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The Eastern Sierras Pampeanas are basement cored outcrops uplifted in the Andean foreland where the east-
ernmost segment of the Pampean flat slab segment starts dipping more steeply into the deeper mantle. These
ranges of central Argentina known as the Sierras de Córdoba have an enriched-quartz composition and are
bounded by a series of reverse faults. Different models have been suggested to represent the style of the
thick-skinned deformation in this area. However the overall structure linking the exposed faults and terrane
boundaries with their probable continuation at depth is unknown. In this paper we present images of the
crustal structure beneath the Sierras de Córdoba using the common conversion point stacking method of
high frequency local receiver functions recorded by the ESP broadband seismic array. The work consists of
two transects located around 31°S and 32°S across the Sierras de Córdoba. The results show a consistent
sharp Moho signal associated with a high contrast in seismic velocities in good agreement with the granitic
character of the crust lying above the mafic upper mantle. The Moho morphology varies exhibiting thick-
nesses of 38 km in the west to 35 km in the east with a vertical shifting under the Sierra Chica. We relate
this variable character to the presence of the boundary between the Pampia terrane and the Rio de La Plata
craton. Our results for the intra-crustal structure indicate the presence of three discontinuities in the north-
ern transect and at least two discontinuities in the southern transect. These discontinuities appear vertically
displaced beneath the surface traces of the major range bounding faults providing evidence for the continu-
ation to mid-crustal depths of the exposed reverse faults. Thus, the reverse faults seem to have displaced sev-
eral horizontal intra-crustal interfaces. Finally in the lower crust we found a region which seems to be
aseismic.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Sierras de Córdoba are the easternmost uplifted basement
blocks of the Eastern Sierras Pampeanas in the central region of
Argentina (29°S to 33°S and 63.5°W to 65.5°W). These uplifts extend
as far as 700 km to the east of the Chilean trench (Fig. 1A) and consist
of a series of north–south trending mountain ranges, which are main-
ly bounded by east dipping reverse faults on their western flanks.
Intermountain Mesozoic and Cenozoic basins separate the uplifted
ranges (Siegesmund et al., 2010). Therefore these basement blocks
display an asymmetric topographic style with a steep western slope
and a gentle eastern slope. From north to south the major orographic
units are distinguished from east to west as Sierra Norte, Sierra Chica,
a y Astronomía, Facultad de
nal de San Juan, Meglioli 1160
4 4234129 (177).
(M. Perarnau).
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Sierra Grande, Sierra de Comechingones and Sierra de Pocho. The
highest peaks are Cerro Uritorco in the Sierra Chica with an elevation
of 1950 m and Cerro Champaquí in the Sierra Grande with 2884 m
elevation (Fig. 2B). Low-angle faults, which have been locally rotated
to higher angles due to tectonic stacking, and reactivated high-angle
Cretaceous faults generally control basement structures at depth
(Kraemer and Martino, 1993; Kraemer et al., 1988; Lencinas and
Timonieri, 1968). The Eastern Sierras Pampeanas lie on the South
American plate to the east of the region characterized by the most
pronounced shallowing of the subducted Nazca plate along the entire
Andean margin. The top of the Nazca plate beneath the Sierras de
Córdoba is located at depths of more than 175 km (Booker et al.,
2004, 2005; Cahill and Isacks, 1992; Fig. 1A), as seen in the local
slab seismicity focal depths (INPRES, 2011). A link has been suggested
between the flat slab subduction process between 27°S and 33.5°S
during the last 12 Ma (Ramos and Folguera, 2009) and the foreland
basement block uplifts of the present Sierras Pampeanas (González
Bonorino, 1950; Jordan et al., 1983a). Several comparisons with the
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Fig. 1. A) Location map over the flat slab Pampean segment showing the relative location of the Eastern Sierras Pampeanas with respect to theWestern Sierras Pampeanas and other
major features. The red box indicates the study area. Solid black lines are contours of the top of the subducted Nazca slab from Cahill and Isacks (1992) and Anderson et al. (2007).
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the cross-section shown in Fig. 6. B) Map of the Sierras de Córdoba located in the central region of Eastern Sierras Pampeanas. Yellow triangles denote ESP broadband seismic sta-
tions. Red lines indicate the locations of transects studied presented in this paper. Blue circles correspond to crustal seismicity temporarily recorded by the ESP array (Richardson et
al., 2012). Red stars showthe location of the most recent volcanic activity in the region.

209M. Perarnau et al. / Tectonophysics 580 (2012) 208–217
Laramide orogeny in North America have been proposed based on a
similar style of the thick-skinned deformation (Jordan et al., 1983b).
Infrequent moderate-to-large sized intra-crustal continental earth-
quakes might be part of the uplift process although it is not clear
how basement shortening is being accommodated in the Eastern
Sierras Pampeanas (Costa, 1996).

