c discontinuity. Neogene volcanism would be closely
related to this lineament, allowing the rapid ascent of melts from the mantle.
© 2017 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Sierras de C�ordoba are the easternmost ranges of the Argen-
tinean geological province of Sierras Pampeanas and are part of the
Andean foreland. They are composed of NeoproterozoicePaleozoic
basement outcrops arranged in northesouth aligned mountain
ranges.West-vergent reverse faults, formed by compressive tectonics
during the Andean orogeny, produced the uplifting of east-tilted
rdoba X5016GCA Argentina.
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asymmetric blocks and the present landscape of the sierras. Oblique
to the mountains, older subvertical faults are also recognized, known
as lineaments. Along geological time, several compressive and
extensional events were superimposed, with reactivations of preex-
isting structures. In this geological framework, the oblique lineaments
havebeenproposedasoneof themain controlsof theAndean tectonic
deformation in the Eastern Sierras Pampeanas [1e3].

The seismicity recorded in the Sierras de C�ordoba shows a
diffuse epicentral distribution. Most of the hypocenters are located
between 5 and 40 km depth, but a group of them are between 40
and 90 km depth. These deep earthquakes can not be attributed to
the Nazca plate, which subducts below the South American plate to
an estimated depth between 175 and 200 km below the sierras [4].
In addition, these earthquakes occurred at a depth greater than the
Mohorovi�ci�c discontinuity in this area, established here between 35
and 38 km by Perarnau et al., [5]. Most of the anomalously depth
earthquakes are found in the northwestern sector of the Sierras de
C�ordoba and could be related to one of the oblique lineaments, such
ion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
s/by-nc-nd/4.0/).
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as the Ojo de Agua lineament. The subduction of the horizontal
Nazca plate causes the migration of the asthenospheric wedge to
the foreland [6,7], displacing the isotherms and causing the cooling
of the crust, and that particular geotectonic setting must be
analyzed to explain the causes of deep seismicity.

Therefore, the main objectives of this work are: (1) to analyze
the anomalously deep seismicity detected in the northwestern
sector of the Sierras de C�ordoba and its relationship with the
recognized surface structures, particularly with the Ojo de Agua
lineament; and (2) to explain the causes of the occurrence of
seismicity below 40 km depth by means of a hypothetical model of
the distribution of isotherms in the crust, based on previous studies
at these latitudes.

2. Geological setting

2.1. Regional setting

The Sierras Pampeanas are a region of elongated mountain
ranges of crystalline basement outcrops and intervening broad
valleys. Their uplifting is conditioned by the effect of the present
compressional tectonics on the Andean foreland, at around
1000 km from the Chilean trench, coinciding with a sector of low-
angle subduction of the Nazca plate beneath the South American
plate. The “flat-slab” geometry of the subducted Nazca plate and
the deformation of the upper plate (South American plate) have
been compared with the Laramide orogeny in North America and
the external massifs of the Western Alps [8e12]. The foreland
deformation is the result of the flat-slab subduction between 27�

and 32� since 20 Ma to present [13,14]. In a review, Ramos & Fol-
guera [15] constrained the flat-slab subduction geometry from
12 Ma to present. Basement deformation (thick-skinned tectonics)
affected an area of about 800 � 600 km and the basement blocks
were uplifted mainly by reverse faulting, locally folded.

The Sierras de C�ordoba, the easternmost group of the Sierras
Pampeanas, consists of a polydeformed metamorphic basement
[16,17] of Neoproterozoiceearly Paleozoic ages [18,19]. The meta-
morphic basement is predominantly composed of large anatectic
migmatitic massifs, over 1000 km2 as the San Carlos Massif and
Yacanto Group (Fig. 1), with minor gneisses, amphibolites and
marbles. The metamorphic basement was intruded by Paleozoic
granitoids, as the Achala Batholith in the central area of the ranges
(Fig. 1). In the northwestern area, an important group of Neogene
trachyandesitic volcanic rocks and pyroclastic deposits (Pocho
Volcanic Complex) are recognized. This magmatism is a product of
the eastern migration of the Andean magmatic arc due to the “flat-
slab” subduction of the Nazca plate (7.9e4.5 Ma [20,21]).

The metamorphic basement has a highly pervasive meta-
morphic foliation called S2 (NeoproterozoiceCambrian age), which
exerted a strong control on later deformations [1,2,16,22e25]. The
basement was imbricated by contractional ductile shear zones (e.g.,
AmbuleMussi Shear Zone, Fig. 2) during Cambrian, Ordovi-
cianeSilurian and Devonian times [26,27].

