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South America

In the flat slab region of the South Central Andes (~31-32°S), geological observations suggest that the
regional crustal structure is inherited from the accretion of different terranes during the Ordovician. These
structures were later reactivated, first in extension during the Triassic and later in compression during the
Andean uplift since the Miocene. Seismological observations confirmed that those fault structures extend
to depth with décollement levels that accommodate current crustal shortening in the region. In order to
get better insight on the regional tectonics we computed higher frequency receiver functions (RF) from
local slab seismicity of intermediate ~100 km depth. Using a common conversion point (CCP) stacking
method we obtained cross sections showing high vertical resolution crustal structure at the transition
between the Precordillera and the Frontal Cordillera. In addition we performed a joint inversion of our
high frequency RFs with surface wave data from ambient noise tomography allowing us to constrain
absolute seismic wave velocities. Our higher resolution images reveal more structural details down to
a depth of 80 km and laterally over the flat slab in good agreement with previous studies. Our results
help to better identify very shallow discontinuities in seismic velocities. Recent petrological analyses
combined with our high-resolution RF structure correlates with a crustal mafic composition and partial
eclogitization in the lower crust. We observe a shift in the crustal structure between the Precordillera
(east) and the Frontal Cordillera (west). Regional seismicity and previously determined focal mechanisms
superimposed over our images indicate this shifting is a thrust structure extending down to a depth of
40 km. Our results suggest the presence of a master fault between the Cuyania (Western Precordillera)
and Chilenia (Frontal Cordillera) terranes that probably accommodates the crustal deformation in the
Pampean flat slab region since the Late Ordovician.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction and geological setting

Between 30° and 33°S, the tectonics of the South American
western margin is characterized by a series of foreland uplifts re-
lated to the flat subduction of the Nazca plate under the South
American plate (Ramos, 1988). Well recorded in the South Cen-
tral Andes segment (30-33°S), the structural, magmatic and sed-
imentary response to the Cenozoic slab flattening has been in-
tensely studied over the years and, combined with seismological
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observations, has defined the Pampean (Chilean) flat slab region
in time and space (e.g. Stauder, 1973; Allmendinger et al., 1990;
Kay and Abbruzzi, 1996; Ramos et al., 2002; Anderson et al., 2007).

The flat slab region is composed of three main morpho-
structural units (Fig. 1): i) The eastern Sierras Pampeanas (in
the Pampia terrane), ii) The Precordillera and the western Sierras
Pampeanas (Cuyania terrane) and iii) the Cordillera (Chilenia ter-
rane), which includes the Frontal Cordillera (east) and the Principal
Cordillera (west). Regional tectonics involves the Famatinian (Early
Ordovician-Early Carboniferous), Gondwanic (Early Carboniferous—
Early Cretaceous) and Andean (Early Cretaceous-present) orogenic
cycles (Ramos, 1988).

The western Sierras Pampeanas (WSP) are characterized by
tilted blocks of Mesoproterozoic ultramafic and mafic rocks, mainly
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Fig. 1. Location map centered on the Pampean flat slab region of Argentina. The thick black lines mark terrane boundaries (Ramos et al., 2002). Slab top contours are shown
by thin black lines (Anderson et al., 2007) and thin black dashed lines (Mulcahy et al., 2014). The white diamonds mark the location of the SIEMBRA seismic stations. The
upside-down green triangles mark the location of the CHARGE stations and the magenta triangles mark the location of the ESP stations. The red line shows the path of the
JFR under the South American plate (Yafiez et al., 2002). SPP stands for Sierra de Pie de Palo in the western Sierras Pampeanas. The square shows the emplacement of Fig. 2.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

metagabbros and garnet-amphibolites well exposed in the Cuya-
nia terrane basement (Kay et al., 1996). The Precordillera is mainly
composed of Paleozoic marine carbonate and siliciclastic platform
sequences of Cambrian to Devonian ages (Baldis et al, 1982).
Western Precordillera rocks consist of slope and deep marine
deposits affected by tight folding and low-grade metamorphism
(Pérez Lujan et al,, 2015). The presence of an Ordovician mafic-
ultramafic belt that outcrops in the Central and Western Pre-
cordillera is generally considered the exposed boundary between
the Cuyania and Chilenia terranes (Kay et al., 1984; Davis et al.,
1999; Pérez Lujan et al., 2015).

The Uspallata—Calingasta valley, a large tectonic depression,
separates the Frontal Cordillera from the Precordillera (Fig. 2). Most
of the current Frontal Cordillera formed during the Gondwanic
orogeny (Neopaleozoic to Triassic times). During this period, the
Frontal Cordillera recorded significant extensional tectonics char-
acterized by the Permian-Triassic large plutonic-volcanic Choiyoi
Group (Heredia et al., 2002; Rocher et al., 2015). More to the west,
the Principal Cordillera is composed of Mesozoic continental and
marine deposits exhibiting shallow thin- and thick-skin deforma-
tion (La Ramada fold and thrust belt; Cristallini and Ramos, 2000).