Improved estimates of the crustal thickness beneath the Eastern
Sierras Pampeanas are important for understanding how the crust ac-
commodates shortening as it marks the transition between the more
mafic overthickened (55-km) crust of theWestern Sierras Pampeanas
to the west (Alvarado et al., 2007; Gans et al., 2011; Gilbert et al.,
2006) and the more stable craton to the east with crustal thicknesses
of about 30 to 40 km (Sabbione and Rosa, 2009; Sakaguchi et al.,
2003). Determining crustal and intra-crustal variations within the
Sierras de Córdoba is useful for providing structural information that
can be used to evaluate different models for the Sierras Pampeanas
orogeny and mechanisms for the uplift of foreland basement blocks in
general.

Different models have been suggested to represent the style of the
thick-skinned deformation in this area. However the overall structure
relating the exposed faults and terrane boundaries with their contin-
uation at depth is still unknown. Generally, structural models of the
master faults responsible for uplifting the Eastern Sierras Pampeanas
have envisioned the reactivation of Cretaceous normal faults (Costa,
1996). In such models, ancient suture zones (Schmidt et al., 1995;
Siegesmund et al., 2010) or the fabric of the basement (Kraemer et al.,
1988) would control the locations of major structures. Alternatively,
Ramé and Miró (2011) proposed that faults in the Eastern Sierras
Pampeanas were generated by slip partitioning of stresses acting on
the accretionarywedge of an ancient subduction zone trapped between
the Pampia terrane in thewest and the Rio de La Plata craton in the east.

Earlier crustal models for the Eastern Sierras Pampeanas have esti-
mated it to be about 35 km thick with a large change in seismic proper-
ties between the crust and the upper mantle (Gans et al., 2011; Gilbert
et al., 2006).While these previous studies identified the large-scale pat-
terns of the crustal thickness across the Sierras de Córdoba, this is the
first study to present detailed observations of the intra-crustal structure
of the ranges including estimates of changes in crustal thickness within
the Sierras de Córdoba. The Eastern Sierras Pampeanas (ESP) seismic
array, which was a network of 12 portable broadband seismometers
deployed in the easternmost ranges of the Argentinean Sierras
Pampeanas (Fig. 1), allows for comparing observed crustal structures
to predictions based on models for the uplift of the Sierras Pampeanas.
Using high-frequency receiver functions calculated from data recorded
by the ESP array from local events that occurred in the subducting
Nazca slab beneath the Eastern Sierras Pampeanas and stacking them
into common conversion point (CCP) bins reveal changes in crustal
thickness and mid-crustal structure as discussed below.
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2. Geological and tectonic setting

The main lithological and structural units of the Sierras de Córdoba
represent the middle portions of the continental crust. These include
units that are composed of Late Neo-proterozoic to Early Paleozoic
metamorphic rocks that have been subjected to poly-phase deforma-
tion and early Paleozoic granitoids, which have been imbricated by
middle Ordovician–Silurian and late Devonian–Carboniferous ductile
shear zones (Martino, 2003).

The metamorphic and igneous basement of the Sierras de
Córdoba was developed by accretion of different allochthonous and
parautochthonous terranes during the Late Proterozoic and the
Early Paleozoic (Miller and Söllner, 2005; Ramos et al., 2002, 2009;
Steenken et al., 2004) integrated into a larger cratonic block defined
as the Pampia terrane. This terrane underwent a complex history of de-
formation, metamorphism, and magmatism after its collision with the
Rio de la Plata craton at the end of the Proterozoic following the collision
of the Cuyania terrane with the newer western continental margin
(Ramos et al., 2010).

The metamorphic Late to Early Paleozoic basement is mainly com-
posed of migmatitic rocks (metatexites and diatexites) associated
with gneisses, schists, and to a lesser extent, marbles and amphibolites.
These rocks result from medium to high temperature (600–800 °C)
metamorphism andmedium grade (5–8 kb) pelitic and psammitic sed-
imentary sequences (Baldo, 1992; Gordillo, 1984; Gordillo and
Bonalumi, 1988; Guereschi and Martino, 2002, 2003; Martino, 1988),
interbedded with small bodies of limestones and basic igneous rocks.
Provenances from the Late Mesoproterozoic–Neoproterozoic sources
(broadly≈1100–600 Ma) indicate a Neoproterozoic to Early Cambrian
passive margin to the east to the present location of Sierras de Córdoba
(Booker et al., 2004; Favetto et al., 2008; López de Luchi et al., 2005;
Rapela et al., 2007).

The basement was intruded by granitic and tonalitic plutons during
the Early to Middle Paleozoic and also Devonian–Carboniferous
peraluminous granitoids, whose main exposure corresponds to the
Achala batholith (Fig. 2B). There are also recentmanifestations of volca-
nism in the Sierra de Pocho (4.7 Ma at about ~31°S) (Gordillo and
Linares, 1981; Kay and Gordillo, 1994) and El Morro (Sierras de San
Luis, 1.9 Ma at ~33°S) (Löbens et al., 2010; Ramos et al., 1991; Urbina
et al., 1997). This represents the last episode of volcanism related to
the change in the position of the Nazca plate to a sub-horizontal angle
of subduction (Kay and Mpodozis, 2002; Ramos, 1994; Ramos et al.,
2002). The older volcanic rocks are cut by fractured and eroded faults,
indicating that they were formed previous to the tectonic shortening
that uplifted this sector of the Sierras de Córdoba (Gordillo and
Lencinas, 1979).

