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S U M M A R Y
In the central Andes, the Nazca plate displays large along strike variations in dip with a
near horizontal subduction angle between 28 and 32◦S referred to the Pampean flat slab
segment. The upper plate above the Pampean flat slab has high rates of crustal seismicity and
active basement cored uplifts. The SIEMBRA experiment, a 43-broad-band-seismic-station
array was deployed to better characterize the Pampean flat slab region around 31◦S. In this
study, we explore the lithospheric structure above the flat slab as a whole and its relation to
seismicity. We use the SIEMBRA data to perform a joint inversion of teleseismic receiver
functions and Rayleigh wave phase velocity dispersion to constrain the shear wave velocity
variations in the lithosphere. Our joint inversion results show: (1) the presence of several
upper-plate mid-crustal discontinuities and their lateral extent that are probably related to the
terrane accretion history; (2) zones of high shear 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; (3) the presence of low shear-wave velocities at ∼100 km depth interpreted
as the subducting oceanic crust. Finally, in order to investigate the relation of the lithospheric
structure to seismicity, we determine an optimal velocity–depth model based on the joint
inversion results and use it to perform regional moment tensor inversions (SMTI) of crustal
and slab earthquakes. The SMTI for 18 earthquakes that occurred between 2007 and 2009
in the flat slab region below Argentina, indicates systematically shallower focal depths for
slab earthquakes (compared with inversions using previous velocity models). This suggests
that the slab seismicity is concentrated mostly between 90 and 110 km depths within the
subducting Nazca plate’s oceanic crust and likely related to dehydration. In addition, the slab
earthquakes exhibit extensional focal mechanisms suggesting new faulting at the edges of
the flat portion of the slab. SMTI solutions for upper-plate crustal earthquakes match well
the geological observations of reactivated structures and agree with crustal shortening. Our
new constraints on flat slab structure can aid earthquake characterization for regional seismic
hazard assessment and efforts to help understand the mechanisms for slab flattening in the
central Andes.

Key words: Seismicity and tectonics; Body waves; Surface waves and free oscillations;
Subduction zone processes; Dynamics of lithosphere and mantle; South America.

1 I N T RO D U C T I O N

The subduction of the Nazca plate under the South-American plate
is characterized by along-strike variations in the dip of the downgo-
ing slab. Between 27◦ and 33◦S, in the central Andes seismological

studies from Bevis & Isacks (1984), Smalley & Isacks (1987),
Cahill & Isacks (1992) and Araujo & Suárez (1994) showed that
at a depth of ∼100 km the slab dip is almost horizontal, con-
firming previous ideas based on geological observations (Stauder
1973). This flat slab segment, known as the Chilean-Pampean
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flat slab, has been related to the subduction of the Juan Fernan-
dez Ridge, a hot spot submarine volcano chain located on the
Nazca plate (Pilger 1981; Yáñez et al. 2002). Earthquake loca-
tions show how the slab geometry corresponds to the estimated
location of the subducted ridge (Cahill & Isacks 1992; Anderson
et al. 2007).

The geology of the shallow Pampean flat slab region is char-
acterized by thin-skinned deformation in the Precordillera with
mostly east verging structures whereas the eastern Precordillera and
Sierras Pampeanas to the east, exhibit thick-skinned deformation
and western verging structures (Ramos 1988; Figueroa & Ferraris
1989; Von Gosen 1992). The regional tectonics is currently active
(Uliana et al. 1995; Ramos et al. 2002; Brooks et al. 2003), and
likely is reactivating previous faults. Most of the structures observed
in both the Sierras Pampeanas and Precordillera are inherited from
the accretion of different terranes during the Ordovician (Ramos
et al. 1998, 2002) and later extension during the Triassic (Ramos &
Kay 1991; Barredo & Ramos 2010). They were then reactivated in
reverse faulting since the Neogene, when the Andean compression
started (Uliana et al. 1995; Vergés et al. 2007).