Recent focal mechanism solutions (Alvarado et al., 2010;
Ammirati et al., 2015) show that the Cuyania-Chilenia boundary
is affected by moderate magnitude earthquakes (4.2 < My, < 5.4)
with reverse focal mechanisms, down to ~30 km depth. In this
work, we present new higher-resolution crustal velocity structure
images for the Pampean flat slab region. We compare our improved
crustal velocity structure determined from local slab earthquake
receiver functions and ambient noise with petrological analyses. In
particular, we investigate the transition zone between the Cuyania
and Chilenia terranes in order to propose a seismotectonic model
that could explain the current configuration of this boundary in
terms of rock composition and tectonic evolution.

2. Previous works

For this study we mainly used IRIS-PASSCAL data from the Sier-
ras Pampeanas Experiment using a Multicomponent Broadband Ar-

ray (SIEMBRA). This experiment consists in 43 broadband stations
deployed in the Pampean flat slab region in December 2007 and
operated for two years. The CHile-ARgentina Geophysical Experi-
ment (CHARGE) deployed in the region in 2001 also allowed us
to compute some good quality local RFs beneath the Sierra de
Pie de Palo (station JUAN: 31.60°S; 68.23°W) in the western Sier-
ras Pampeanas (Fig. 1). Another seismic experiment deployed in
2008-2010 in the eastern Sierras Pampeanas (the ESP experiment)
was not directly used for the computation of RFs in this work but
contributed to determine phase velocity dispersion from ambient
noise tomography (Porter et al., 2012), which we jointly inverted
with our local RFs to obtain absolute shear-wave velocities (Fig. 1
& S1).

The aforementioned experiments deployed in the Pampean flat
slab region contributed to better understand the flat subduction
geometry and the associated tectonic response of the overriding
plate. For example, Anderson et al. (2007) analyzed the slab seis-
micity recorded during the CHARGE experiment to propose new
slab top contours refining those determined by Cahill and Isacks
(1992) and showing nicely how the flat portion of the subducting
slab coincides with the projection of the path of the Juan Fernan-
dez Ridge (JFR) under the South American plate (Fig. 1).

Using the same data, Wagner et al. (2005) and Porter et al.
(2012) have performed body wave and ambient noise tomogra-
phy (ANT) respectively, and proposed interpretations about how
the flat portion of the subducting slab is probably still hydrated
and contrasts with the overlying drier and cooler mantle wedge.
Teleseismic RF and converted-wave analysis (Regnier et al., 1994;
Gilbert et al.,, 2006; Perarnau et al., 2010; Gans et al.,, 2011; Am-
mirati et al., 2013, 2015) show an abnormally thick crust for the
western Cuyania terrane (~65 km). Some of these studies have
observed high shear-wave velocity for depths greater than 40 km
likely associated with partial eclogitization in the lower crust. Most
of these RF studies also reveal the presence of mid-crustal dis-
continuities associated with regional seismicity and décollements
accommodating global shortening at crustal levels.

Although the crustal structure of the Sierras Pampeanas and the
Precordillera has been extensively studied, the western part of the
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Fig. 2. Main geological formations characterizing the Cuyania-Chilenia boundary
simplified from Ragona et al. (1995). The white diamonds mark the location of the
SIEMBRA stations used to compute the local RFs presented in this work. The thick
grey dashed line marks the approximate boundary between the Cuyania terrane
to the east and the Chilenia terrane to the west. This boundary is generally asso-
ciated with the presence of a belt of mafic-ultramafic rocks that outcrops in the
Western and Central Precordillera. The thin grey dashed line delimitates the Frontal
Cordillera from the Principal Cordillera. Letters A and D refer to the pictures shown
in Fig. 7a & d.

Pampean flat slab region, especially the transition zone between
Cuyania and Chilenia and the Frontal Cordillera remain poorly in-
terpreted in terms of seismic velocity structure.

Some studies have focused on regional rock composition and
seismic characteristics in terms of wave velocities. For example,
Castro de Machuca et al. (2012) have determined the main min-
eral assemblages for the most representative rocks from the Sierra
de Pie de Palo complex (WSP) compared with a database of typical
subduction rocks and estimated their physical and seismic prop-
erties. Assuming pressure-temperature (P-T) peak metamorphic
conditions, the results were then compared with a regional veloc-
ity model obtained by Perarnau et al. (2010) to estimate rock facies
as a function of depth. They concluded that the lower crust deeper
than 28 km depth had high S-wave velocities and low V,/V; rep-
resentative of crustal densification and mafic rocks in the upper
amphibolite to granulite/eclogite facies. Exploring P- and S-wave
crustal velocities, Venerdini et al. (2016) have confirmed these ob-
servations.

Similar studies were performed to the west in the Central and
Western Precordillera by Pérez Lujan et al. (2015). Shear-wave ve-
locity estimations obtained by them from representative rock sam-
ples collected in the Sierra de la Invernada, Sierra del Tigre and
Rodeo areas (Fig. 2), can be projected to depths greater than 30 km
strengthening the hypothesis of a mafic-ultramafic composition

for the middle and lower crust beneath the Central and Western
Precordillera. Their results support the idea of a deformed mafic-
ultramafic belt at the transition zone between the Precordillera
and the Frontal Cordillera extending in depth to levels deeper than
50 km. Boedo et al. (2013) show how the same exposed belt ex-
tends in the south to about 33°S where the Precordillera ends.

In this study we combine high-frequency RF, ANT dispersion
data and petrological analyses to better constrain the Cuyania-
Chilenia terrane boundary.