The structure of the metamorphic basement includes ductile defor-
mation belts (Martino, 2003) that are a consequence of contractional
tectonic processes during the Ordovician–Silurian. Mesozoic and
Cenozoic tectonic events have inverted Cretaceous basins and generat-
ed brittle structures responsible for the uplift and tilt of mountain
blocks during the Andean orogeny (Caminos, 1979; Casquet et al.,
2008; González Bonorino, 1950; Gordillo and Lencinas, 1979; Löbens
et al., 2010; Martino et al. 2011).

During the Late Triassic–Early Jurassic (176–229 Ma) and Early
Cretaceous (100–146 Ma), the basement was affected by extensional



211M. Perarnau et al. / Tectonophysics 580 (2012) 208–217
deformation (Ramos et al., 2002; Uliana et al., 1989), in part related to
the opening of the South Atlantic Ocean at these latitudes (Rossello
and Mozetic, 1999; Uliana et al., 1989). According to Ramos et al.
(2002), the master faults of the rifting events were generated by
reactivation of the sutures between the accreted terranes. Continental
basins, usually with half-graben geometries, were developed exten-
sively over this region (Schmidt et al., 1995). These extensional fault
systems were later inverted during Andean compression as a conse-
quence of the subduction of the Nazca plate beneath South America
during the Cenozoic (Ramos, 2004; Ramos and Folguera, 2009), which
controlled the inception and uplift of the basement blocks that form
the Sierras Pampeanas. Thus, these reverse faults mainly possess thrust
geometries (Kraemer et al., 1988; Kraemer et al., 1995) and are partially
controlled by themainmetamorphic foliation S2with a dominant dip to
the east. This is expressed by the asymmetric morphology of the base-
ment blocks with high to low angle faults on the west and a smooth
slope on the east flank of the ranges. Tilting and rotation of the moun-
tain blocks could also be controlled by décollements at depth where
the mode of deformation must transition between the brittle and duc-
tile regime within the crust, although no major constraints have been
placed on the depth and character of this transition in the Eastern
Sierras Pampeanas (Costa, 1996; Richardson et al., 2012).

From east to west the Pampean elevation, Sierra Chica, Cumbre de
Gaspar-Nono, Comechingones, Sierra Grande, Ciénaga del Coro-La
Sierrita and Pocho faults (sequentially numbered from 1 to 7 in Fig. 2)
are the master reverse faults that differentially and progressively east-
ward uplifted the Pampean basement in the Sierras de Córdoba. Some
of the exposed bounding thrust faults within the Eastern Sierras
Pampeanas that accommodate shortening are probably listric, as seen
in other segments of the Sierras Pampeanas (e.g. Cominguez and
Ramos, 1991).

The Sierra Chica fault is one of the most extensive structures along
the Sierras de Córdoba, stretching close to 200 km from north to
south. This fault is located on the west side of the Sierra Chica and ap-
pears to be the structure that accommodated the shortening that led
to the uplift of the range (Kraemer and Martino, 1993; Kraemer et al.,
1988; Martino et al., 2011). It has a north–south orientation and a dip
of 50° to 60° to the east based on boreholes in the Punilla Valley. The
upper block at the northern end reaches its maximum topographic el-
evation at Cerro Uritorco, (1995 m; see location in Fig. 2B), while the
maximum elevation on the lower block is about 990 m.

The reverse north–south trending of the Sierra Grande and
Cumbre de Gaspar (back-thrust) faults is important because of their
location in the middle of the range. These faults dip to the east and
west respectively. The Sierra Grande fault causes a step of about
500 m between the relative blocks in contact along the fault.

The Sierra Grande fault runs from north to south for more than
160 km extending to the Sierra de Comechingones fault at the south-
ern end. Thermochronological studies indicate that the Sierra de
Comechingones was uplifted during the Post-Cretaceous (Löbens et
al., 2010). In the foothills of the Sierra de Comechingones, recent tec-
tonic activity is observed along a secondary north–south trending
fault, west of the main range-bounding fault. This nearly 50 km long
segment known as the Los Molinos fault branch (Fig. 2A), has a clear
geomorphic expression of en echelon scarps, strongly suggesting
Quaternary movements (Costa and Vita-Finzi, 1996). More to the
south, deformation on Quaternary sediments and intraplate shallow
seismicity provide evidence that Miocene–Pleistocene tectonic activity
continues along the Las Lagunas fault near Sampacho (Sagripanti and
Villaba, 2009; Sagripanti et al., 2011).

