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ARTICLE INFO ABSTRACT

Keywords: In this study, we analyze 100 crustal Precordilleran earthquakes recorded in 2008 and 2009 by 52 broadband

Crust seismic stations from the SIEMBRA and ESP, two temporary experiments deployed in the Pampean flat slab

Focal mechanism region, between the Andean Cordillera and the Sierras Pampeanas in the Argentine Andean backarc region.

Fold-thrust belt In order to determine more accurate hypocenters, focal mechanisms and regional stress orientations, we

FA; fi?zbmroarc relocated 100 earthquakes using the JHD technique and a local velocity model. The focal depths of our relocated

South America events vary between 6 and 50 km. We estimated local magnitudes between 0.4 < M; < 5.3 and moment
magnitudes between 1.3 < M,, < 5.3. Focal mechanisms were determined from new hypocenter relocations and
first motion P-wave polarities. Our solutions exhibit a majority of the earthquakes with reverse faulting me-
chanism. Regional stress tensor from the inversion of P- and T-axis orientations, shows a maximum stress axis
(01) almost horizontal with a strike of 85° and a minimum stress axis (03) almost vertical.

We correlate this small-to-moderate magnitude seismicity with the presence of large basement structures
beneath the Iglesia-Calingasta Basin in the west and the Eastern Precordillera in the east. The nucleation of deep
earthquakes beneath the Iglesia Basin could be related to the presence of a major ramp accommodating the
crustal shortening between the Frontal Cordillera and the Precordillera. The crustal seismicity beneath the
Precordillera seems to correlate with west-dipping structures rooting deep into the Cuyania basement suggesting
a thick-skinned basement deformation system beneath the Precordillera and its shallow thin-skinned fold and
thrust belt.

1. Introduction

The Precordillera region is located in the South American con-
tinental plate above the horizontal subduction of the Nazca plate and to
the east of the Main and Frontal Cordilleras, where active volcanism
ceased since the last 15.2-6.3 My (Fig. 1) (Kay and Abbruzzi, 1996;
Ramos and Folguera, 2009). The style of upper crustal deformation of
the Precordillera is described as a thin-skinned fold-thrust belt (Rolleri,
1969; Ramos, 1988; Allmendinger et al., 1990; Cristallini and Ramos,
2000). Comparatively, many more earthquakes have been reported in

the thick-skinned Sierras Pampeanas region located several hundred
kilometers east of the Precordillera (Fig. 2) (Alvarado et al., 2005;
Monsalvo et al., 2014; Richardson et al., 2012).

Over the past decades, the flat-slab segment of the Argentine
Andean retroarc has been the focus of numerous studies (e.g. Barazangi
and Isacks, 1976; Cahill and Isacks, 1992; Reta, 1992; Pardo et al.,
2002, 2004; Anderson et al., 2007; Alvarado et al., 2009a, 2009b; Gans
et al., 2011), although crustal seismicity in the Precordillera has not
been studied in detail except for early contributions from Smalley and
Isacks (1990), Smalley et al. (1993) and Pujol et al. (1991). Possible
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Fig. 1. Regional map around the flat slab region of the South Central Andes
showing the locations of the SIEMBRA and ESP broadband IRIS-PASSCAL de-
ployments, respectively and main cities. Depths to the slab contours and epi-
centers of the large Andean Precordilleran damaging crustal earthquakes
(Alvarado and Beck, 2006; Rivas et al., 2019) are shown. The thick gray line
shows the approximate path of the Juan Ferndndez Ridge. The convergence rate
between the Nazca and South American plates from GNSS observations is re-
presented by the black arrow (Vigny et al., 2009). Terranes and main morpho-
structural units are MC: Main Cordillera, FC: Frontal Cordillera, Pr: Pre-
cordillera, WSP: Western Sierras Pampeanas, ESP: Eastern Sierras Pampeanas
according to Ramos et al. (2002), RPC: Rio de la Plata Craton, WPr: Western
Precordillera, CPr: Central Precordillera, EPr: Eastern Precordillera, IB: Iglesia
Basin and CB: Calingasta Basin according to Baldis and Chebli (1969), Ortiz and
Zambrano (1981), Baldis and Bordonaro (1984), Ramos (1988) and Rapela
(2000).
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Fig. 2. East-west cross section showing seismicity during 17 years (2000-2017)
from ISC (2020) in the western margin of South America at ~31°S. Magnitudes
are between 1.3 < M,, < 8.3. The main morphostructural units and terranes
are the same as described in Fig. 1.
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reasons for this are the relatively scarce occurrence of moderate to large
sized crustal seismicity during modern times and the lack of good
quality pre-digital world-wide instrumental recordings. Alvarado and
Beck (2006) and Meigs and Nabelek (2010) used teleseismic data to
study the Eastern Precordillera historical earthquakes of 1944 (M,, 7.0)
and 1952 (M,, 6.8), which have caused deaths and severe damage to the
city of San Juan in western Argentina (Fig. 1, Table 1). Another pro-
blem is the uncertain detection of smaller magnitude seismicity by
permanent seismic stations at regional distances. This seismicity is more
abundant but the scarce coverage of it is not good enough for accurate
automatic source characterization, especially in the Precordillera area
(Sanchez et al., 2013). A noticeably higher seismic activity can be ob-
served for the Andean backarc at intermediate depths between 100 km
and 120 km, in the horizontal segment of the Nazca subducting plate
(Fig. 2). In contrast, very little seismicity is detected in the upper
continental plate at shallow depths < 50 km in the Precordillera.

In this study, we perform the relocation of 100 crustal events re-
corded between 2008 and 2009 in the Precordillera by temporary
seismic deployments, using the Joint-Hypocenter-Determination (JHD)
method (Pavlis and Booker, 1983; Pujol, 1988) and compare our re-
location results with previous hypocenter solutions presented in Val
et al. (2018). We also calculate and compare local and moment mag-
nitude estimations (M;, and M,,, respectively). Finally, we calculate new
focal mechanisms from the relocated seismicity using an increased
number of P-wave first motions and determine an average estimation of
the main stress axis orientations.