3. Data and methods
3.1. Local receiver functions

RF analysis uses broadband waveforms recorded by a 3-compo-
nents seismometer to identify P-to-S conversions from disconti-
nuities beneath the station. The waveforms coming from distant
earthquakes will cross discontinuities in seismic velocities at a
steep angle and generate P- to S-wave conversions that reverber-
ate beneath the receiver. Hence, a receiver function (RF) is a time
series of Gaussian pulses where each spike marks a phase arrival
(direct wave and/or associated multiples) directly related to the
Earth structure (Langston, 1979).

In this study, we compute RFs from local intermediate-depth
seismicity. Local earthquakes are characterized by higher frequency
content than that one from teleseismic earthquakes; this allows
better vertical resolution since high frequency waveforms are sen-
sitive to smaller velocity variations (Calkins et al., 2006; Perarnau
et al.,, 2012). Local seismograms are also characterized by a higher
signal-to-noise ratio allowing us to work with lower magnitude
earthquakes.

The dataset used in this work corresponds to the slab seismic-
ity (183 events) recorded by the SIEMBRA array between January
2008 and November 2009 (Fig. 3a). For each station, we select
earthquakes with a local magnitude M, greater than 3.0 and an
epicentral distance less than 0.7° (~78 km) from the receiver.
The epicentral distance has been calculated considering an aver-
age focal depth of 100 km and a maximum incidence angle of
35° allowing the assumption of plane waves and ensuring traces
that exhibit no interferences with the possible generation of sur-
face waves (SW). The average number of events per station is 54
with a maximum of 135 at station Rio Saso (SASO) in the Central
Precordillera and a minimum of 1 at station Los Colorados (COLO)
in the Sierras Pampeanas. In general, we expect stations located
above the flat portion of the subducting slab to record a higher
number of events since many studies concluded that most of the
seismicity occurs in the flat portion of the slab at around 100 km
depth (Anderson et al., 2007).

Before computing the local RFs, we removed the mean and ro-
tated the north-south and east-west components into radial and
tangential components respectively, along the great circle path. Re-
sulting traces were high-pass filtered (corner frequency of 0.5 Hz)
to avoid long-period trends. The difference is small comparing RFs
obtained from filtered and unfiltered traces since the local wave-
forms have a higher frequency content (>1 Hz) while long-period
trends are more common in the long-period signals (<0.5 Hz).
However, we generally observe better quality RFs for filtered traces.
To compute local RFs, we use an iterative pulse stripping deconvo-
lution method (Ligorria and Ammon, 1999) with a maximum of
600 iterations or an improvement of the fit between two iterations
lower than 0.01%. We use a Gaussian width of 5 in the deconvo-
lution which corresponds to a low-pass filter of corner frequency
2.4 Hz. A higher Gaussian width, such as 10 (5 Hz) resulted in
excessively noisy RFs. The Gaussian filter controls the wavelength
size, which is directly related to the maximum vertical resolution
recoverable. In this work, the RF vertical resolution is ~0.5 km.
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Fig. 3. A) Slab seismicity (M > 3.0) recorded by the SIEMBRA array (white dia-
monds). The black lines represent the slab contours (Anderson et al, 2007). Note
the regional seismicity is concentrated in the flat portion of the slab. B) The col-
ored circles represent the piercing points corresponding to local RFs computed in
this work. Red, blue and green correspond to the A-B, C-D and E-F cross sections,
respectively. The asterisks mark bin centers for the common conversion point (CCP)
stacks. The thick black lines represent the top of the slab contours (Anderson et al.,
2007). The black lines indicate the cross sections shown in Fig. 5. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

The high frequency content of the waveforms combined with a
high Gaussian width value used to compute local RFs allows us to
image more details at crustal levels in comparison with teleseis-
mic RFs (Fig. 4a). However, this implies more primary conversions
and thus, more multiples further back in time, making the RF
noisy. Moreover, the deconvolution is much more unstable when
using higher frequency waveforms. A challenging aspect consists
of differentiating complex traces containing bumps related to the
structure from unusable noisy traces. For each station, RFs are thus
cross-correlated with each other in order to identify traces exhibit-
ing the same pattern (Fig. 4b). Selected traces were then visually
inspected to eventually refine the RF selection. By applying this
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Fig. 4. A) Comparison between local (left, 26 traces) and teleseismic (right, 24
traces) RFs recorded at station DOCA (Central Precordillera). The traces were stacked
after moveout correction and time to depth conversion. Local data have been cor-
rected from moveout using the 1D regional velocity model obtained by Ammirati
et al. (2015). Teleseismic data are from Ammirati et al. (2013). B) Cross correlation
matrix. Traces are correlated with one another and return a correlation coefficient
value. Pairs of traces with good correlation (correlation coefficient >0.8) are se-
lected. The ensemble of good pairs allows us to identify a waving pattern related
to crustal velocity structures and thus differentiate usable traces from noisy and/or
poor quality RFs.

method, the amount of bad quality RFs is significantly reduced so
we are confident that the remaining traces mainly contain infor-
mation about the structure. Nevertheless, some of the stations lack
good quality data. This is the case for stations GUAR and REGU
located quite far west and close to our epicentral distance limit
criteria. Stations SASO and ZOND also present noisy traces likely
due to site effects.