The Pocho fault is located on the western edge of the Sierras de
Córdoba and bounds the Sierra de Pocho. This fault strikes at a NW–SE
to N–S orientation, dips to the east, and is more than 180 km long.
The change in elevation across the fault is about 700 m indicated by
an offset on the metamorphites, which are within the Pocho volcanic
field in the hanging wall, and in the Chancaní Valley to the west of the
Sierra de Pocho within the footwall. The Pocho fault joins the
Comechingones fault in the central portion of the Sierras de Córdoba
(Fig. 2).

3. Geophysical observations

3.1. Modern seismic activity

Earlier attempts to image the subducted Nazca plate were presented
by Barazangi and Isacks (1976) and Cahill and Isacks (1992) predicting
its “normal” slab subduction (inclination of about 30° to the east) be-
neath the Eastern Sierras Pampeanas based on the distribution of hypo-
centers. However, these investigations did not include any seismicity to
the east of 65°W because there is no seismicity beneath the Sierras de
Córdoba reported in local or global seismic catalogs. For other adjacent
regions, two clusters of deep to intermediate depth seismicity are
reported: one with epicenters in the north (around ~27°S) with very
deep focal depths of more than 500 km; the other cluster of seismicity
within the slab is located to the west of 64°W at a latitude of ~31°S
where events occur at a depth of ~175 km(Fig. 1A). Earthquakeswithin
these two clusters that were recorded by the ESP seismic deployment
between 2008 and 2010 are used in the present study.

Further to the west lies more seismically active segments of the slab
including the portion where the slab subducts nearly horizontally at
shallower depths of about 100 km(Alvarado andAraujo, 2011). Just be-
neath the Sierras de Córdoba, the presence of a zone of partial melt
might be responsible for the slab exhibiting less activity, as discussed
in the next section. Thus, the morphology of the slab in the Eastern Si-
erras Pampeanas is mainly inferred from extrapolation between slab
seismicity in the northern and western regions of Argentina.

Studies of the continental crust using receiver functions on a region-
al east–west transect at about 30°S have shown a sharp Moho signal
located at a depth of 30 to 40 km and a simple one-layer crustal struc-
ture between 65°W and 64°W. These determinations used continuous
broadband teleseismic data from a previous temporary (the CHARGE)
seismic deployment (Gilbert et al., 2006). A more recent study by
Gans et al. (2011) used teleseismic P, PP and PKP phases recorded by
the CHARGE, SIEMBRA, and ESP seismic arrays to investigate the pres-
ence of a low velocity layer at the top of the downgoing slab in the
area between 29°S and 34°S, and 64°W and 72°W. Their study also
identified continental crustal thicknesses between 30 and 40 km
beneath the Sierras de Córdoba.

Historical seismicity shows damaging earthquakeswith epicenters in
the easternmost Sierras Pampeanas ofmagnitudes around 6.0, which oc-
curred in 1934 and 1936 (Fig. 1A) (INPRES, 2011). Paleoseismic studies
have also suggested that the same epicentral region might have experi-
enced other larger earthquakes in the past (Costa and Vita-Finzi, 1996;
Costa et al., 2001). Signs of modern deformation come from numerous
neotectonic features described for the southeastern part of the region
near the Sierra de Comechingones (e.g., Löbens et al., 2010; Martino et
al., 2011). Studies have recognized normal and reverse faults based on
the surface morphology of neotectonic features (Sagripanti and Villaba,
2009). The only available seismic source characterization for the intra-
plate activity in this region shows the occurrence of three crustal earth-
quakes that had reverse and strike-slip focal mechanisms and depths of
less than 18 km (Alvarado et al., 2005). Recent seismic determinations
using ESP broadband data show a large number of crustal earthquakes
in the Sierras de Córdoba, which have occurred between 2008 and
2010 with focal depths between 5 km and 25 km (Richardson et al.,
2012). Thus, seismic activity seems to occur in the upper and middle
crust around the Sierras de Córdoba.

3.2. Previous magnetotelluric and gravity studies

Magnetotelluric studies by Booker et al. (2004) have identified a
low resistive area beneath the Sierras de Córdoba around 64°W in a
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region that extends about 100 km in the east–west direction and
from depths of 150–200 km to more than 400 km. This has been
interpreted as the presence of hydrated asthenospheric material and
its location is consistent with the suggested depths to the top of the
subducted Nazca slab from Cahill and Isacks (1992). Another anomaly
observed from magnetotelluric studies shows a high contrast in elec-
trical resistivity along the eastern flank of the Sierra Chica de Córdoba
between the Pampia terrane (in the west) characterized by lower
resistivity and the Río de la Plata craton (in the east) characterized
by higher resistivity (Favetto et al., 2008). These terranes also exhibit
differing compositional signatures (Rapela et al., 2007).