We analyze our results in the framework of historical large earth-
quakes that have occurred in the area as well as the crustal seismicity
determinations and tectonic interpretations from the PANDA (Portable
Array for Numerical Data Acquisition; Chiu et al., 1991) experiment for
two small sectors in the Precordillera (Smalley et al., 1993). This helps
to characterize seismic and non-seismic zones within the Precordillera
(including the Central and Western Precordillera, more to the west,
where PANDA had no coverage) at different depths in the crust. This
information is key to understand the depth at which the current de-
formation of the Precordillera occurs as well as the tectonic features
responsible for such deformation.

1.1. Seismic experiments and crustal thickness estimations in the
Precordillera

This study focuses on crustal earthquake characterization beneath
the Andean Precordillera. We use approximately two years of con-
tinuous three-components broadband seismological records from the
SIEMBRA (SlIerras Pampeanas Experiment using a Multicomponent
BRoadband Array; Beck and Zandt, 2007) and the ESP (Eastern Sierras
Pampeanas; Gilbert, 2008) IRIS-PASSCAL experiments. The SIEMBRA
network consisted of the deployment of 40 stations during 2008 and
2009 in the Main and Frontal Cordilleras, Precordillera and Western
Sierras Pampeanas. Simultaneously, 12 broadband seismic stations
were deployed as part of the ESP network, along the Eastern Sierras
Pampeanas (Fig. 1).

Regnier et al. (1994), Gilbert et al. (2006), Gans et al. (2011) and
Ammirati et al. (2015) show that the crustal thickness for the Pre-
cordillera varies between 66 km in the west, to 55 km in its eastern
region. Ammirati et al. (2015) and Ammirati et al. (2018) also con-
strained a lithospheric scale S-wave velocity using the joint inversion of
receiver functions and Rayleigh wave phase velocity dispersion. The
seismic velocity model by Ammirati et al. (2015) shows the presence of
several upper-plate middle-crustal discontinuities, zones of high S-wave
velocity in the upper-plate lower crust associated with a weak Moho
signal consistent with the hypothesis of partial eclogitization in the
lower crust and the presence of low S-wave velocities at ~100 km depth
interpreted as hydrated basaltic oceanic crust.

We compare the earthquakes in this study with the seismicity re-
ported in the global ISC (2020) catalog from 2000 to 2017, for a cross-
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o o d section at 31°S (Fig. 2). Our results correspond with the 20% of the
% &5 T o= n Qo earthquakes that occur at crustal depths in the Precordillera while the
= remaining 80% in this zone corresponds to hypocenters in the flat slab
_ subducted Nazca plate (Fig. 2), in good agreement with previous seis-
é 228835 g ! micity studies (Barazangi and Isacks, 1976; Isacks and Barazangi, 1977;

~ | A Smalley and Isacks, 1987; Smalley and Isacks, 1990; ISC, 2020).

g

= E N o6 o e e 1.2. Previous seismic studies in the Precordillera

—-2 T $¥9RS4588% "

=le Smalley and Isacks (1990) analyzed Argentine National Institute for

~ Seismic Prevention (INPRES) seismic records available for years 1984
E S % 3; o % g 2 to 1985 and observed an increased seismicity concentrated southeast of
& the Eastern Precordillera around 31.1°S, distributed between 20 km and

30 km depths. They concluded that those depths were unusual for in-
E g traplate earthquakes and suggested a brittle/ductile transition at
A 30-35 km depth. They also suggested that the Western and Central

E Precordillera seemed aseismic.

= | 2 Smalley et al. (1993), using data recorded by the PANDA network

S | a8F8~0we during 1987 and 1988, initially processed the data using HYPOINVE-

z | g RSE (Klein, 1978) and a laterally homogeneous three-layer crustal ve-

locity model based on suggestions from Bollinger and Langer (1988)

5 QyRe AN ® S and Volponi (1968). They subsequently tested the results using the JHD
= © method. Their seismicity in the Eastern Precordillera, had occurrence in
Mo~ three segments from north to south. The north and central segments

= SeHda~a show well-defined hypocenter distributions in planes correlating with
crustal scale faults that extend from 5 to 35 km depth, while the

E o898 southern sector shows diffuse seismic activity that does not follow a

3 - trend between the Eastern Precordillera and the Western Sierras Pam-

peanas. In addition, they proposed that this seismicity was the result of

2 © <o the reactivation of ancient structures or were occuring in the basement

2 SSagsgg of unknown affinity west of the suture between terranes.

= More recently, Val et al. (2018) presented a discussion about the

~ regional distribution of earthquakes with respect to erosion rates for

—E IR R E L which they obtained locations for a total of 100 crustal earthquakes (see

—g ol - S Rl Table S1). Val et al. (2018) earthquake locations and moment magni-

] tudes M,, were calculated using the Seisan 10.3 software (Otteméller

et al., 2014) and a regional lithospheric velocity model from Ammirati

% 20N IND e et al..(2015).

g %0 § SR8 % Rivas et al. (2019) analyzed 44 small-to-moderate earthquakes more

) ©© R VOO to the north of the present studied region between 28°S and 30.5°S and

3 68.5°W and 69.5°W. They integrated seismic records of the CHARGE

and SIEMBRA temporary seismological stations as well as the INPRES

g § § 3 § % E g permanent network. They identified P- wave and S-wave first arrivals to

E R R - E - locate earthquakes using SEISAN (Ottemoller et al., 2014) and an

= MmMmMmMmmom

g [ Y average seismic velocity model from Sanchez et al. (2013). In addition,

they calculated focal mechanisms using P-wave first motions and am-

E oA plitude ratios between P- and S-waves, seismic moment, coda magni-

g AR CENSA tude, local magnitude and moment magnitude. Their determined seis-

@ micity is distributed at upper-to-middle crustal depths (10 to 30 km)

° with an absence of seismicity at depper levels than 40 km depth in a

E FR LI RE zone characterized by a crustal thickness of 65 km (Gans et al., 2011;

= Ammirati et al., 2015). The focal mechanisms are mainly reverse so-

. lutions with some slight strike-slip components. Rivas et al. (2019) also

E nod S YoQow proposed a 3D model integrating information from one seismic reflec-

tion line, modern seismicity, geological maps, geological cross sections,
= e BN D o _ and outcrop observations, indicating a fractured and seismically active

A comm A S basement between 10 and 30 km depths, just beneath the thin-skinned

~ B 8 aseismic top level of the exposed Precordillera.