The top of the slab has been imaged in previous studies lying
around 95-105 km depth (Gans et al., 2011; Ammirati et al., 2013,
2015). It appears as a strong negative arrival that marks a decrease
in seismic velocities due to the presence of likely hydrated oceanic
crustal material. Theoretically, high-resolution RFs from the slab
would be able to image the top of the slab. However, because the
slab top signal is expected 12-13 s after first P-wave arrival, this
arrival would be merged with the crustal multiples and thus hard
to identify. For this reason we only interpret crustal RF arrivals
(between 0 and 80 km depths).

Fig. S2 shows the average radial and tangential RFs obtained af-
ter moveout correction for each station used in this work. Theoret-
ically, for wave propagation in a homogenous and isotropic media,
we do not expect transverse P-wave signal. The low P-wave ampli-
tudes observed for transverse RFs, in contrast to the corresponding
high radial RF amplitudes, support our assumption of homogene-
ity and isotropy in the sampling region beneath each receiver. Only
radial RFs were subsequently stacked.

Once computed and selected, the local RFs are stacked us-
ing the Common Conversion Point (CCP) stacking method (details
of this methodology can be seen in Dueker and Sheehan, 1997).
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Fig. 5. Cross sections showing our stacked RFs. See Fig. 3 for location of the cross sections. The CCP stacked receiver functions have been projected along the corresponding
lines. The time to depth conversion has been performed using the calibrated regional velocity model obtained in Ammirati et al. (2015). Positive amplitudes are in red,
negative amplitudes are in blue. Red triangles are the SIEMBRA stations for which we computed the local RFs. FC: Frontal Cordillera; WP: Western Precordillera; CP: Central
Precordillera; EP: Eastern Precordillera; WSP: Western Sierras Pampeanas. Note the structure change between the Cuyania and Chilenia terranes indicated by the dark grey
line. Our interpretations for the Moho signal correspond to the grey dashed lines. The black dashed line marks a possible shear zone accommodating crustal shortening
between the Cuyania and Chilenia terranes in the lower crust. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Briefly, stacking RFs from multiple stations reduces the noise and
enhances the conversions and their lateral extent.

Traces are first converted from time to depth using the follow-
ing travel time equation (Gurrola et al., 1994):

N

aTn@p VeV = [V —p =\ =gz ()
0

A discretized version of Eq. (1) calculates the travel time delay
(ATp,) for each depth increment (dz; =1 km in our case). Then,
RFs are resampled with a point at every time increment to the
corresponding depth (z). The process automatically corrects the
traces from moveout since the ray parameter (p) of each RF is
taken into account. Finally, traces with common conversion points
are binned and stacked. In this study, a total of 171 local RFs
were stacked. The average number of local RFs is 11 per seismic
station and the minimum hit per bin is 5. The common con-
version depth has been set to 60 km which corresponds to the
average Moho depth in the region of study (Gans et al., 2011;
Ammirati et al., 2015). The stacking bins have a radius of 20 km
and are spaced by 10 km; hence two bins contain overlapping data,
which provide lateral smoothing.

P- and S-wave velocities in Eq. (1) (Vp and Vs, respectively)
come from a calibrated velocity model obtained by Ammirati et al.
(2015). This model contains crustal details and has been tested for

regional seismic source characterization. The uncertainties on the
Ammirati et al.’s (2015) crustal seismic velocities (0.3 and 0.2 km/s
for P- and S-wave velocities, respectively) cause inaccuracies up to
1.1 s in travel time estimations when applying Eq. (1). Considering
an average crustal shear-wave velocity of 3.5 km/s, we estimate the
uncertainty on crustal thickness to be ~4 km.

Three CCP cross sections are shown in Figs. 3b and 5. Since
wave velocity is expected to increase with increasing depth within
the upper plate we chose not to interpret negative arrivals. Those
can be either noise-induced or PsPs + P,Ss phases (negative am-
plitude reverberations).

3.2. Joint inversion

We use the ANT phase velocity dispersion data obtained by
Porter et al. (2012) to do a joint inversion with our RF dataset. ANT
is more sensitive to crustal shear-wave velocities defining phase
velocities for shorter periods (<10 s) and makes it appropriate to
combine with high frequency RFs in order to get more detailed ab-
solute velocity structures. Porter et al. (2012) phase velocities are
defined for periods ranging from 8 s to 40 s.

For each station, depending on its location, we select the ANT
dispersion curve corresponding to the closest grid point on the
Porter et al. (2012) model (Fig. S1). Then the RFs are individually
inverted with the dispersion data resulting in one velocity model
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circled. Red triangles represent the seismic stations used for both CCP stacking and
joint inversion. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

per RF. Those individual velocity models are then averaged to pro-
duce the final station S-wave velocity model (Fig. S3). Since all
RFs do not fit the data in the same way, the averaged model is
weighted with the RF corresponding variance reductions.

We performed the joint inversion using the joint96 code (Julia
et al., 2000; Herrmann and Ammon, 2002). The code will itera-
tively invert the datasets looking for the best velocity model that
minimizes both RF and SW residuals. A damping value of 0.5 was
chosen as the best compromise between data fit and unrealistic
jumps in the resulting model. The p-factor, that controls the in-
fluence of each dataset in the joint inversion, has been set to 0.3
which means that the RF dataset accounts for 70% while the ANT
dispersion accounts for 30% in the inversion. We observed that
keeping the p-factor at low values helps to preserve a good level of
details in the resulting model although averaging the models will
also have a smoothing effect. Fig. S3 shows the resulting models
with 1 standard deviation confidence interval.