The results of gravity modeling in this region estimated the Moho
to reach a depth of 39.5 km beneath the Sierras de Córdoba based on
a starting model composed of a single 33-km thick crustal layer over a
half-space with a density contrast of 0.4 g/cm3 between the crust and
half-space (Miranda and Introcaso, 1999). This study was based on
gravity data collected along an east–west profile that extended from
the Andes to the easternmost limits of the Sierras Pampeans at a lat-
itude of 31.5°S. This study also investigated the effects of a dense
Nazca slab on their results and determined that including the slab
in the gravity modeling would require the crust to thicken, leading
to a Moho depth of 43 km beneath the Sierras de Córdoba.

4. Data and methods

The Eastern Sierras Pampeanas seismic array, which consisted of a
temporary broadband seismic deployment designed to examine the
slab, crustal structure and crustal deformation in the eastern Pampean
ranges beneath portions of the Argentinean provinces of Córdoba, San
Luis, and Santiago del Estero, recorded the data used in this study. This
array consisted of 12 broadband portable seismic stations jointly installed
and operated by Purdue University, Colorado College, Universidad
Nacional de Cordoba, and Universidad Nacional de San Juan. Each site
consisted of either a Guralp CMG-3T or a CMG-3ESP three-component
sensor that operated continuously for two years from August 2008 to
September 2010.

To construct transects, we utilize data from 7 stations forming two
transects with an average spacing between stations of 50 km. The
northern (A–A′) transect includes four seismic stations centered at
31°S and 64.75°W and oriented along an azimuth of 56° to the east
of north. The southern (B–B′) transect is centered at 31.8°S and
64.60°W and composed of three stations. The southern transect is ori-
ented at an azimuth of 37° east of north (Figs. 1 and 2). These two
transects provide good coverage to investigate the major trends in
crustal and intra-crustal structures across the main units of the ranges
of the Sierras de Córdoba as discussed below.

A benefit of using arrivals from nearby events is that they possess
higher frequency signals that become attenuated for teleseismic events.
The higher frequency signal thus allows us to image intra-crustal
structures at a regional scale and sharpen the previous observations
(e.g. Gans et al., 2011; Gilbert et al., 2006) that were produced using
teleseismic events.

Taking advantage of the fact that the ESP broadband seismic array
was deployed close to a region of intermediate and deep seismicity,
we used seismic waveforms from local earthquakes in the subducted
Nazca slab with hypocenters in two clusters to image the crustal
structure of the Sierras de Córdoba (Fig. 2). The event hypocenters
came from the INPRES catalog and were estimated using the method
of Lienert et al. (1986). Approximately 30 slab earthquakes with mag-
nitudes greater than 4.0 were located and epicentral errors less than
5 km and focal depth errors less than 20 km, which have locations
to the west (here called “the western earthquake cluster”) and
north (here called “the northeast earthquake cluster”) of the Sierras
de Córdoba with depths in the range of 150 to 200 km and 500 to
600 km respectively were selected for this study. The criterion used
for selecting the slab earthquakes considered whether the path
traveled by the P-waves of each event lies within 1° of the station to
which it is traveling at a depth of 100 km. This depth and distance
range ensures that the rays intersect the Moho at a nearly vertical
angle (see piercing points in Fig. 2A). About half of the events that
satisfy the distance to the station cutoff were eliminated from further
examination due to their P-wave arrivals exhibiting a low signal-to-
noise ratio. Records from the remaining events were filtered to retain
frequencies greater than 0.02 Hz and windowed to 10 s before and
after the P-wave arrival to preclude interference from the direct
S-wave. After examining receiver functions calculated by deconvolving
traces windowed by a range of times, we identified that this length of
windowing the trances to extend 10 s before and after the P-wave
produces a robust deconvolution (e.g. clear radial P-waves and a vari-
ance reduction greater than 80% determined during the iterative
deconvolution).

The resulting traces were then used to calculate radial receiver
functions, a technique which uses differences in the arrival times
between the direct P-wave and P-to-S converted phases and a ve-
locity model to determine the depths at which incident P-waves en-
countered a velocity contrast beneath the seismic station (Langston,
1979). This is accomplished using an iterative pulse-stripping time
domain deconvolution code (Ligorria and Ammon, 1999). This ap-
proach uses a series of Gaussian pulses in deconvolving the input
signals in which the vertical P-wave component is deconvolved
from the horizontal (radial and tangential) components. In order
to take advantage of the high frequency content of the local events,
receiver functions were tested using different Gaussian pulse
widths, which are then related to the frequency content of the
resulting signal.

The same technique with minor modifications in the processing
approach can be applied to records for deep or intermediate depth
local events that occur below the receiver and are used to investigate
the structure under consideration. In this case it is possible to obtain
high-resolution images for the sub-receiver structure (Bock et al.,
2000; Calkins et al., 2006). The results presented here were obtained
for a Gaussian filter-width parameter equal to 5, corresponding to a
low-pass filter with a corner frequency of 2.4 Hz. Using higher frequen-
cies (for example 4.8 Hz) resulted in excessively noisy receiver func-
tions and for lower frequencies, such as 1.2 Hz, the results were
smoothed to the point that several of the details could no longer be
identified. Only receiver functions with a variance reduction of 80%, or
more, are presented here. Accordingly, the number of receiver functions
that satisfy our selection criteria varies between 10 at ESP08 and 14 at
ESP06.