‘5 el g § é Linkimer et al. (2020) obtained earthquake locations and a detailed
| = @ — e\ §] 3D velocity model of the flat slab subduction zone including the Pre-
§ oo oot ao T: g E 8 cordillera using regional-scale double difference tomography and the
g E § § § § § § § g g é g .E% @ same SIEMBRA-ESP b.roadband data. They only selected the fevents
S g2 ‘i & detected by > 30 stations and the event set was completed with all
- | . £ E =z = reported events from the INPRES and NEIC catalogs. The velocity in-
= g 2858838 f st versions used 1157 earthquakes with a gap lower than 180°, at least 10
& P-wave and 6 S-wave observations, and included at least one
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observation within a distance of 1.5 times their focal depth. The dataset
showed earthquake depths from O to 40 km within the crust and from
100 to 200 km within the subducting Nazca plate. They determine Vp,
Vs and Vp/Vs for both the South American plate and the Nazca plate
and interpret the possible lithologies present in those sectors and the
processes that take place there.

2. Geotectonic setting

The Nazca plate between 29°S and 32°S is subducting nearly hor-
izontally beneath the South American plate (Barazangi and Isacks,
1976; Smalley and Isacks, 1987; Cahill and Isacks, 1992; Reta, 1992;
Alvarado et al., 2009b; Gans et al., 2011) with a GNSS velocity rate of
6.7 cm/yr and an azimuthal orientation of 74° (Vigny et al., 2009)
(Fig. 1). The flattening in the slab subduction, which is well defined by
hypocenters locations, at about 100 km depth (Anderson et al., 2007;
Linkimer et al., 2020), has been associated with the subduction of the
Juan Fernandez Ridge (JFR) (Yanez et al., 2002). Stuessy et al. (1984)
have proposed that the origin of this oceanic mountain range is due to
the north-easterly motion of the Nazca plate above the hotspot located
at approximately 34°S and 82°W in the Pacific Ocean (Von Huene et al.,
1997; Steinberger, 2000).

2.1. Accreted terranes and morphological units

Several accreted terranes characterize the Andean margin in this
region of Argentina and Chile (Fig. 2). According to Ramos (1984) and
Ramos et al. (1998), the Cuyania terrane and the Chilenia terrane were
part of Laurentia and were amalgamated during the Ordovician and
Late Devonian to the protomargin of Gondwana (Fig. 1). The contact
between Chilenia and Cuyania (Ramos et al., 1986; Davis et al., 2000) is
suggested on the base of a belt of mafic-ultramafic rocks and associated
metasedimentary rocks that are frequently interpreted as dissected
ophiolites (Ramos et al., 2000). The ophiolite belt currently lies in the
western margin of the Precordillera (Caminos, 1979) and is associated
with the suture between both terranes. The Cuyania terrane comprises
the Precordillera and the Western Sierras Pampeanas (Ramos et al.,
1998; Ramos, 2004). The basement of Cuyania is composed of Grenville
rocks, which have been related to the southern extension of the Ap-
palachian system in the Ouachita embayment (Thomas and Astini,
1996). This basement and its sedimentary cover comprise one of the
best studied terranes in this continental margin (Thomas and Astini,
2003; Vujovich et al., 2004). The Chilenia terrane presents high grade
metamorphic rocks exposed to the west of the ophiolitic rocks that
separate Cuyania from the Chilenia terrane (Ramos et al., 2010).
Crustal thickness observations along the Chilenia terrane indicate about
70 km and ~65 km beneath the Western Precordillera (Cuyania)
(Regnier et al., 1994; Ammirati et al., 2015). Ammirati et al. (2016)
evidenced a difference in crustal thickness as a possible double Moho
beneath the Precordillera using stacked local receiver function images.
This is related to the presence of a major structure that separates the
Cuyania terrane from the more felsic, thicker Chilenia terrane. The
region in between the Chilenia and Cuyania terranes can be followed
for > 400 km in a north-south orientation and down to ~40 km depth,
dipping to the west with probable reverse motion. This major structure
may have played an important role in controlling the regional de-
formation since the Ordovician. Currently, the crustal shortening ac-
commodation may also be occurring in the lower crust, contributing to
the complex Moho geometry and the unusually high crustal thickness
observed beneath the Chilenia (with a deeper Moho) and Cuyania (with
a relatively shallower Moho) terranes. From west to east, this Andean
retroarc region comprises the structures of the Main Cordillera and
Frontal Cordillera in the Chilenia terrane; Precordillera and Western
Sierras Pampeanas in the Cuyania terrane and the Eastern Sierras
Pampeanas in the Pampia terrane (Ramos, 1999a) (Fig. 1). The Main
Cordillera at this latitude forms a relatively narrow strip of mostly
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Mesozoic strata deformed by thin-skinned thrust systems (Cristallini
and Ramos, 2000). To the east, the Frontal Cordillera is characterized
by thick-skinned deformation and relatively low amounts of shortening
(Allmendinger et al., 1990; Ramos, 1999b; Heredia et al., 2002). The
Frontal Cordillera is separated from the Precordillera by the Iglesia-
Calingasta Basins (Fig. 1) (Amos, 1972; Amos and Rolleri, 1965;
Gonzélez, 1985; Allmendinger et al., 1990; Beer et al., 1990; Cortés,
1993; Ramos et al., 2002; Ruskin and Jordan, 2007). The Iglesia-Ca-
lingasta Basin corresponds to a regional feature located 250 km east
from the subduction trench, and about 100 km above the subducted
Nazca plate. The deformation in this region is characterized by reverse
motion along N-S trending structures (e.g. Allmendinger and Judge,
2014). The Iglesia-Calingasta Basin contains ~3.5 km deposits (Beer,
1989; Beer et al., 1990) in a region of crustal thickness of about 65 km
Ammirati et al. (2015). Thus, the region might have been affected by
compression since the Paleozoic involving some periods of extension
(Von Gosen, 1992; Alonso et al., 2008), with records of shortening and
thickening (Gans et al., 2011; Allmendinger and Judge, 2014); in ad-
dition, evidence of transpression during the Neogene has also modified
pre-existing structures (Siame et al., 1996; Perucca and Bastias, 2011;
Rivas et al., 2019).