The initial velocity model consists of a series of 2-km-thick
layers down to 150 km depth characterized by constant seismic
wave velocities and density with Vp, =7 km/s, V,/Vs =1.75 and
p=3g/cm>.

Between the stations, the shear-wave velocities have been ex-
trapolated to produce the image shown in Fig. 6a. The RF positive
arrivals interpreted as discontinuities in seismic wave velocities

(see next section) have been reported in Fig. 6b in order to com-
pare the results from our CCP stacks and from the joint inversion.

4. Results and interpretations
4.1. The Precordillera and western Sierras Pampeanas

In the eastern part of the Pampean flat slab region, beneath
the Sierra de Pie de Palo (WSP), we observe a relatively simple
shallow structure associated with a relatively high shear-wave ve-
locity (Fig. 5b & 6). This confirms that the structure of the WSP
mainly involves cored-based deformation of the Cuyania terrane
as illustrated by the rapid uplift of the Sierra Pie de Palo (Fig. 1)
with 2 décollement levels around 20 and 30 km depths (Ramos
et al., 2002). Those observations are consistent with previous RF
results by Calkins et al. (2006) and Perarnau et al. (2010) and P-
and S-wave velocity estimations by Venerdini et al. (2016). The S-
wave velocity obtained in this sector is consistent with a Cuyania
basement mostly characterized by metamorphic rocks in the upper
greenschist to amphibolite facies and upper amphibolite to gran-
ulite/eclogite facies for rocks located at depths greater than 30 km
(Castro de Machuca et al., 2012).

To the west, beneath the Eastern Precordillera several disconti-
nuities are observable at very shallow depths (<10 km) associated
with low S-wave velocities (Vs < 3.2 km/s) (Fig. 6), generally asso-
ciated with sedimentary rocks (Brocher, 2005). In our study region,
the Eastern Precordillera outcrops are mainly composed of Cam-
brian limestones (Marquesado Group) compatible with such low
S-wave velocities. These limestones mainly expose west-verging
faulting extending beneath the Tulum Valley to the east (Fig. 2),
which is filled with Tertiary deposits (Baldis et al., 1982). Accord-
ing to our results, we interpret the Tulum basin deposits to be
~5 km thick (corresponding to the Vs < 3.0 km layer) and the
base of the Ordovician stratatification at ~10 km depth, corre-
sponding to a décollement level that separates the sedimentary
strata from the Cuyania basement. At deeper levels beneath the
Eastern Precordillera we observe the lateral continuation of the
32 km discontinuity that deepens to ~40 km depth toward the
northwest as observable along the cross section E-F (Fig. 5c).

The 18-20 km discontinuity observable in each cross section
(Fig. 5), beneath the Central and Western Precordillera, has been
interpreted in previous studies as the main thrust between the
thin-skinned deformed Precordillera and the Cuyania basement.
Our stacked RFs allow us to better constrain the lateral extent of
this structure both in the E-W and SE-NW directions. The rela-
tively low S-wave velocity (~3.4 km/s) mainly characterizing sedi-
mentary rocks (Brocher, 2005) observed in Fig. 6 down to ~20 km
depth confirms a major lithology change at this depth.

Interestingly, we note that the regional seismicity (Linkimer,
2011; Marot et al., 2013; Venerdini et al., 2016) affects the crust
mostly between ~20 and ~40 km corresponding to the two afore-
mentioned discontinuities (Fig. 5 & 6¢). Shear-wave velocities ob-
served for these levels are comparable to those observed for the
Sierra de Pie de Palo (3.4 < Vs < 3.6 km/s) which is consistent
with a similar type of metamorphic rocks forming the Cuyania
basement. The 40 km discontinuity coincides with a sharp de-
crease in seismic activity, which has been observed and interpreted
as the brittle/ductile transition for the Cuyania terrane (Regnier et
al.,, 1994; Ammirati et al., 2013).

All cross sections show major arrivals beneath the WSP
(~54 km), the Eastern Precordillera (53-55 km) and Central and
Western Precordillera (~65 km). In good agreement with pre-
vious studies, we interpret these arrivals as the Moho disconti-
nuity. Fig. 5a exhibits quite an important jump in Moho depth
(~65 km beneath the Precordillera and ~52 beneath the Eastern
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metapelites

diorite

Fig. 7. A series of pictures from the Central Precordillera illustrating the mafic-ultramafic belt at the transition zone between the Chilenia and Cuyania terranes (Fig. 2).
A) Thick diorite and wehrlite sills interlayered in metagraywacke layers. B) Diorite sample in hand. Primary minerals (mainly hornblende and plagioclase) can be easily
recognized due to their coarse granular texture. C) Partially altered diorite sample under cross-polarized light showing the hipydiomorphic texture. Note the presence of
primary (amphibole, plagioclase, clinopyroxene) and secondary minerals (such as chlorite) minerals. D) Gabbro sill in tectonic contact with metapelites layers. E) Massive
gabbro with medium granular texture. F) Same sample as (E) in thin section under cross-polarized light. Note the presence of well-preserved primary minerals such as
clinopyroxene and plagioclase showing ophitic and subophitic texture. G) Coarse granular wehrlite rock sample (Same as in A). H) Wehrlite sample in thin section under
cross-polarized light showing alotriomorphic texture. Olivine is mostly altered to serpentine. Pl: plagioclase; Kfs: K-feldspar, Amp: amphibole, Ol: olivine; Cpx: clinopyroxene;

Chl: chlorite; Srp: serpentine.