After the receiver functions were computed, the traces were stacked
using the common conversion point (CCP) stacking method. Examples
of other studies following the same methodology can be obtained
from Dueker and Sheehan (1997), Gilbert and Sheehan (2004),
Gilbert et al. (2003), Owens et al. (2000), and Zhu (2000). The resulting
cross-sections were migrated to a depth using a single-layer velocity
model computed using teleseismic receiver function moveout plots. In
this study CCP stacks from receiver functions are studied along two
transects with a total length of 140 km.

Briefly, the procedure to find the average crustal velocity model
used in the CCP stacking can be described as follows. Teleseismic
receiver function moveout plots were obtained using ESP data for
the same period of time (2008–2010). The observed receiver function
moveout plots were compared to moveout curves calculated for dif-
ferent velocity models in order to distinguish arrival times of Ps
phases and multiple reverberations. This allows us to find the values
of seismic velocities and crustal thicknesses that would predict
receiver function arrivals that best match our observations. This ap-
proach consisted of using a grid search to fit the observed arrival
times of the Moho conversions and their multiples by varying the
values of Vp, Vp/Vs, and the depth of the discontinuity responsible
for producing the observed phases (Fig. 3).
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5. Results

We tested several crustal velocity models to be used during the
CCP stacking, which were calculated with teleseismic receiver func-
tion moveout. In this process, we tested a range of possible Vp values
between 5.8 km/s and 6.8 km/s at steps of 0.1 km/s, Vp/Vs values
ranging between 1.6 and 2.2 at steps of 0.01, and crustal thicknesses
between 30 and 50 km at steps of 1 km. The results of the grid search
showed the best match to the data observed at each single station
separately using a model with Vp=6.2 km/s, Vp/Vs=1.77, and a
crustal thickness varying between 35 and 38 km. Fig. 3A and B
shows how well this crustal model fits the teleseismic data for sta-
tions ESP04 and ESP05. Comparing the observed receiver function ar-
rivals to predictions based on different models, we observe that the
model with a 38 km thick crust matches the observed arrivals from
the central part of the ranges, while a model possessing a thinner
crust of 35 km provides a better fit to the data recorded in the east.
The next processing step consisted of using the average velocity
model as an initial model to investigate variations in crustal structure
that appear in the CCP stacking transects constructed with local re-
ceiver functions.

Using our best fitting crustal velocity model (Fig. 3), we constructed
CCP stacks from the receiver functions calculated from records of deep
slab events shown in Fig. 1. That allowed us to detect detailed
mid-crustal discontinuities and determine more precise Moho depths
and morphology. The CCP stacks of the receiver functions in the two
transects (Figs. 4 and 5) reveal consistent mid-crustal conversions at
depths less than 30 km and a distinctive Moho signal. The results for
the northern cross-section A–A′ provide evidence for three intra-
crustal discontinuities that are abruptly interrupted, with each segment
appearing to deepen toward the southwest. A similar structure is
observed along the southern transect B–B′, in which two intra-crustal
discontinuities are also observed. A common feature of the intra-
crustal discontinuities is their near horizontal appearance and abrupt
offsets at range bounding faults that lead to their depths increasing to
the west. A well-defined Moho signal is located at depths between 35
and 38 km in both sections.
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Fig. 3. Teleseismic receiver function moveout plot of radial receiver functions as a function
Black, red and blue lines show the predicted moveout of Ps conversions and multiples for t
5.1. Northern transect A–A′

CCP stacked receiver functions for the northern transect A–A′ dis-
play consistent conversions for the Moho and intra-crustal structures
that can be followed between multiple stations (Fig. 4). In general,
the stacks exhibit three intra-crustal discontinuities with amplitudes
that diminish toward the west. Deep mid-crustal conversions are lo-
cated in the eastern portion of the section at depths around 10, 16
and 22 km (NE side). These conversions deepen toward the south-
west along vertical displacements that accompany their decrease in
amplitude. The stronger mid-crustal signal is at depths around 10
and 14 km while the signal between 16 and 18 km depth has smaller
amplitude that further decreases at offset distances less than 60 km
along the southwestern side of the range. Another discontinuity is ob-
served at depths around 22 and 27 km, which becomes deeper to the
southwest and shows weaker amplitudes in the central portion of the
transect between offsets of 60 and 120 km along the transect. Thus
the three intra-crustal discontinuities seem to have a similar geome-
try lying horizontally and exhibit a similar behavior beneath the Sier-
ra Chica, Sierra Grande and Pocho faults.

Overall the strongest signal is associated with the Moho disconti-
nuity at a depth of 38 km in the SW. The depth of the Moho decreases
gently to the NE to around 35 km. The Moho shows a clear vertical
step of ~3 km at an offset of about 110–130 km beneath Sierra
Chica (Fig. 4). In this region the Moho shows a shift to greater depths
in the east with respect to its depth further to the west along this pro-
file. The moveout plots constructed using teleseismic data presented
in Fig. 3 also support this observed change in crustal thickness.