The Sierras de C�ordoba are arranged in northesouth mountain
ranges formed by uplifted asymmetric blocks, limited by reverse
faults generated or reactivated during the Andean orogeny. The
mountain ranges are also affected by northwestesoutheast sub-
vertical lineaments, oblique to the main faults, as the Ojo de Agua
Lineament, target of this study (Figs. 1 and 2). These were
mentioned as faults the first time by Gross [28], who suggested
they had a profuse pattern of internal fracturing. However, in most
cases there is no visible deformation other than the linear
geomorphological feature. Petrographically, retrograded biotite
replaced by muscovite and chlorite is commonly observed in the
affected rocks [29]. These lineaments would probably be related to
pan-Gondwanan structures [30,31]. The role of the oblique linea-
ments has been considered as part of the nucleation and devel-
opment of the Cenozoic faulting by Martino et al. [1e3].

According to Jordan & Allmendinger [10], the uplift of the
basement blocks in the Sierras de C�ordoba would have started
about 10 Ma ago, but today there is evidence of raising as old as the
Carboniferous period through KeAr dating in fault gouge, and (U/
Th)/He thermochronology in apatite and zircon show the same
ages for cooling and probably exhumation [32e37]. Block uplift
could be produced by: (1) low-angle reverse faults (basement
thrusts [22,38]), locally modified to higher angles by stacking of the
under-thrusting wedge [24]; and (2) reactivation by inversion of
high-angle normal faults of the Cretaceous rift [39]. Other older
faults, mentioned above as oblique lineaments, also have been
reactivated [3].

The seismicity in the Sierras de C�ordoba was studied by
Richardson [40], Perarnau et al. [5] and Richardson et al. [36], with
the aim of identifying the major discontinuities: the brittleeductile
transition in the crust and the Mohorovi�ci�c discontinuity.
Richardson et al. [36] defined four clusters based on earthquakes
recorded by seismic stations installed in the Sierras de C�ordoba
during their research between August 2008 and August 2009
(Fig. 3): (1) Sierra de Los C�ondores cluster, south of the Sierra Chica;
(2) Cruz del Eje cluster, north of the Sierras, between the Sierra de
Pocho and Sierra Chica faults; (3) Nono Valley cluster, near the
nexus between the Sierra Grande and the Sierra de Comechin-
gones; and (4) Merlo cluster, under the trace of the Sierra de
Comechingones Fault. The earthquakes included in this clusters are
shallow (mainly less than 30 km depth) and their magnitudes are
less than 2.5 on the Richter scale.

2.2. Local structural setting

In the northwestern zone of the Sierras de C�ordoba (Fig. 1), the
Ojo de Agua Lineament is recognized as a straight, subvertical
structure with 130e135� N trend. In this sector, it would be the
nexus between the Ci�enaga del Coro Fault and La Sierrita Fault
(Fig. 4), forming a regional sigmoidal structure (Fig. 2 [2,3]). The
lineament extends to the northwest, cutting the Sierra de Pocho
Fault at the eastern foothill of the homonymous sierra, where it
forms a deep gorge near the town of Guasapampa. Towards the
southeast, it crosses the Achala Batholith up to their eastern
metamorphic country rocks, where it would continue in the
Soconcho Lineament. Thus, the Ojo de Agua Lineament longitude
would be 160 km, crossing all the Sierras de C�ordoba (Fig. 1). This
study focuses in the present seismic zone of the lineament, with a
length of 75 km, between the Sierra de Pocho and Sierra Grande
(Fig. 2).

The Pocho Volcanic Complex (Fig. 1) has an elongated
morphology, with WNWeESE maximum axis. Arnosio et al. [21]
found two main strikes trends of the dykes in the center of the
complex: northwestesoutheast and northeastesouthwest (Fig. 2).
These are described as conjugated fractures cutting the basement at
regional scale and probably related to the compressive strain
accommodated during the Andean cycle, with significant strike-slip
movements. The AmbuleMussi Shear Zone, located at the south-
east of the volcanic complex and that would continue below it
[26,41], could be related to the emplacement of the Cenozoic Pocho
volcanism [21].