2.2. Precordillera, its transition to Sierras Pampeanas and seismic activity

On the basis of the different stratigraphic and structural character-
istics, the Precordillera, in general is subdivided into Western, Central
and Eastern parts (Fig. 1) (Baldis and Chebli, 1969; Ortiz and
Zambrano, 1981; Baldis and Bordonaro, 1984). The Western Pre-
cordillera involves mostly Paleozoic, Triassic and Andean foreland
basin strata with thin-skinned deformation (e.g. Allmendinger and
Judge, 2014) and local inversion of Triassic half-grabens (Barredo and
Ramos, 2009). The lower Paleozoic section of this belt is defined by
clastic Ordovician deep marine deposits (Spalletti et al., 1989).

The Central Precordillera is characterized by a series of thrust sheets
involving Ordovician to Carboniferous strata capped by narrow strips of
Neogene foreland basin strata. Unlike the Western Precordillera, the
Ordovician section in the Central Precordillera is mostly characterized
by carbonate platform strata. Geological observations reflect a style of
thin-skinned structures, with large imbricated thrust sheets and local
duplex systems (Furque et al., 1999; Ramos and Vujovich, 2000;
Anselmi et al., 2006). Both the Western and Central Precordilleras show
a dominant eastward vergence.

The Eastern Precordillera has opposite (westward) vergence and is
characterized by Cambrian carbonate units that are not observed in
thrust systems further west (Ramos and Vujovich, 2000). Unlike the
Western and Central Precordillera, deformation along the Eastern Pre-
cordillera has been associated with a thick-skinned style, similar to that
of the Sierras Pampeanas (Zapata and Allmendinger, 1996). However,
geological observations and seismic reflection data support the idea of
thin-skinned structures detaching from Cambrian units, refolded by
deeper basement structures, in agreement with models by Smalley et al.
(1993). The front-end of the Precordillera seems to stop with a finite
thickness at a suture on the eastern side of the Eastern Precordillera
where the vergence inverts. The back-end of the Western Precordillera
crust/lithosphere, geometry at the suture between the Chilenia and the
Cuyania is largely unknown. In this work, we test the hypothesis of
Pampean-style basement structures which are developing incipiently in
the proximity and below the Precordillera.

Recent thermochronology studies carried out by Levina et al. (2014)
in the south of Precordillera indicate that the deformation began at
around 12-9 Ma. While Fosdick et al. (2015) using the same technique,
indicate that the deformation started about of 18-14 Ma. The main
deformation phase in Central Precordillera, peeking with large-scale
exhumation, was at 12-9 Ma while the main phase in the Eastern
Precordillera seems to have occurred at 6-2 Ma, in agreement with a
recent study by Allmendinger and Judge (2014).
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Topographic and fluvial relief data, cosmogenic analysis, variability
of rainfall and discharge and crustal seismicity were used by Val et al.
(2018) analyzing the tectonics versus the climatological components in
the Precordillera. They proposed that the along-strike pattern of erosion
rates in the southern Central Andes including the Precordillera is lar-
gely independent on climate and closely related to the shallow crustal
seismicity and diachronous surface uplift. Val et al. (2018) analysis
considered the crustal seismicity in the Precordillera as a whole; in this
work we analyze the same seismicity with more detail in different inner
parts of the Precordillera and its boundaries.

In this study, we relocate the crustal earthquake dataset presented
in Val et al. (2018), testing for more seismic velocity models. We also
estimate local and moment magnitudes as well as focal mechanisms.
Our goal is to characterize the earthquake distribution beneath the
Precordillera, detect regions of seismic clustering and estimate the re-
gional stress orientations. Although earthquakes are more frequent and
of higher magnitudes in the Sierras Pampeanas, there are records of
historical earthquakes that have occurred in the Precordillera with
large magnitudes such as the 1894 (M > 7) earthquake (INPRES,
2020; Rivas et al., 2019), the 1944 (M,, = 7.0) and 1952 (M,, = 6.8)
earthquakes (Alvarado and Beck, 2006) (Fig. 1). These events suggest
that the structure associated with the Precordillera may have the po-
tential to generate moderate to large earthquakes as proposed by
Smalley and Isacks (1990), although according to Smalley et al. (1993)
basement structures would not be related to crustal faults reaching the
surface. A better understanding of such structures is important for
seismic hazard assessment. Association of those crustal faults with
historical earthquakes is in an ongoing debate (Smalley et al., 1993;
Alvarado and Beck, 2006). Modern patterns of earthquake deformation
are unknown in the Precordillera and have inhibited interpretation of
the fault geometries at depth for some of the exposed crustal faults. To
investigate the possible association of seismicity to faulting structures
or geometries, we analyze our earthquake hypocenters in the frame-
work of the previous PANDA experiment results (Smalley et al., 1993)
and the epicentral regions associated with the occurrence of historical
earthquakes as well as regions with no historical earthquake records.

3. Data and methods

As a first step, we start with the previous seismic locations of
Precordillera crustal earthquakes from Val et al. (2018) (Table S1) and
relocate them using the JHD method to improve the locations. Val et al.
(2018) obtained locations for a total of 100 crustal earthquakes (see
Table S1) after applying quality criteria consisting of: (1) earthquakes
recorded =30 seismological stations (2) an average of 37 phases of P-
and S-wave arrivals for each earthquake determination; (3) epicentral
errors < 2 km; (4) focal depth errors < 2.5 km; and (5) a root mean
square of the difference between observed and calculated travel times
(RMS) lower than 0.5 s. Val et al. (2018) earthquake locations and
moment magnitudes M,, were calculated using the Seisan 10.3 software
(Ottemoller et al., 2014). P-wave arrivals on the vertical component,
and S-wave arrivals on the horizontal components were used in the
seismic location process. Uncertainties in hypocentral determinations
for those 100 earthquakes are due to possible picking errors and un-
certainties in the seismic 1D velocity model (Ammirati et al., 2015) to
calculate the predicted travel times.