5.2. Southern transect B–B′

The southern cross-section B–B′ (Fig. 5) displays a more simple
intra-crustal structure than the northern cross-section. This could be
in part because this transect gathers data from fewer stations in com-
parison to the northern transect. It should be also noted that the orien-
tation of this transect ismore parallel to the strike of themain structures
in the region and thus, structures are probably more smoothed along
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the transect (see orientation of transect B–B′ in Fig. 2). Our results indi-
cate the presence of two discontinuities in the middle to upper crust
with a vertical displacement between stations ESP09 and ESP08 at a
horizontal offset distance near 90 km. The two intra-crustal discontinu-
ities are located at depths of 10 and 20 km on the eastern part of the
transect and shift to greater depths of 16 and 23 kmon thewestern por-
tion of the section in a similar manner to the westward deepening of
mid-crustal structures along the northern transect. Furthermore, it is
important to note the presence of negative arrivals observed along
this transect that mark depths where seismic velocities decrease with
increasing depth. These areas of low-velocity material are not clearly
present in the northern transect. Such signals are usually associated to
a partial melting zone or asthenospheric material (Gilbert et al., 2006)
and are supported by magnetotelluric studies (Fig. 6A).

A clear positive signal at the about 35 km depth is observed across
this entire transect associated marking the Moho. The Moho appears
to smoothly dip toward the west but also exhibits an abrupt step
where it shifts downward to the west by about 3 km between sta-
tions ESP08 and ESP09 (Fig. 5).
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6. Discussion

Determining the depth to the Moho beneath the Sierras de Córdoba
using receiver functions calculated from local events shows a consistent
signal associated with a large contrast in seismic velocities between the
crust and upper mantle for both transects A–A′ and B–B′ (Figs. 4 and 5,
respectively). Images from both of the transects presented here show
crustal thicknesses varying from 38 km in the west to 35 km in the
east based on assuming a crustal Vp=6.2 km/s and Vp/Vs=1.77.
These regional constraints improve our ability to detect small-scale
changes in the Moho morphology compared to the estimates made
based on CCP stacking teleseismic receiver functions (Gans et al.,
2011), which indicated crustal thicknesses in the range of 35–39 km
for the regions around transects A–A′ and B–B′, but could not resolve
the details. We also find that our observations of crustal thicknesses in
the Eastern Sierras Pampeanas are smaller than the global average,
which indicate an average crustal thickness of 41 km in continental re-
gions (Christensen andMooney, 1995). Interestingly, our results show a
thinner crust beneath the Sierras de Córdoba, which is more granitic in
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composition compared to the thicker mafic crust in theWestern Sierras
Pampeanas (47 km in the Sierra Pie de Palo — Cominguez and Ramos,
1991; Gilbert et al., 2006; Perarnau et al., 2010; 50 km in the Sierras
de Vale Fértil and La Huerta — Gallardo, 2011) and the 73-km thick
crust of the high Cordillera (Gans et al., 2011) (Fig. 6). Shortening, driv-
en by the greater amount of coupling between the crust and flat slab in
the west (Alvarado et al., 2009), may have acted to thicken the crust in
theWestern Sierras Pampeanas to a greater amount than in the Eastern
Sierras Pampeanas. The large contrast in seismic properties at theMoho
beneath the Sierras de Córdoba can result from the more granitic crust
on top of the mafic mantle. This correlates well with the presence of
large granitic bodies in this region of the Eastern Sierras Pampeanas in-
cluding batholithic dimensions (Grosse et al., 2009; Rapela et al., 1998a,
b; Sims et al., 1998). We also note that the depth to the Moho and the
large contrast in seismic velocities between the crust and mantle are
also consistent with the observed shallow crustal seismicity (with
depthsb20 km) by Alvarado et al. (2005) and Richardson et al.
(2012). Continental regions with crust rich in quartz have been found
to possess shallow earthquakes that nucleate at depths less than
20 km (e.g., Scholz, 1989), and this observation is similar to the events
located in the crust of the Sierras de Córdoba. This study also indicates
that a mid-crustal discontinuity may be present around these depths
that mark the transition from the slower felsic crust to higher velocity
lower crust.

In addition, it is interesting to note the variations in the morphol-
ogy of the Moho which include a vertical shift to the west of ESP04 in
the A–A′ transect. This step appears to be similar to the change in
crustal thickness observed along the B–B′ transect beneath stations
ESP08 and ESP09 (see Figs. 4 and 5). This could be related to the pres-
ence of an inherited crustal feature from previous collisional episodes
in the region that juxtaposed the easternmost part of the Pampean
terrane against the western part of Rio de la Plata craton (Rapela et
al., 1998b). These constraints for the crust agree with interpretations
from magnetotelluric studies by Favetto et al. (2008) that imaged the
boundary between the Pampean terrane and the Rio de la Plata craton
to penetrate through the crust and into the lithosphere.