The Pocho Volcanic Complex could be associated with the
hydrated mantle wedge above the subducted flat-slab Nazca
plate [42] causing a trachyandesitic volcanism, located in the
area, during two distinct magmatic cycles (whole rock, KeAr
radiometric data [43]). In the first cycle (7.0 ± 0.6 to
7.9 ± 0.6 Ma), four domes of K-rich calc-alkaline composition



Fig. 1. Sierras de C�ordoba geological map. Geological map of the Sierras de C�ordoba (modified fromMartino et al. [3]), showing the location of the studied area (detailedmap in Fig. 2).
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Fig. 2. Studied area geological map. a) Detailed geological map of the northwestern part of the Sierras de C�ordoba (see Fig. 1 for location). b) Geological sections crossing the main
brittle structures of the studied area: AeA0 and BeB0 sections are perpendicular to the main reverse faults, and CeC0 section is perpendicular to the lineaments. Dips are based on
the available data [2,3].
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Fig. 3. Seismological distribution in Sierras de C�ordoba. a) Seismic epicenters of the Sierras de C�ordoba database used for this study (INPRES, USGS and Richardson [40]) projected
on a digital terrain elevation model. See Appendix. b) Map of the central sector of Argentina showing the contours of the low angle subduction of the Nazca plate from Cahill &
Isacks [4] at these latitudes (modified from Ramos & Folguera [15]).
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Fig. 4. Panoramic view of the Ci�enaga del Coro Fault scarp, Ojo de Agua Lineament, and La Sierrita and surroundings. a) Panoramic view to the southeast of the scarp of the Ci�enaga
del Coro fault. b) Panoramic view to the northeast showing the typical trace of the lineaments (indicated by the arrow) that affect the Pocho Volcanic Complex (in the background),
and are partially covered by soils, as the Ojo de Agua lineament. In the foreground, outcrops of anatectic migmatites of the San Carlos Massif are exposed. c) Panoramic view to the
ESE showing, in the foreground, the Pampa de Pocho; in the central part, La Sierrita fault that uplift the darkest small sierra composed of mylonites of the ductile AmbuleMussi
Shear Zone; and, in the background, the Sierra Grande. Note that the three scarps in the photographs are seen facing towards the observer.
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were emplaced, from the northwestern metamorphic country
rocks to the central zone of the present-day Pocho Volcanic Field
[21]. The second magmatic cycle (6.0 ± 0.4 to 4.7 ± 0.3 Ma)
embraces the final activity of the complex, when four new domic
bodies were developed, three of them with a shoshonitic affinity
and K-rich calc-alkaline the last one. Both series could be
modeled as a continuous sequence of fractional crystallization
with magma mixing in an open system [20].
3. Methodology

In order to analyze the anomalously deep seismicity, a seismic
database for the Sierras de C�ordoba was developed with the
earthquakes recorded by the Instituto Nacional de Prevenci�on Sís-
mica of Argentina (INPRES) (http://www.inpres.gov.ar/desktop/),
the United States Geological Survey (USGS) (https://earthquake.
usgs.gov/earthquakes/map/) and Richardson [40]. Database
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(originally projected onWGS 1984 geographic coordinates) was re-
projected on Argentina POSGAR07 planar projection, zone 3. Focal
mechanisms published by the International Seismological Center
(ISC) were also included in order to characterize the structures and
their kinematics (Fig. 2).

The location of the hypocenter of one of the earthquakes in the
studied area, for which the focal mechanism has been calculated
and published by the ISC (http://www.isc.ac.uk) (Nov. 8, 2012, see
Appendix), differs bymore than 40 km according to the INPRES and
USGS databases. Based strictly on geological criteria, discussed
below (see Results), it was decided to use the data provided by the
USGS database. This is the only case in which both databases differ
by more than 5 km in the location of an earthquake.

Others focal mechanisms published by Richardson [40] and
Richardson et al. [44] have not been included in the database
because many of them, calculated for the same earthquake, were
different in both studies. This disagreement in the results is prob-
ably due to the few seismic stations available to define them. Thus,
several valid solutions can be calculated for the same earthquake,
and we can not know which focal mechanism defines the kine-
matics of the fault that generated it.

In order to assign the earthquakes recorded in the northwestern
sector of the Sierras de C�ordoba to the fault that generated them, all
faults and lineaments in this area were accurately defined. DEM
(different digital elevation models) of diverse resolution were used
depending on the work scale and the objective to analyze: 90 m
DEM (STRM, Shuttle Radar Topography Mission; CGIAReCSI,
Consultative Group on International Agricultural ResearcheConsor-
tium for Spatial Information) (http://srtm.csi.cgiar.org/SELECTION/
inputCoord.asp), 45 m DEM (Instituto Geogr�afico Nacional,
Argentina) and 12 m DEM (Alaska Satellite Facility). All of the DEMs
were re-projected on Argentina POSGAR07 planar projection, zone
3. From these DEMs, the slope map (in percentage), the water sup-
plies and the principal watershed were calculated with the SAGA
software (http://www.saga-gis.org/en/index.html) (Fig. 5). Slope
and hydrological maps allow to delimit the brittle structures on
surface, and to infer blind structures that would affect the drainage
network and watershed limits.