In order to choose the seismic velocity model that best fits P- and S-
wave arrivals we test the JHD relocations with three different models
(Figs. 3, S1, S2, Table S2) available from previous studies: (1) The WSP
model from Venerdini et al., 2016. This model describes the crustal
velocity structure for the Cuyania terrane at ~31.5°S and ~68°W.
Crustal thickness associated with this model is 47 km. (2) A regional
model averaged from the joint inversion of receiver functions and
surface wave dispersion in the Precordillera (Ammirati et al., 2015) and
the Sierras Pampeanas (Ammirati et al., 2018). This model exhibits an
average Moho depth of 50 km. (3) The regional model calibrated for the
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Fig. 3. Velocity models tested in this work. The corresponding Moho depth of
each model is indicated as well as the average (global) Moho depth of 40 km by
Mooney et al. (2002).

flab-slab region presented in Ammirati et al. (2015). The Moho for this
model lies at 65 km depth.

The Moho depth associated with the velocity model proposed by
Ammirati et al. (2015) is representative of the Precordillera sector and
thus might be not optimal for analyzing the recorded in the ESP sta-
tions. However, omitting the phases from the ESP stations led to higher
hypocentral uncertainties.

These models are showed in Fig. 3. We choose the velocity model
proposed by Ammirati et al. (2015) for our subsequent analysis because
it produced the most accurate results.

We perform a relocation of the 100 seismic events using the Joint-
Hypocenter-Determination (JHD) program (Kissling et al., 1994) using
the hypocenters from Val et al. (2018) as our starting locations. The
JHD algorithm is included in the Seisan 10.3 package (Ottemoller et al.,
2014). We also considered the available seismic-petrologic model by
Ammirati et al. (2015), which was obtained from joint inversion of
Rayleigh wave phase velocity dispersion and teleseismic receiver
functions (Fig. 3) to determine the seismic relocations. The relocation
considered the P- and S-wave arrival times and a damped least square
inversion. As a result, hypocenters and their corresponding station de-
lays are simultaneously estimated as well as possible variations to the
seismic velocities for the 24-layer seismic velocity model following the
methodology of Crosson (1976). We observe that the velocity model
was slightly modified with maximum variations of 0.02 km/s. These
variations produce a change of < 0.5 km (maximum) in epicenter lo-
cations and 1 km (maximum) in focal depths. Finally, we did the same
process testing all of the four seismic velocity models in Fig. 3.

Local and moment magnitudes (M, and M,,) were calculated for all
seismic events. In order to determine the M; magnitude, we generate a
displacement trace in the frequency band 1.25-19.5 Hz and measure
the maximum amplitude on the vertical component (Fig. 4a and b). As
expected, the maximum amplitude occurs after the arrival of the S-wave
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Fig. 4. (a) Vertical component seismogram corresponding to Event 72 on 2009-
03-11 (Table S1) recorded at station NIKI (Fig. S1). Green bars indicate the time
window selected for the calculation of M;. The gray time window was used for
the M,, estimation. The red lines indicate the first P- and S-wave arrivals and
(D) denotes a downwards first motion. (b) Time window using a (Wood
Anderson) filter between 1.25 Hz — 19.5 Hz for M;, calculation; AML denotes the
maximum amplitude. (c) Example of M,, determination using the S-wave dis-
placement spectrum and the noise spectrum for the same Event 72. The signal
spectrum shows one flat component (Q, = 5.31 nms) for lower frequencies,
which is proportional to the seismic moment (My = 1.09 x 107 Nm); and
another component obtained after the corner frequency (f, = 0.801 Hz), in-
dicating an approximately linear decrease in amplitude of the spectrum for
increasing frequency. Others parameters involved in the processing are: stress
drop ST = 53.52 bar; source radius R = 2.2 km; S-wave velocity Vel = 4.5 km/

s; density p = 3.4 gem™3; NIKI-source hypocentral distance dist = 151 km;
Focal depth = 26.7 km; Regional attenuation Q, = 400; Local attenuation
(Qalp = 0.7; k = 0.02); spectral frequency band = 0.010 Hz — 20 Hz. (For

interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

for a local crustal earthquake. Then, M} magnitude is defined by Richter
(1935) as:

M, = log(AML) + Qq (€8]

where AML is the maximum amplitude and Qq is an epicentral distance
correction function.

The calculation of the moment magnitude M, (Fig. 4c) is de-
termined by the spectral analysis after the arrival of the S-wave con-
sidering the following equation:

2
Mw = —log M, — 6.07
3 B @
where the My is measured in Nm (Brune, 1970) and can be described as
follows:

Qodmpv?

Mo = 6% 2% G(ah) 3

where Qq is the flat level in the signal spectrum delimitated by the
corner frquency f, (see Fig. 4c for one example), p (in gcm_s) is the
density, v (in kms ') is the S-wave velocity, the factor 0.6 accounts for
an average radiation pattern effect, the factor 2 takes into account the
effect of the free surface, G (A, h) is the geometrical spreading at an
epicentral distance A (in km) and hypocentral depth h (in km). Thus,
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M,, is estimated for several seismic stations (about 35 in this study) for
the same earthquake and averaged (Table S1). Fig. 4 shows an example
of the local and moment magnitude calculations for Event 72, using the
seismic station NIKI (more details can be obtained from Tables 1 and
S1).

Then, we determined focal mechanisms using P-wave first motion
polarities and the Focmec software (Snoke, 2003) considering the new
takeoff angles from our relocated hypocenters (Table 1). In this meth-
odology, positive (compressive) and negative (dilatational) polarities
are observed at different backazimuths and epicentral distances. This
information is represented on a lower hemisphere Lambert-Schmidt
stereographic projection. A set of parameters consisting of strike, dip,
and rake for two nodal planes are obtained by separating compressive
from dilatational first motion arrivals. Because we are using local ob-
servations and a regionally calibrated velocity model as well as dis-
carding doubtful polarity readings, we assumed zero polarity errors for
the focal mechanism determinations. We used Aki and Richards (1980)
convention to report the fault plane solutions in Tables 1 and S1. We
calculated 100 focal mechanisms for the relocated seismicity beneath
the Precordillera.

P- and T- axis from our focal mechanism solutions were inverted to
estimate the regional stress tensor based on the probabilistic formula-
tion of the right trihedral method (using a Matlab program from D'Auria
and Massa, 2015). This method allows a quantitative estimation of the
confidence regions for the principal stress axes where o7 is the max-
imum (compressive) principal stress and o3 is the minimum (tensional)
principal stress (Stacey and Davis, 2008).