The seismicity associated with the reactivation of the afore-
mentioned shallow structures, mostly concentrated in the San
Juan and Mendoza Provinces, represents a considerable threat
for the urban centres in this region. The city of Mendoza was
destroyed in 1861, and the city of San Juan was destroyed in
1944 by large crustal earthquakes (INPRES 2014). Improved re-
gional velocity models are essential for a better seismic charac-
terization (seismic locations, source parameters and focal depths)
and a better seismic hazard assessment. The determination of de-
tailed lithospheric velocity structures can also help to better un-
derstand the processes affecting the flat slab region, in particular
how the slab behaves as it becomes near horizontal and how the
overlying crust accommodates the shortening induced by the flat
subduction.

The main goals of this work consist of improving the lithospheric
velocity structure of the flat slab region of Argentina and construct-
ing a calibrated shear-wave velocity model of this region to be used
for seismic characterization of crustal and slab earthquakes with
regional waveforms.

We thus performed a joint inversion of receiver functions (RF)
and surface wave (SW) dispersion. This joint inversion provides an
improved lithospheric structure model since RF analysis alone does
not provide information about absolute seismic velocities but rather
is sensitive to the relative velocity contrast across discontinuities.
Hence, RF analysis requires assuming a velocity structure to mi-
grate the discontinuities to depth, which results in a non-uniqueness
model (Ammon et al. 1990). In contrast, SW dispersion is more
sensitive to average shear-wave velocities making it well suited for
modelling long period velocity structures but not discontinuities.
Thus, information from SW dispersion can be combined with RF
data to add significant constrains on absolute velocities and conse-
quently, resolve the non-uniqueness problem when using RFs alone
(e.g. Last et al. 1997; Özalaybey et al. 1997; Du & Foulger 1999;
Julià et al. 2000).

Although Chilean flat subduction is the common name used to
define the shallow angle geometry of the Nazca plate descending
into the mantle in the central Andes, we will refer to the Pampean
flat slab in this paper because our region of interest covers both
the Precordillera and the western Sierras Pampeanas overriding the
portion of the horizontal subducting Nazca plate in the Argentinean
backarc.

2 P R E V I O U S R E G I O NA L S E I S M I C
S T U D I E S

Our analyses use data from the SIerras Pampeanas Experiment
using a Multicomponent BRoadband Array (SIEMBRA), which
was deployed in the Pampean flat slab region of Argentina in order
to better constrain the geometry of the subducting slab and the
overlying crustal structure. The experiment consists of 43 broad-
band seismic stations installed over the Cordillera, Precordillera
and western Sierras Pampeanas (Fig. 1). The SIEMBRA network
recording started in December 2007 and ran for 2 yr producing
continuous three-component seismic records including hundreds of
teleseismic events and more than 90 000 local earthquakes (Gans
et al. 2011). This complements data from a previous project called
CHARGE (Chile Argentina Geophysical Experiment), carried out
in 2000–2002 and the ESP (Eastern Sierras Pampeanas) experiment
deployed in central Argentina from 2008 to 2010. Data gathered
during these three experiments resulted in a significant amount of
published work improving our understanding of the Pampean flat
slab region of Argentina.

Gilbert et al. (2006) used RF analysis to investigate the regional
lithospheric structure at ∼30◦S. They found a crustal thickness
of about 50 km beneath the western Sierras Pampeanas and around
60 km beneath the Precordillera. As they experienced some difficul-
ties to image a sharp Moho signal beneath the central Precordillera
and western Sierras Pampeanas, they suggested that the lower crust
could be partially eclogitized which would results in a lower S-wave
velocity contrast between the continental lower crust and the upper
mantle. These observations have been since confirmed by other RF
analysis (Gans et al. 2011; Ammirati et al. 2013), other methods
like precursor analysis (McGlashan et al. 2008) and consistent with
isostatic modelling (Alvarado et al. 2009).

Calkins et al. (2006) and Perarnau et al. (2010, 2012) put more
constrains on the crustal structure of the Sierras Pampeanas. Us-
ing higher frequency RF analysis, they imaged mid-crustal dis-
continuities beneath the Sierra de Pie de Palo (western Sierras
Pampeanas) likely related with terrane accretion tectonics. In the
central Precordillera at 31◦S teleseismic RF analysis reveals two
mid-crustal discontinuities at depths of 21 and 36 km, respectively
(Ammirati et al. 2013). The first discontinuity has been inter-
preted as a décollement level between the Precordilleran strata and
the Cuyania basement. The deeper discontinuity could also be a
décollement level and a change in the lower crust geochemical
composition implying the presence of granulitic and/or eclogitic
facies associated with relatively high wave velocities (Castro de
Machuca et al. 2012; Pérez et al. 2013). The 66-km crustal thick-
ness observed beneath the Central Precordillera seems anomalous
considering that similar crustal thicknesses are observed beneath
the higher Cordillera and the average elevation of the Precordillera
is around ∼2500 m. This is the reason why local isostatic models
consider an isostatically compensated model with a denser mafic
root pulling down the crust (Alvarado et al. 2009).