Precordillera). An interesting observation is the superposition of
two Moho arrivals beneath the Central Precordillera (well visible
in Fig. 5b). This double Moho configuration coincides with zones of
particularly poor Moho signal observed in previous teleseismic RF
studies (Gilbert et al., 2006; Ammirati et al., 2013) which had then
been interpreted as partial eclogitization of the lower crust. Our
high-resolution local RFs allow us to better resolve the Moho sig-
nal beneath the Central Precordillera, that would be in fact formed
by two smaller arrivals at (60-65 km and 50-55 km). Although
this double Moho could be a result of combining a complex 3D
geometry and projection effects when realizing the cross section,
Gans et al. (2011) and Ammirati et al. (2015) showed that in the
flat slab region, the Moho is clearly and rather abruptly deepening
to the west. Cross section C-D is quite perpendicular to the N-S
structures that would affect the Moho geometry. Projection effects
are thus unlikely.

We suggest that the double Moho signal could delimitate a
zone where most of the Cuyania crustal material is turned to
eclogites. Our absolute S-wave velocities of 4.2-4.3 km/s ob-
tained for this zone are consistent with eclogites S-wave veloc-
ities (Christensen and Mooney, 1995). Previous observations from
Gilbert et al. (2006), Porter et al. (2012) and Ammirati et al. (2015)
at lithospheric scale also suggest that the flat slab is releasing
water that could contribute to the lower crust eclogitization by
migration from the slab to the base of the crust.

Our shear-wave velocities for depths greater than 40 km
(>3.8 km/s) combined with petrological analyses (Pérez Lujan et
al.,, 2015) show that the Cuyania terrane mainly consists of mafic
rocks (such as leuco-gabbros, gabbros, olivine-enriched gabbros
and wherlites) (Fig. 7). The main mineral composition mostly con-
sists in Ca-rich plagioclase (labradorite and bitownite) and clinopy-
roxene (diopside and augite). Primary mineral assemblage exhibits
low pervasive alteration where plagioclase is variably altered to
epidote, calcite, sericite and chlorite. Clinopyroxene is mostly fresh
and sometimes presents rims of pseudomorphic tremolita and
chlorite, which implies low-grade metamorphism.

Previous studies using microscopic Fourier transform infrared
spectroscopy have revealed that clinopyroxene and plagioclase
(nominally anhydrous minerals) commonly contain a significant
amount of water as OH (Yang et al., 2008). The breakdown of pla-
gioclase in gabbroic lithologies, favored by the presence of water,
would drive to eclogitization (Hacker, 1996). In the Cuyania ter-
rane, we expect partial eclogitization occurring deeper than 40 km
with an increasing fraction of eclogite with increasing depth.

4.2. The Frontal Cordillera crust

Although some features of the Cordilleran crustal structure ap-
pear similar to the ones beneath the Precordillera, their interpreta-
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tion diverges due to significant differences in terrane composition
and geological history. Also, due to the restriction on the epicentral
distance, stations in the Frontal Cordillera (GUAR, REGU and CASP)
produce fewer RFs, which imply that the stacking may have not
reduced the noise significantly. Although a poorer quality for the
images obtained in this region, some features appear well identifi-
able and quite consistent with geological observations.

Cross sections in Fig. 5 at 69.4°W, show shallow arrivals at
~5 km depth that could be related to the bottom of the thick
Tertiary/Quaternary deposits filling the Uspallata-Calingasta valley.
This 5-km depth conversion seems to extend and deepen to the
west and merge with another arrival at 10 km depth (Fig. 5a & c).
Both arrivals could be generated by the presence of the Frontal
Cordillera thrust belt décollement (Heredia et al., 2002). Geologi-
cal studies in the region indicate that the basement consists of a
thick (~2.5 km) rhyolitic sequence of lavas, ignimbrites and vol-
canoclastic sediments characterizing the Permian-Triassic Choiyoi
Group, intruded by Triassic granitoids (Cristallini and Ramos, 2000;
Giambiagi and Ramos, 2002; Rocher et al.,, 2015) (Fig. 2). We ob-
serve a major arrival at a depth of approximately 15 km (Fig. 5a
& c) that seems to reach 20 km depth more in the south (Fig. 5b).
Since there is no geological evidence for a drastic change in lithol-
ogy at this depth and considering that the Chilenia basement
is mainly composed of quartz enriched material (Cristallini and
Ramos, 2000), we interpret this 15-20 km arrival as the brittle-
ductile transition generally expected around such depths in quartz-
enriched formations (granite and granodiorite).