4. Results
4.1. Earthquake relocations and magnitude determination

Figs. 5a and b show the differences between original locations by
Val et al. (2018) and our JHD relocations for each seismic event in this
study. Fig. 5c summarizes the differences between located and re-
located hypocenters in terms of depth, latitude and longitude. The
major difference is observed for the focal depth with an average offset
of —1.5 *= 2.5 km (one standard deviation). Differences in latitude
and longitude are 0.6 = 1.6 and -— 2.9 * 1.7, respectively. In
general, we do not observe significant differences in terms of epicenters
between located and relocated events. In addition, the relocated hy-
pocenters appear more clustered in some sectors, which allows further
tectonic interpretations. The parameters that characterize the relocated
and located earthquakes are shown in Tables 1 and S1, respectively. In
general, the seismicity is observed between 6 km and 50 km depth
within the crust, extending to abnormally deep levels of a continental
crust (e.x. Smalley and Isacks, 1990; Smalley et al., 1993; Richardson
et al., 2012; Pérez et al., 2015; Ammirati et al., 2015).

Magnitude estimations for the Precordilleran crustal earthquakes
indicate small-to-moderate sizes with values 0.4 < M; < 5.3 corre-
sponding to estimations of 1.3 < M,, < 5.3 reported in Val et al. (2018)
(Tables 1 and S1). We observed that My, is lower than M, (Fig. S3),
which is consistent with suggestions by Sanchez et al. (2013) for the
same region using a different dataset and by Bethmann et al. (2011) in
Switzerland for local earthquakes. Relatively deeper crustal earth-
quakes would produce more attenuation in the S-wave amplitude re-
cord at a specific station where M is calculated in comparison to
shallower events that produce higher amplitude S-waves and thus,
higher M;. For this reason, the moment magnitude M,, is a better es-
timation of the magnitude, regardless of the size of the earthquake.

4.2. Focal mechanisms
After obtaining new relocation results for the 100 crustal earth-

quakes we obtained new focal mechanisms (Table 1 and Fig. 6) and
compared them with previous determined focal mechanisms
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Fig. 5. (a) Relocated (blue dots) in comparison with
previous locations (yellow dots) from Val et al.
(2018). A-A’ represents the location of the cross-
section shown in (b); other morphostructural units
are as in Fig. 1. (b) Cross-section at ~31°S showing
the depth distribution of both relocated and pre-
viously located events. (c) Normalized probability
density function showing the differences in latitude
(red), longitude (yellow) and depth (blue) between
located and relocated earthquakes; overall earth-
quakes lie at deeper levels, eastern and northern
after relocation using Ammirati et al. (2015) model
in Fig. 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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corresponding to seismic locations in Val et al. (2018) (Table S1). After
relocation, our results indicate 22 reverse focal mechanism solutions,
24 mainly reverse solutions with some minor strike-slip component, 19
left-lateral strike-slip solutions with a minor reverse component, 5 left-
lateral strike-slip solutions, 13 left-lateral strike-slip solutions with
minor normal components and 17 normal solutions with some minor
strike-slip component (Table 1 and Fig. 6). We note that the differences
between the focal mechanisms from Val et al. (2018) and those ob-
tained from relocation in this work do not present significant differ-
ences. Therefore we do not expect radical changes in terms tectonic
interpretations. An example is shown in Fig. 7, for the Seismic Event 1
in Table 1 with My, 3.5 and M,, 3.7 that occurred on 23 January 2008.
The same figure shows six stations with compressive P-wave first arrival
motion (indicated as “C” using blue circle symbols); whereas 19 stations
exhibit a clear dilatational P-wave first arrival motion (denoted as “D”
and red triangle symbols).

Compressional P, tensional T, and null B axis (Isacks and Molnar,
1971) combination for each solution has been then plotted according to
the method described by Frohlich (1992, 2001); this helps to clearly
identify the diversity of focal mechanisms obtained. Fig. 8 shows the
normalized density of focal mechanism distribution for the relocated
earthquakes (Table 1).

P- and T-axis inversion of our 100 relocated crustal earthquakes
yielded regional stress axis orientations. The maximum stress axis (07)
exhibits an 85° strike and a 7.2° plunge angle. The minimum stress (03)
is almost vertical with a plunge angle of 82.3° (Fig. 9).

-5 0
Offset (km)

5. Discussion

The crustal seismicity recorded during 2008 and 2009 above the flat
subduction of the Nazca plate in the Argentine retroarc region of the
Precordillera, has a distribution with depths between 6 km and 50 km.
The hypocenters determined in this work show greater depths than
those observed for the seismicity from PANDA experiment between
5 km and 35 km depth (Smalley and Isacks, 1990; Smalley et al., 1993)
and those proposed by Val et al. (2018) between 5 km and 46 km depth.
Thus, the observed seismicity is deep compared to depths expected for a
typical granite continental crust where the brittle-ductile transition may
be at 15-20 km (Alvarado et al., 2005). Observations from Pérez et al.
(2015) and Castro de Machuca et al. (2012) definitively show the mafic
character of the Cuyania crust, which suggests a brittle-ductile transi-
tion occurring at greater depths. Smalley and Isacks (1990) suggested a
brittle-ductile transition at about 30 km-35 km depth.

Our seismic source results beneath the Precordillera and the Iglesia-
Calingasta Basin agree with thickening of middle-to-lower crustal le-
vels; this has been also observed by previous local studies (Alvarado
et al., 2009b; Ammirati et al., 2015; Rivas et al., 2019).