The results from investigating crustal structure using receiver
functions with higher frequency content than those calculated from
teleseismic events show the presence of three mid-crustal interfaces
in the northern transect A–A′ and at least two interfaces in the southern
transect B–B′. The structures shown in Figs. 4B and 5B include the
exposed reverse faults at the surface and the shallow intra-crustal
structures that seem to be displaced along these faults at depth. The
reverse faults extend down to a possible décollement at depths
between 22 km (in the east) and 27 km (in the west) (Figs. 4B, 5B
and 6). This depth range is greater than the 10–16 km depth range
predicted using geometric methods involving elevations and dips of
structures exposed on the surface (Costa, 1996) and shallower than
those based on gravity observations of about 25–30 km by Miranda
and Introcaso (1999). We note that most of the crustal seismicity
recorded by the ESP seismic array is located above ~20 km, which has
been suggested by others to result from the shallow level of brittle
deformation as discussed above. The presence of negative signals ob-
served along the southern transect could be related to partial-melting
zones remaining from the most recent volcanic activity in the region.
The Pocho volcanic field (Gordillo and Linares, 1981) and a series of vol-
canoes and subvolcanic bodies arewell documented along a northwest-
ward trending belt from La Carolina to ElMorro (Llambías and Brogioni,
1981; Fig. 1B) in agreement with magnetotelluric studies by Booker et
al. (2004) and Favetto et al. (2008) (Fig. 6A).

The region between the deepest midcrustal discontinuity located
around 22–27 km depth and the Moho at 35–38 km depth for both
transects might represent an aseismic ductile shear zone where listric
faults terminate (Fig. 6B). These constraints could be compared with
the décollement levels estimated in the western Sierras Pampeanas,
such as the Sierra de Pie de Palo where they are present at two levels
at 13 km and 28 km depth (Perarnau et al., 2010) and the Sierra la
Huerta where they are levels deeper than 20 km (Snyder et al., 1990).
The final structural and seismic model agrees with a transition from
brittle deformation at shallow depths in the upper- and mid-crust
(b25 km) to more ductile deformation in the 10 km toward the base
of the crust where no earthquakes have been located. Alternatively,
the lower crust could simply be a region resisting fragile deformation.

We cannot rule out that composition might be another factor
partially controlling the receiver function results but an exhaustive
petrological analysis has not yet been done in the Eastern Sierras
Pampeanas as in the Western Sierras Pampeanas (Castro et al., 2012).

7. Conclusions

We obtained images of crustal structure using CCP stacking of high
frequency local receiver functions for the Sierras de Córdoba along
two transects located around 31°S and 32°S in central Argentina.
Our results provide evidence for an average crustal thickness of 35
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to 38 km with a low average P-wave velocity of 6.2 km/s and a Vp/Vs
ratio of 1.77. These parameters are consistent with the crust in this
area being composed mostly of granite. The consistent sharp Moho
signal associated with a high contrast in seismic velocities is in good
agreement with the granitic character of the crust lying above the
mafic upper mantle.

The Moho generally deepens to the west and locally exhibits a fo-
cused area of deepening under the western side of the Sierra Chica as
indicated by a vertical shift in the Moho signal. This could represent
an inherited feature in the lower part of the crust that formed during
the accretion of the Pampean terrane onto the Rio de la Plata craton.

Offsets in the intra-crustal structure across the Sierras de Córdoba
suggest that the reverse faults, which are exposed at the surface, contin-
ue to greater depths as shown in the structural model. The faults seem
to displace several horizontal upper-to-mid crustal interfaces, which
are well defined horizontally along the two transects (Figs. 4 and 5).
Based on this we present a structural model for the Sierra de Córdoba
that shows the main block uplift with the associated master thrust
faults (Fig. 6B). These results are in agreementwith the crustal structure
observed in other segments of the Sierras Pampeanas based on 2D seis-
mic exploration lines (Cominguez and Ramos, 1991; Cristallini et al.,
2004; Snyder et al., 1990). In this case the faults penetrate the upper
crust with a varying dip and flatten out along a possible décollement
at a depth of close to 27 km. Based on seismicity and neotectonic stud-
ies, the Sierras de Córdoba seem to be actively accommodating defor-
mation in the easternmost part of the Andean foreland, 800 km away
from the Pacific trench. Most of the crustal seismicity is located at
depths that extend to ~25 km (Richardson et al., 2012). Negative
signals along the southern transect suggest the presence of low-
velocity material linked to the last stage of magmatism near this area
(El Morro, 1.9 Ma; Ramos et al., 2002; Fig. 1B).

In the lower crust of both transects we find a region located be-
tween the deepest crustal discontinuity at depths from 22 to 27 km
and the Moho (35–38 km) that might represent a zone that is
deforming in an aseismic ductile manner or is simply a region that
has somehow resisted deformation (Fig. 6). We do not observe fea-
tures toward the base of the crust that would be indicative of other
discontinuities or faulting beneath a depth of 27 km.
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