The geological mapping was based in the Villa Dolores geolog-
ical map [41] and the Sierras de C�ordoba geological map published
by Guereschi & Martino [45]. Three geological sections perpen-
dicular to the main faults and lineaments were performed; on the
basis of the available data [2,3], the apparent dips of the structures
were calculated (Fig. 2).

In order to select earthquakes belonging to the Ojo de Agua
Lineament,15 perpendicular sections were performed. Earthquakes
in a 5 kmwide area for each section were represented showing the
distance to the Ojo de Agua Lineament in relationship with depth
(Fig. 6a and Fig. 7). A trend line was defined in sections with more
data available (cross section 4 and 5 in Fig. 7), and extrapolated to
the other cross sections.

The epicentral and hypocentral estimated errors are ±8.44
and ± 8.39 km (see Appendix); therefore, all the earthquakes in an
area less to 10 km radius around the trend line were assigned to the
Ojo de Agua Lineament.

The hypocenters were recalculated for a topographic level of
0 km to represent the depth of the earthquakes in each structural
section (Fig. 6b) and to develop a 3D model for the Ojo de Agua
Lineament. Finally, the earthquakes belonging to the Ojo de Agua
Lineament were selected and interpolated by the Natural Neighbor
method in order to show a three-dimensional view (Fig. 8).

The brittleeductile transition, between 20 and 25 km depth, and
the Mohorovi�ci�c discontinuity, at 38 km depth calculated by Per-
arnau et al. [5] and confirmed by other satellite gravimetric studies
and crustal thickness models for the South American continent
[46,47] and for the Andes Cordillera [48,49], were also represented
(Figs. 6b and 8).

The arrangement of epicenters and their depths would be
enough to perform a reliable study because the seismotectonic
interpretations require location errors smaller than the size of the
seismogenic structures under study. Given the studied area and
depth values recorded in the database, the estimated errors are
acceptable and allow the adequate characterization of the Ojo de
Agua Lineament.

4. Results

The seismic database for the Sierras de C�ordoba developed in
this study allow to confirm the four clusters defined by Richardson
et al. [36] and to identify two new ones (Fig. 3): (5) Serrezuela
cluster, north of the Sierras de Pocho and Guasapampa, and (6)
Pocho cluster, between the Pampa de Pocho and the Sierra Grande.
The Serrezuela cluster, with most of the earthquakes located more
than 150 km depth, could be related to the flat-slab Nazca plate,
between the structural contours of 150 and 200 km depth defined
by Cahill & Isacks [4]. The Pocho cluster reflects the seismicity of
the Ojo de Agua Lineament (Figs. 3 and 6).

Despite being seismically active, the Ojo de Agua Lineament
does not show a well developed geomorphological escarpment (as
the Retamito Lineament to the east, Fig. 5a), only clearly recognized
on the Pocho Volcanic Complex (Fig. 4b). In addition, its trace is
partially inferred by changes in the courses, in zig-zag or staggered,
in the calculated drainage network (dashed arrows in Fig. 5b), and
anomalies in the boundaries of the main watersheds (pointed
squares). This kind of modifications in the watershed boundaries
can also be observed, although less developed, in the La Higuer-
aeDos Pozos Lineament (north to the Ojo de Agua Lineament) and
in the Pachango Lineament (to the south, Fig. 5b). On the Achala
Batholith, the high plain (<10% slope), known as Pampa de Achala,
has an irregular morphology, whose boundaries are affected by the
Ojo de Agua Lineament (Fig. 5a).

Two minor lineaments displaced sinistrally the trace of the La
Sierrita Fault in its central part. These lineaments are first identified
here, and named LSNL (La Sierrita Norte Lineament) and LSSL (La
Sierrita Sur Lineament), oriented N 125� and N 128� respectively
(Fig. 2). They have lengths of 10e20 km, subparallel to the Ojo de
Agua Lineament, and are probably satellite fractures. The
AmbuleMussi Shear Zone, which is located in the hangingwall of
the La Sierrita Fault (to the northeast, Figs. 2 and 5a), has an “M” or
zigzag shape on the map, probably conditioned by these three
lineaments (Figs. 2 and 5a).