Three large historical damaging earthquakes of magnitudes greater
than M,, > 6.8 were located in the Precordillera (Alvarado and Beck,
2006; INPRES, 2020) (Fig. 1). We observe other small-to-moderate
crustal events in the same epicentral regions (Fig. 6a). In order to
analyze a possible association between past and modern seismic activity
zones in more detail, we made four cross-sections in the northern
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Fig. 6. (a) Focal mechanism solutions obtained in this study following Aki and
Richard's (1980) convention for their representation. Different colors of the
compressive quadrants denote focal depths. “A”, “B”, “C” and “D” indicate the
locations of the corresponding cross-sections shown in a figure below. Historical
earthquakes (red stars) are also shown including the 1894 event (Rivas et al.,
2019) as well as the 1944 and 1952 events with their focal mechanisms
(Alvarado and Beck, 2006). Precordilleran ranges are SD: Sierra de La Dehesa,
SM: Sierra de Matagusanos and LT: Loma de las Tierritas; other units as in
Fig. 1. (b) Cross section at ~31°S showing our focal mechanism solutions
projected along the cross-section plane. The size of beach balls is related to the
magnitude (1.3 < M, < 5.3). Dots are seismic events from the ISC catalog
(2000-2017). Lithospheric shear-wave variations obtained by Ammirati et al.
(2015) are shown in the background. The seismic velocity model for the Pre-
cordillera used in our study is plotted in red solid line. Major geologic units
refer to the main text and are the same as in Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

(cross-section A) and southeastern (cross-sections B, C and D) Pre-
cordillera sectors (Figs. 6a and 10).
Overall, cross-section A (Figs. 6a and 10a) in the northern sector,
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shows focal mechanisms with steep fault plane solutions. To the west
beneath the Iglesia Basin, we observe seismicity with hypocentral
depths between 20 km and 40 km and faulting solutions with an ap-
proximate north-south strike. This seismicity is interpreted as the pre-
sence of a major north-south ramp dipping to the west and connecting
deep structures of the Frontal Cordillera with the old thin-skinned
system of the Western Precordillera, consistent with interpretations
from Rivas et al. (2019).

Focal mechanisms in this sector indicate compression in an almost
E-W orientation at middle-to-lower crust levels. However, there is
evidence of recent tectonic activity such as stream channel offsets
within Quaternary fan deposits (Bastias and Uliarte, 1991; Siame et al.,
1996) along the central segment of the El Tigre fault (Western Pre-
cordillera, ~30.3°W); that suggest a transpressive component in the
deformation of the upper crust and at the transition between the Frontal
Cordillera (Chilenia) and the Western Precordillera (Cuyania). In the
eastern part of cross-section A, the seismicity is located between 20 km
and 50 km depths and seems to follow preferential west-dipping planes,
inferred between 20 and 40 km depths (Fig. 10a). The easternmost
plane could connect with the east-dipping décollement that separates
the Eastern Precordillera from the Western Sierras Pampeanas. Inter-
estingly, Smalley et al. (1993) formerly proposed a similar idea for the
region located about 100 km southward (~31.5°S, Fig. 10c). Our ob-
servations strengthen Smalley et al.'s (1993) hypothesis and suggest a
continuity of this structure from north to south for about 70 km hor-
izontal distance.

Geological observations along 30°S indicate that shallow (0 to
20 km depths) thin-skinned deformation regime dominated in the
Precordillera approximately 10 Ma with estimations of an E-W short-
ening of total ~ 86 km * 22 km (Allmendinger and Judge, 2014).
However, our seismicity evidences crustal shortening at middle-to-
lower crust levels, hence suggesting ongoing thick-skinned deformation
within the Cuyania basement.

More to the south, around ~31.5°S (cross-section B, Figs. 6a and
10b) similar features can be observed. In the western section
(~69.5°W), the transition between the Frontal Cordillera and the
Western Precordillera shows seismicity along west dipping structures
with reverse focal mechanisms in good agreement with receiver func-
tion observations by Ammirati et al. (2016). More to the east, and si-
milarly to cross-section A (Fig. 10a) the seismicity seems to align along
west dipping faulting structures, confirming the thick-skinned character
of the Cuyania basement deformation. A more detailed cross-section
(Fig. 10c) focuses on the transition between the Eastern Precordillera
and the Western Sierras Pampeanas where Smalley et al. (1993) for-
merly worked. In general, our seismicity is consistent with that one
from the PANDA experiment analyzed by Smalley et al. (1993) but
allow to interpret the structure responsible for the deformation of the
Cuyania basement extending farther to the west.

In detail, cross-section C (Figs. 6a and 10c) also allowed us to
compare our seismic relocation results with those from the previous
PANDA experiment (Smalley et al., 1993). Our hypocenters are dis-
tributed along a blind fault striking ~45° and dipping ~35° to the
northwest; we call this structure the Smalley Fault (SF) and it is shown in
Fig. 10c. We note that the 1944 (M,,7.0) and the 1952 (M,,6.8) earth-
quakes (Alvarado and Beck, 2006) (Fig. 6a) exhibit hypocenters at
about 10 km depth, this could coincide with structures above the SF.
Field observations of surface ruptures after the 1944 “La Laja” (M,, 7.0)
earthquake, were compatible with the activation of an east-dipping
fault (Alvarado and Beck, 2006), rather than the SF.

The cross-section C shows to the southeast of the SF, a more diffuse
seismicity pattern between 20 and 40 km depths, at lower crustal levels
which is in agreement with observations of earthquake activity in the
Cuyania basement probably responsible for the uplift of the Sierra Pie
de Palo and Sierra Valle Fértil-La Huerta in the Western Sierras
Pampeanas (Regnier et al., 1992; Smalley et al., 1993; Ramos et al.,
2002; Monsalvo et al., 2014). In addition, there are more earthquakes
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Fig. 8. Triangular diagram showing normalized density (p) of focal mechanism
distribution (Frohlich, 1992, 2001). Note that most of our solutions correlate
with a higher probability density of reverse focal mechanisms.

between 14 km and 34 km, which occur in structures adjacent and to
the southeast of the SF, which has been also detected by Smalley et al.
(1993).

Cross-section D (Figs. 6a and 10d) was chosen with a similar N-S
orientation as in Smalley et al.'s (1993) study. Our earthquake depth
distribution coincide with the seismic structure dipping to the south
observed by Smalley et al. (1993) between 31°S and 31.5°S. Our focal
mechanism solutions in this sector, however, show reverse faulting with
a north-northeast orientation, compatible with other regional structures
exposed at the surface (Costa et al., 2000; Alvarado and Séez, 2006 ).

In general, the focal mechanisms obtained in this work are con-
sistent with E-W compression (Fig. 8). This suggests crustal shortening
contributing to the thickening and uplifting of the Precordillera. All
earthquake depth determinations are at the middle-to-lower crust le-
vels, clearly suggesting that the basement of the Precordillera is active
below its upper thin-skinned levels (Jordan et al., 1983; Zapata and
Allmendinger, 1996), thus providing evidence for shallow thin-skinned
deformation that precedes this modern basement deformation.