In terms of absolute velocities (Fig. 6) we observe that lower
shear-wave velocities at both shallow and deeper levels generally
characterize the Frontal and Principal Cordillera crust. Between 0
and 10 km depths low shear-wave velocities (<3.4 km/s) charac-
terize the intensely deformed Mesozoic sediments. We note that
some shallow seismicity (Fig. 6¢) in this area seems to coincide
with the discontinuity at ~10 km and would thus mark the main
thrust décollement separating the deformed Mesozoic cover from
the underlying basement. Relatively low S-wave velocities are ob-
served in the Chilenia basement (~3.5 km/s) down to 45-50 km
depths, compatible with quartz-enriched material (Christensen and
Mooney, 1995). A very clear arrival between 67 and 69 km on
all studied cross sections (Fig. 5) corresponds to the Moho. These
Moho depths are in good agreement with Gans et al. (2011) results
although our higher resolution images allow for a sharper imaged
Moho conversion.

At depth, the increase in crustal pressure and temperature
(200 MPa - 550°C at the base of the crust, according to Marot
et al, 2014) will eventually allow the transition to felsic gran-
ulite and/or eclogites. We believe that this transition occurs at
50-55 km since all cross sections show arrivals at this depth. We
also observe a significant increase in shear-wave velocities (from
3.6 to >3.8 km/s) compatible with an eclogite facies beneath the
Principal and Frontal Cordillera.

Interestingly, comparing our results with recorded seismicity
shows a cluster of seismic activity around 70.2°W (Fig. 6¢). We
believe that this seismicity is related to the presence of the La
Ramada thrust belt affecting the Principal Cordillera with a dis-
continuity at ~10 km separating the Mesozoic strata from the
basement and a décollement level at ~20 km depth that coin-
cides with the brittle-ductile transition, in good agreement with
Cristallini and Ramos (2000).

4.3. The Cuyania-Chilenia terrane boundary

In the south central Andes, the evolutional history for the west-
ern margin of Gondwana is still widely debated and mostly de-
pends on the presence (or absence) of a Devonian magmatic arc

A)

Permian-Triassic
Protoprecordillera ->

Choiyoi
Volcanism

B) PC Present day

-~

Nazca Plate

Fig. 8. A) Western margin of Gondwana during the Permian-Triassic in the region
of study. Choiyoi volcanism probably changed the composition of the Chilenia ter-
rane and contributed to its expansion. Extensional stresses due to the break-up
of Gondwana led to normal faulting. The master structure suggested by the geo-
physical analyses in this work is a good candidate to accommodate the extension
between Cuyania and Chilenia also controlling the deposition of the Choiyoi Group
on the Chilenia side. B) Present day western margin of South America at ~31-32°S.
As a result of 20 Ma of Andean compression, previous structures may have been
reactivated as reverse faults. Simultaneously, the region recorded slab flattening co-
eval with the uplift of the Eastern Precordillera and Sierras Pampeanas (more to
the east). PC: Principal Cordillera, FC: Frontal Cordillera, CV: Calingasta valley, WP:
Western Precordillera, CP: Central Precordillera, EP: Eastern Precordillera, TV: Tulum
valley. Circled letters refer to the lithology described in Fig. 7.

between the Chilenia and Cuyania terranes. At 31-32°S, there is
no evidence for such magmatism. Moreover, Ordovician basalts in
the Calingasta and Rodeo areas (Fig. 2) present geochemical char-
acteristics of early stages of extending oceanic ridge magmatism
(Kay et al., 1984), which suggests that the Chilenia and Cuyania
terranes were probably part of the same block that spread apart
during the Ordovician. The extension probably resulted in subsi-
dence and areas of low elevation that were filled with the fine
sedimentary material interlayered with the mafic-ultramafic out-
crops observable in the current Western and Central Precordillera
(Fig. 7). Extension in this region, however, was probably not signif-
icant enough to generate oceanic crust. During the Late Ordovician,
when the eastern margin of the Chilenia-Cuyania block docked
to the western margin of Gondwana, the extension stopped and
the ocean recently formed between the Chilenia and Cuyania ter-
ranes would have closed without generating arc-type magmatism.
The low metamorphic grade and the double vergence observed
by Pérez Lujan et al. (2015) in the Sierra de la Invernada and
Rodeo area (Fig. 2) supports this hypothesis of a narrow ocean
closed by the tectonic inversion of previous extensional structures
at this latitude. We believe that our RF results presented in the
previous section allowed us to identify one of these structures
(Fig. 5 & 6). This would be a major Ordovician west-dipping mas-
ter fault affecting the whole crust and then inverted in reverse
faulting from late Ordovician to Middle Devonian, driving to the
formation of a proto-Precordillera (current Western and Central
Precordillera). Under compression, this structure would lead the
Cuyania basement under the Chilenia basement in a continental
collision.