In total, 355 earthquakes were recorded in the studied area
between 1974 and 2016, plus one historic earthquake in 1936. Of
these, 94 occurred below the Mohorovi�ci�c discontinuity (Fig. 6),
estimated at a depth of 38e40 km beneath the Sierras de C�ordoba
[5,46,47,49]. We must highlight that almost 20% of the earthquakes
recorded in the area occurred at considerable depth, on top of the
lithospheric mantle. Three of these earthquakes (obtained from the
INPRES database) are very deep (>100 km) and scattered, outside
the Serrezuela cluster (5), although a relation with the subducted
Nazca plate is not excluded (Figs. 3 and 6a).

The sections perpendicular to the Ojo de Agua Lineament (15 in
total), covering all its trace in the studied area, show a trend
(marked with dashed line in Figs. 6b and 7) that represents a
seismically active brittle structure. The deepest earthquakes were
recorded in the southeast sector of the area, reaching about
80 ± 8.39 km; the recorded depth is lower in the northwest sector
along the lineament.

There are two focal mechanism solutions available in the stud-
ied area (Fig. 6). The first one, with a 56 km depth (USGS database,



Fig. 5. Slope and hydrological maps of Sierras de C�ordoba. a) Slope map of the study area showing the main brittle structures and their kinematics. b) Hydrological map showing the
main drainage basins and the calculated hydrological network, along with the main structures of the study area. Both maps were generated with the SAGA program.
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Fig. 6. Ojo de Agua Lineament cross sections. a) Digital terrain elevation model (45 m DEM, IGN) of the study area showing the epicenters of earthquakes ranked by depth, the
available focal mechanisms, and the 15 cross sections made to study and model the Ojo de Agua Lineament. b) Cross sections 4, 7 and 11, representative of this study, showing the
topographic profile, and the main faults and lineaments. The depths of the brittleeductile transition zone (BDT) and the Mohorovi�ci�c discontinuity are from Perarnau et al. [5]. The
calculated trend lines for earthquakes belonging to the Ojo de Agua Lineament are shown. Section 11 also includes the results of the receiver function analysis modified from
Perarnau et al. [5] (2012, AeA0 section). See explanation in the text.
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Fig. 7. Earthquakes projection distance to the Ojo de Agua Lineament vs. depth. Projection of earthquakes as a function of the distance to the Ojo de Agua Lineament (X axis) and
depth (Y axis) for each section perpendicular to it (see location in Fig. 5 sections). The grid is 10 km on the side. Databases: black diamonds, INPRES; Gray circles, Richardson [40]);
Squares light gray, USGS. The same gray dashed line, estimated in Sections 4 and 5, has been marked.
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Fig. 8. Structural contours and 3D model of Ojo de Agua Lineament. a) Map of structural contours of the Ojo de Agua Lineament obtained by the interpolation of the related
earthquakes. These earthquakes are ranked by depth, showing the fragile structures that are involved, and the calculated focal mechanism for one of them. b) 3D modeling of the
Ojo de Agua Lineament from the earthquakes that define it. The brittleeductile transition zone and the Mohorovi�ci�c discontinuity calculated by Perarnau et al. [5] are drawn.
Statistical analysis of the depth and magnitude of earthquakes recorded in the area are also included. See explanation in the text.
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and published in ISC), indicates an oblique dextral shear move-
ment, whose calculated fault plane strikes N42.5� and 56.3ºNWdip.
This fault plane does not correspond to any structure reported near
the epicentral area. However, if we consider the other nodal plane
strikes N132.5� and approximately 70� NE dip, it corresponds with
the strike and dip of the Ojo de Agua Lineament as observed in
surface and at depth (Fig. 6), and indicates a sinistral shear move-
ment. Therefore, this focal mechanism can be reinterpreted and
linked to this structure to describe its kinematics.

The second focal mechanism solution shows a slightly oblique
reverse fault, with 10e12 km depth (USGS and INPRES database), in
agreement with the behavior of the Cenozoic reverse faults of the
study area in the upper crust. The fault plane calculated strikes
N201.7� and 41.3ºW dip; this fault plane is consistent with the
available data for the Cumbre de Gaspar Fault, located to the
northeast of the Ojo de Agua Lineament (Fig. 2). Although the
epicenter is more than 10 km away of the surface fault trace,
throwing its hypocenter on the fault plane 41.3�Wdip is within the
margin of error assumed, and it would belong to the Cumbre de
Gaspar Fault (Fig. 6). This is the only east-vergent fault of the
Cenozoic reverse fault system in the Sierras de C�ordoba.