Fosdick et al. (2015) have used low-temperature thermo-
chronological techniques involving apatite (U-Th-Sm/He) and fission
track and suggested that the Precordillera began to get exhumed 18 Ma,

11

Tectonophysics 786 (2020) 228450

Azimuth: 85°
Plunge: 7.2°

Azimuth: 237°
Plunge: 82.3°

A

(Pr) Precordillera GPS velocity
azimuth: 77° (Brooks et al., 2003)
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y

Fig. 9. Regional stress tensor representation from the inversion of our 100 focal
mechanism solutions (Fig. 6 and Table 1). The red and blue triangles indicate
the projection on the focal shpere of the maximum (0;) and minimum (03) main
stresses (D'Auria and Massa, 2015). The black arrow shows the Nazca-South
American plate convergence orientation (Vigny et al., 2009). The white arrow
shows the GPS velocity azimuth in the Precordillera (Brooks et al., 2003). The
gray square indicates the locations of the maximum horizontal 0; and minimum
vertical 03 main stresses from Val et al. (2018). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

from west to east as a result of shallow thin-skinned deformation
(Precordillera fold and thrust belt). Modern seismicity obtained in this
study indicates that the Central Precordillera fold and thrust belt is
currently silent, thus not accommodating crustal shortening. However,
the Precordillera basement would be currently accommodating short-
ening by thick-skinned deformation along west-dipping crustal struc-
tures rooted at about 40 km depth, in the Cuyania basement (Fig. 11).
This feature seems to present a good continuity from north (~30°S) to
south (~32°S) although, the seismic activity is slightly more frequent
and of higher magnitude in the south of our study region. In particular,
relatively large magnitude earthquakes in this study have been char-
acterized beneath the Calingasta basin (Fig. 6a and Table 1), at the
transition between Cuyania and Chilenia.

This crustal deformation may be a good model to explain the ab-
normally thick Cuyania crust (> 60 km beneath the Precordillera) by
thrusting large sections of the basement (Alvarado et al., 2010;
Ammirati et al., 2015).

Interestingly, the projection of the JFR on the continent (see Fig. 1)
coincides with this southern sector. This region above the flat slab
subduction of the Nazca plate generates more crustal deformation in
this sector than it does more to the north, as previously observed by
Smalley et al. (1993). Actually, processes linking the flat slab subduc-
tion at ~100 km depth and the crustal deformation are still not fully
understood.
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Fig. 10. Regional cross-sections shown in Fig. 6a. (a) Cross-section A for the northern Precordillera sector showing focal mechanisms (Table 1) in vertical projection
along the cross-section. Note the higher concentration of earthquakes at the transition between the Cuyania and Chilenia terranes, which correlates with the 1894
historical earthquake epicentral area (oval). Also note the cluster of events deep into the Cuyania basement along two possible west-dipping planes. The thin-skinned
deformation area suggested by Allmendinger and Judge (2014) is in the upper part in green. (b) Same as (a) but for the southern Precordillera (see location in
Fig. 6a). Similar interpretations can be made in comparison to results for the northern cross-section A, although the seismicity in the south seems more numerous. (c)
Cross-section C (see location in Fig. 6a) showing our seismicity (Table 1) as red dots and a comparison with hypocenters from the PANDA (1987-1988) determi-
nations (Smalley et al., 1993) as black dots, beneath the Central and Eastern Precordillera. Note how the seismicity is aligned along a blind fault structure of an
azimuth of ~45° and dipping 35° to the west (the Smalley fault). The seismicity in this area also correlates with the historical 1944 and 1952 earthquake epicentral
areas (Alvarado and Beck, 2006). (d) Cross-section D showing another comparison between our results and those from the PANDA experiment. Note the good
correlation defining a fault of azimuth 86° and dip of about 30° to the south.

In all cross-sections, the dashed red lines represent the average Moho estimated from S-wave velocity observations (Vs = 4.2 km/s, see Fig. 3) (Ammirati et al.,
2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6. Conclusions 2008 and 2009, is mainly located in regions along the Iglesia-Calingasta
Basin and the Eastern Precordillera with a more quiet Central

We relocated 100 crustal earthquakes in the Precordillera region Precordillera. The focal mechanisms mostly agree with reverse motion
above the flat-slab segment in the Andean retroarc of Argentina using of north-south trending structures. The estimation of the principal stress
the JHD method. Our estimations of local earthquake magnitudes in- orientations shows a nearly horizontal maximum stress (0;) with an
dicate small-to-moderate sized seismic sources with 0.4 < M; < 5.3 azimuth of 85° and a nearly vertical minimum stress (o3), which is
and 1.3 < M,, < 5.3. Hypocenter relocations are mainly distributed consistent with middle-to-lower crust E-W compression. The seismicity

between 25 km and 35 km depths. We note that this seismicity during characterized in this work is compatible with thick-skinned

Iglesia- Mataguzanos- Fig. 11. Schematic block representation of the con-
Calingasta Ullim-Zonda Bermejo tinual crust in our study region showing the main
units (as in Fig. 1), faulting structures exposed at the
surface (Perucca and Vargas, 2014; Costa et al.,
2015a, 2015b, 2018) as well as the structures in-
ferred from the seismicity characterized in this study.
The arrows are associated with currently active
(seismic) structures. Note that the thin-skinned de-
formed Central and Western Precordillera structures

0 do not exhibit modern seismicity. The Cuyania
= basement accomodates crustal shortening by thick-
< 20 skinned deformation rooted at a middle crustal level
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deformation beneath the Precordillera in the Cuyania basement at
middle-to-lower crustal levels; in this sense, there is a good correlation
between our results using broandband dense SIEMBRA and ESP
(2008-2009) networks and the previous (1987) PANDA short period
network. Our results provide evidence for a seismically active basement
beneath the previously deformed Precordillera. This thin-skinned de-
formation mostly pre-date the present basement deformation inferred
in this work. The abnormally deep seismicity beneath the
Precordilleran earthquakes argues for a brittle lower crust probably
related to the mafic character of the Cuyania basement and possibly to
the flat slab processes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2020.228450.
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