Later, the Chilenia terrane recorded intense orogenic magma-
tism as suggested by the presence of the Permian-Triassic Choiyoi
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Group (Fig. 8a). The Choiyoi is almost absent in the Precordillera,
east of the Uspallata-Calingasta valley. The presence of a major
west-dipping structure between the Frontal Cordillera and the Pre-
cordillera is consistent with this observation. The Choiyoi Group
has been defined as a volcanic complex developed in extensional
conditions whose emplacement and deposition occurred in a se-
ries of half-grabens controlled by normal faults with downthrown
western blocks (Heredia et al., 2002). In the Frontal Cordillera,
the Choiyoi Group is more than 2.5 km thick and associated with
large granitic plutons (Heredia et al., 2002; Rocher et al.,, 2015).
In contrast, the Precordillera, Permian-Triassic magmatic rocks are
very scarce and mostly restricted to the southern Precordillera of
Mendoza at ~33°S (Strazzere et al., 2006). The structure recog-
nized in this work could have played an important role during the
Permian-Triassic, accommodating extensional tectonics between
Cuyania and Chilenia (Fig. 8a). In this scenario the magmatic activ-
ity and extensional deformation mainly affected the hanging-wall,
which in this case corresponds to the Frontal Cordillera (Chile-
nia), leaving the foot-wall (Cuyania) less affected by the Choiyoi
magmatism (e.g. Ebinger and Casey, 2001). Also, the Choiyoi mag-
matism probably changed the composition of the Chilenia base-
ment by intrusion of quartz-enriched material (Rocher et al., 2015)
and more importantly, probably contributed to the creation of new,
granitic continental crust.

During the Miocene, the Andean compression inverted previous
structures both inherited from the Ordovician and the Permian-
Triassic. The important shallow seismic activity recorded in the
region (Fig. 6¢) demonstrates that this global shortening is still ac-
tive. We suggest that our Ordovician master structure has been
reactivated in reverse faulting and accommodates crustal deforma-
tion down to ~40 km depth by thrusting the Chilenia terrane over
the Cuyania terrane. Reverse focal mechanisms for crustal inter-
mediate magnitude earthquakes (Alvarado et al., 2010; Ammirati
et al., 2015) support this hypothesis. Moreover we observe a clus-
ter of seismicity around (69.3°W) presenting a west-dipping trend
at the transition zone between the Cuyania and Chilenia terranes
where our master structure is expected.

Although not very well constrained, some features suggested
by our seismic results allow us to propose a hypothesis that sup-
ports shortening mechanisms in the lower crust. The possibility
exists that the described west-dipping Ordovician structure would
affect the whole crust by simple shear thrusting. However in this
case, Moho deformation should be observed beneath the Frontal
and Principal Cordillera as observed in other orogens (e.g. Giese et
al., 1999; Zangh et al., 2014). Also, because our structure would
drive Cuyanian material to the west, under the Chilenia terrane, it
would be difficult to explain the abnormally thick crust observed
beneath the Central Precordillera. According to Allmendinger and
Judge (2014), this phenomenon could rather be explained by an
eastward material transference possibly driven by subduction ero-
sion. The presence of a double Moho beneath the Precordillera
(Fig. 5) would provide more constraints about such a process. To
accommodate material transference from Chilenia under the Cuya-
nia terrane, we need an east-dipping shearing structure that would
connect the bottom of our aforementioned Ordovician master fault
to the double Moho inferred from our local RF analysis (Fig. 5 &
6). Our hypothesis thus involves an eclogite wedge migrating east-
ward from the Chilenia lower crust underneath the Cuyania terrane
accommodating shortening in the lower crust. Under compression,
as the Cuyania terrane remains rigid down to ~40 km depth, it
would act like a “planer”, cutting through the much softer Chile-
nia terrane. Below 40 km, both Cuyania and Chilenia lower crust
are likely turned into eclogites that would be driven to the east by
subduction erosion contributing to the crustal thickening observed
beneath the Central Precordillera (Fig. 8b).

5. Conclusions

In this study, we computed high-resolution local receiver func-
tions from slab seismicity in the Pampean flat slab region of Ar-
gentina. The RFs have been stacked to produce 2D cross sections
imaging the velocity structure and their lateral extent across the
region of study. Then, we jointly inverted phase velocity disper-
sion with our local RFs to constrain high-resolution absolute shear-
wave velocity structure and combined them with our stacked RFs
images. Our improved level of crustal details allowed us to bet-
ter constrain regional tectonic features such as décollement levels
accommodating regional crustal shortening as well as small struc-
tures related to very shallow changes in lithology such as sedimen-
tary basins (Tulum Valley, Calingasta Valley).

We suggest the presence of a major structure that separates the
Cuyania and Chilenia terranes. We geometrically constrained this
structure using the crustal seismicity recorded by several seismic
experiments deployed in the region and focal mechanisms from re-
gional moment tensor inversion. This structure is well constrained
down to ~40 km depth, dipping to the west and exhibiting reverse
motion. Petrological analyses show that the Precordillera recorded
evidence of extension during the Late Ordovician with spreading
ridge magmatism. From Late Ordovician to Middle Devonian, this
narrow ocean was closed, probably by the tectonic inversion of one
major extensional structure leading to the collision of the Chile-
nia and Cuyania terranes. This structure would correspond to the
one observed in our stacked RFs images. The collision between the
two terranes likely led to crustal thickening. The Permian-Triassic
extension in the region considerably changed the geological con-
figuration. At this time, Chilenia recorded intense magmatism that
contributed to its expansion and a major change of its rock com-
position probably due to the creation of new granitic crust. This
major structure apparently played an important role in controlling
the regional deformation during the Permian-Triassic. To explain
crustal shortening accommodation in the lower crust, we propose
the hypothesis of an eclogite wedge migrating from Chilenia be-
neath Cuyania contributing to the complex Moho geometry and
the abnormally high crustal thickness generally observed beneath
the Precordillera and western Sierras Pampeanas.
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