The seismically active structure of the Ojo de Agua Lineament,
detected through the perpendicular sections, is better defined in
the southeastern area (Fig. 8). Five times more earthquakes (n)
were detected there than in the northwest area (n ¼ 177 in cross
sections 1e7, n ¼ 36 in cross sections 8e15), probably because the
time window is not wide enough to fully characterize the linea-
ment. In the cross section 7 (Fig. 6b), an earthquake cluster located
near to the surface (<10 km depth), below the Pocho Volcanic
Complex. In the cross section 11 (Fig. 6b), we show the trend lines
calculated for earthquakes belonging to the Ojo de Agua Lineament
projected on the results of the receiver function analysis performed
by Perarnau et al. [5] (2012, AeA0 section). This allows us to infer, on
the one hand, that the Mohorovi�ci�c discontinuity shows a slight
inflection, decreasing its depth 1e2 km below the location of the
Ojo de Agua Lineament. On the other hand, comparing with the
other cross sections in this study, we found that the lineament dip
also changes at this point.

The 3D modeling of the Ojo de Agua lineament from the
recorded earthquakes shows a planar to listric geometry, 52 km in
length (seismic segment) and up to 80 km in depth. A total of 257
earthquakes were modeled, 83 of them are located below 40 km
depth, which implies that more than 30% occurred below the
Mohorovi�ci�c discontinuity, in the lithospheric mantle (Figs. 6 and
8). Towards the southeast of the lineament trace, the fault plane
deepens abruptly, presenting a dip angle of approximately 80� NE
up to a depth of 40 km, then it becomes less steep and close to 70�

NE. Towards the northwest, this change in the dip of the fault plane
is not appreciable, but it steadily deepens with a dip angle of
approximately 65�e70� NE (Fig. 6). We assume that this lateral
variation is not a characteristic of the lineament, but of the available
seismic data: the greater number of earthquakes recorded in the
southeastern area reflects more accurately the structure in this
sector.

5. Discussion

The occurrence of earthquakes at depths below the Mohorovi�ci�c
discontinuity is not frequent. In a sector of central-western
Argentina, in the Mendoza province, Lupari et al. [50] reported
continuous seismicity from the crust up to 70 km in depth. The
earthquakes located in the continental crust (<35 km depth) are
related to the San Rafael Block and the Las Malvinas fault, located
on its eastern boundary. The seismicity occurring in the lithosphere
mantle is attributed to the dehydration of the stable minerals at
these depths, favored by the presence of a shallow asthenospheric
plume [51]. Deep earthquakes have also been detected in the
Western Alps, where the hypocenters distribution is continuous
between 20 and 70 km depth. Eva et al. [52] modeled them as a
high-dipping structural plane (the RivolieMarene Fault) that could
represent the boundary between two tectonic domains. In the same
way, the Ojo de Agua Lineament has continuous seismicity from
shallow levels to below the crust boundary, into the lithospheric
mantle. However, this lineament would not be related to a tectonic
boundary, but it is part of a similar lineaments family, currently
under study, that affects the Sierras de C�ordoba at these latitudes.

The Ojo de Agua Lineament is a brittle, almost vertical macro-
structure, oriented N130ºe135�, with a straight trace on the map
and a seismic segment modeled here of 52 km in length and up to
80 km in depth. It is oblique to the main north-south reverse faults
that uplifted the Sierras Pampeanas of C�ordoba and its length can
reach 160 km. It would be an ancient feature probably inherited
from Pan-Gondwanan structures [30,31], with a protracted tectonic
activity, which controlled the Phanerozoic deformation [3]. This
structure would be reactivated by foreland shortening and
compression during the Andean Orogeny, as a consequence of the
flat-slab subduction of the Nazca plate.

The Ojo de Agua Lineament is not the unique macrostructure of
this type recognized in the Sierras de C�ordoba: the De�an Funes
Lineament (DFL, Fig. 1), which acts as a boundary between this
ranges and the Sierra Norte, is more than 200 km length, and ex-
tends to the Atlantic margin in the present Salado Basin, with a
variable width of about one kilometer [53]. Its strike is N150�

(similar to the Ojo de Agua Lineament) and can be recognized to
depths over 40 km, displacing the Mohorovi�ci�c discontinuity. The
current kinematics of both lineaments is sinistral (left-shear fault),
based on available focal mechanisms and geomorphological fea-
tures previously described [2,3]. The deduced sinistral shear
movement is consistent with the present convergence direction
(N78�) of the Nazca plate with the South American plate at these
latitudes [54].

A critical feature in the Ojo de Agua Lineament study is that 30%
of the modeled earthquakes occur in the lithospheric mantle
(Figs. 6 and 8). The depth of the Mohorovi�ci�c discontinuity in the
continental margin and in the Andean foreland varies according to
the authors and methodology used (marked in Fig. 9c), specially
below the Precordillera, where the values oscillate between
approximately 60 to 70 km [48,55]. Under the Sierras de C�ordoba,
the Mohorovi�ci�c discontinuity is inferred at 40 km depth. Beneath
Sierra Chica, Perarnau et al. [5] show a clear vertical step of
approximately 3 km, attributed later to the De�an Funes Lineament
movement by Martino et al. [3]. In this work, an inflection of
approximately 1e2 km is found for the Ojo de Agua Lineament
(Fig. 6b).

The brittle faulting associated with the uplift in basement blocks
of the Sierras Pampeanas has been related to a very cold crust, due
to the occurrence of earthquakes at its base. This thermal behavior
of the crust is attributed to the fact that the present Nazca “flat-
slab” subduction thermally insulates the South American plate
lithosphere of the hot asthenosphere [56]. The Nazca plate “flat-
slab” process causes both the asthenospheric wedge shift and the
volcanic arc migration to the foreland [15,42,57]. Others conse-
quences are the generation of a negative thermal anomaly in the
continental lithosphere (cooling) and the increase of interplate
coupling [6,7]. Therefore, the eastward shift of the asthenospheric
wedge would be one of the main causes of the lithosphere cooling
at these latitudes.

The lithosphere in the continental margin and Andean foreland,
between 30� and 33� S latitude (Fig. 9a) is extremely heteroge-
neous, due to the long and complex geological history, with



Fig. 9. Flat slab and magnetotelluric sections and thermal model hypothesis proposed. a) Digital terrain elevation model between the latitudes where the ‘flat-slab’ subduction of
the Nazca plate occurs (90 m DEM, STRM, CGIAReCSI). b) Magnetotelluric section modified from Orozco et al. [60]. c) Thermal model hypothesis proposed in this work, based on the
studies of Gutscher [6] and Mu~noz [7], and the magnetotelluric section from Orozco et al. [60,63,64].
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numerous discontinuities produced by the accretion of terranes
and basins development. Synthetically, this continental litho-
sphere, belonging Southwestern Gondwana, was assembled to-
wards the end of the Proterozoic [32,58], by basement planar
anisotropies that controlled the Phanerozoic basins development in
Argentina. The accretion of terranes at the Pacific margin of
Gondwana during the early Paleozoic reactivated these anisot-
ropies and generated new ones, mainly during the Ocloyic orogeny
(OrdovicianeSilurian boundary). The Mesozoic basins were
accommodated by northeast and northwest planar structural fab-
rics in the basement, both towards the Atlantic and towards the
Pacific continental margins [1]. The Cenozoic Andean compression,
at the Nazca “flat-slab” subduction begins, caused the Cretaceous
basins inversion [39], blocks faulting and clockwise tilting (facing
north), thus being configured the current landscape [3,16].

The crustal thickness is maximum in the Principal Cordillera and
Precordillera (Fig. 9c), with values around 65 km, decreasing to-
wards the east, with 45e60 km thickness in the Western Sierras
Pampeanas. Following Gilbert et al. [49], this crustal thickening is
due to the partial eclogitization of the lower crust, becoming denser
than the middle crust and preventing it from rising isostatically. In
the Eastern Sierras Pampeanas, located near 700 km away the
Chilean trench, the crustal thickness reaches about 36 km [55,59].

The crustal thickening of the back-arc zone of the Andean oro-
gen can also be detected by a magnetotelluric study [60]. A high
resistivity zone was also detected (DRZ, 100 km thick in its central
part, Fig. 9b) below the crystalline basement of the Sierra de Ulapes,
between the Valle F�ertil Lineament and the Sierras de C�ordoba. The
DRZ may be related to a part of the lithosphere, cold and rigid,
whose upper boundary is separated from the upper crust by a thin
high conductivity zone [60]. The high resistivity values of the DRZ
zone are similar to those observed more to the east, attributed to
the presence of the Río de la Plata Craton. This implies that it is a
crust cooler and older than the adjacent ones, and could belong to
the Pampia terrane (Fig. 9c), accreted during the Neo-
proterozoiceCambrian Pampean orogeny to the western margin of
the Río de la Plata Craton [61,62].

We proposed a thermal model hypothesis of the lithosphere at
latitude 31� 360 S, which includes the present Andean building,
between the Chilean trench and the ChacoePampean plain. It is
based on the theoretical thermal models of Gutscher et al. [6] and
Mu~noz [7], and themagnetotelluric section of Orozco et al. [60]. The
asthenosphere wedge, shifted towards the Andean foreland, is
partially squeezed between the Nazca flat-slab and the Pampia
terrane and the Río de la Plata Craton, being extruded toward the
east and generating a positive thermal anomaly below the Cha-
coePampean plain. This effect causes the continental crust and the
lithospheric mantle located below the Sierras de C�ordoba to be
anomalously cold and rigid, enabling the occurrence of earthquakes
to more than 40 km of depth, as in the case of the Ojo de Agua
Lineament studied here (note that the lineament passes through
the lithosphere mantle). A brittleeductile transition zone has been
inferred at a depth of 25e30 km under the Sierras de C�ordoba [5].
However, this depth and geometry should be revised according to
the results obtained in this work.

The arrangement of the Pocho Volcanic Complex on top of the
Ojo de Agua Lineament, along with other minor lineaments and
faults previously described in the area (Figs. 2 and 6), imply an
important connection between them. The shallow earthquakes
(<10 km depth) clustered below the central volcanic building
(Fig. 6b, cross section 7) could be related with a residual magmatic
chamber. It is noted that the volcanic domes were emplaced line-
arly, with northwestesoutheast trend parallel to the Ojo de Agua
Lineament and less than 5 km south of the trace. The Ojo de Agua
Lineament, as seen above, is a very deep brittle structure that cut
across the continental crust and upper mantle, being an area
favorable for the ascent of magmas from the dehydration of the
subducted Nazca plate. The K-rich calc-alkaline signature of the
first domes [21] emplaced in the area implies that ascending
asthenospheric magma is contaminated by the overlying sialic
continental crust. This first cycle would correspond to the ascent
and magmatic chamber development in the zone where the
described lineaments and faults intersect orthogonally. Thus, the
Ojo de Agua Lineament would have favored the rapid ascension of
mantle material, leaving the magma chamber as an open system
through which the magma can ascend from the mantle in different
pulses [20](7.9e4.5 Ma).

The type of seismicity detected in the studied area would not be
of the volcanic type, but of the tectonic type. As can be seen in
Figs. 3 and 6, the area affected by seismicity has a planar distribu-
tion in depth according to a structure with a surface trace of tens of
kilometers in length, which significantly exceeds the Pocho Vol-
canic Field. In addition, the last magmatic pulse is dated in
4.7 ± 0.3 Ma [20,21]. These features, together with the thermal
model hypothesis proposed here, which indicates the shifting of
the asthospheric wedge to the east, would not allow to assign the
detected seismicity to a current magmatic activity in the Pocho
Volcanic Field. Therefore, it is concluded that both the shallow and
deep seismicity detected in the lithosphere mantle would have
been produced by the tectonic activity of the Ojo de Agua Linea-
ment. Other similar ancient oblique lineaments in the Sierras de
C�ordoba, even larger as the De�an Funes Lineament, would also have
been reactivated during the Andean orogeny and show an analo-
gous seismicity.

6. Conclusions

The seismicity recorded in the northwestern sector of the Sierras
Pampeanas of Cordoba would be related to the tectonic activity of a
northwest-southeast trending, subvertical macrostructure, named
the Ojo de Agua Lineament. It is a seismically active, brittle faultwith
more than 80 km depth and 52 km in length (modeled seismic
segment), but it extends up to 160 km length cutting obliquely to the
main mountain ranges. A sinistral transcompressional kinematics
(convergent oblique shear) is deduced by the focal mechanism of a
deep earthquake, together with the observed geomorphological
modifications and anomalies.

Over 40 km depth seismicity would be due to the continental
lithosphere below the Sierras de C�ordoba is colder and rigid than
expected in a normal subduction area. This would be the result of
the asthenospheric wedge shifting towards the Andean foreland,
produced by the flat-slab subduction of the Nazca plate, which
develop a thermal anomaly below the ranges. At these latitudes, the
Río de la Plata Craton together with the sialic Pampia terrane, cold
and older than adjacent crust, cause the asthenosphere to be
squeezed between the Nazca plate and the craton boundaries, be-
ing partially extruded to the east.

The current seismicity would not be related to the volcanic ac-
tivity of Pocho, except a small cluster of surface earthquakes
bordering the volcanic field, which is interpreted as a residual
magma chamber. During the Neogene, the Ojo de Agua Lineament
would act as a channel of direct ascent of magmas.

The Ojo de Agua Lineament is an ancient feature, probably
inherited from Pan-Gondwanan structures, with successive reac-
tivations, that controlled the emplacement of magmas during the
Neogene and is currently seismically active.
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