Although the lithospheric structure has been studied in this re-
gion, there has not been a joint RF and SW dispersion inversion done
to constrain the seismic velocities and the discontinuities. Several
studies using RF analysis identified discontinuities in the lithosphere
(Calkins et al. 2006; Gilbert et al. 2006; Gans et al. 2011; Ammirati
et al. 2013). Wagner et al. (2005, 2008) used P- and S-wave trav-
eltime tomography to image the mantle lithosphere and Alvarado
et al. (2007) used regional waveform modelling to constrain the
crustal velocities. Recently, a 3-D shear-wave velocity model of
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Figure 1. Location map centred on the Pampean flat slab region of Argentina. The thin black lines represent the top of the subducting slab (Anderson et al.
2007). The thick black lines mark suture zones between different terranes. The path of the Juan Fernández Ridge (JFR) is shown by the orange dashed line. The
convergence rate between the Nazca plate and the South American Plate is represented by the black arrow (DeMets et al. 2010). The dark grey lines crossing
the SIEMBRA array (yellow triangles) represent the cross sections shown in this study (Fig. 8).

the region was determined from a combination of ambient-noise to-
mography and earthquake generated SWs (Porter et al. 2012). Porter
et al. (2012) obtained images of the subducting low S-wave oceanic
mantle lithosphere and discussed how subduction-related hydration
plays a significant role in controlling shear-wave velocity within the
slab. The SW tomography method used by Porter et al. (2012) is
sensitive to average seismic velocities but could not resolve thinner
features like the oceanic crust within the subducting slab. Marot
et al. (2014) using regional traveltime tomography could not iden-
tify the subducting oceanic crust either. They concluded that the
crust was non- or partially eclogitized, dense and probably thinner
that 10 km, overlying a dry oceanic mantle, hence there would not
be a seismic velocity contrast. With an eclogitized oceanic crust,
imaging the subducting oceanic crust using tomographic seismic
methods would be unlikely even with the appropriate resolution.

In this study, we perform a joint inversion of RFs and Rayleigh
wave phase velocity dispersion, to determine the lithospheric ve-
locity structure of the Pampean flat slab region with more details
than previous studies. Our joint inversion clearly identifies a thin
low S-wave velocity zone at ∼100 km depth that spans the path of
the JFR and is consistent with the subducting oceanic crust.

We then use our improved velocity model with a regional moment
tensor inversion to compute new moment tensor solutions for a se-
lection of 18 local earthquakes that occurred during the SIEMBRA
experiment. These new moment tensor solutions allow us to gain

better insights on the relationship between the crustal seismicity,
seismic velocity structure and regional tectonics.

3 R E G I O NA L V E L O C I T Y S T RU C T U R E S

3.1 Method

3.1.1 Receiver functions

RF analysis uses waveforms from teleseismic earthquakes that gen-
erate P- to S-wave conversions at discontinuities when travelling
near vertically to the seismic station. The result isolates the Earth
response taking the form of a time series of Gaussian spikes where
each pulse marks a converted wave arrival that reverberated in the
structure beneath the seismic station (Langston 1979).

The dataset used for the RF analysis in this study consists of 80
teleseismic events recorded by the SIEMBRA array between 2007
and 2009. For this period of time, we selected large magnitude events
(Mw > 6.0) with an epicentral distance between 25◦ and 95◦ and
used only their P phases (Fig. 2). The seismograms were band-pass
filtered between 0.15 and 5 Hz to remove possible signal contami-
nation from regional seismic events and anthropogenic noise (traffic
and open-pit mine explosions). A visual inspection was then per-
formed to detect and discard traces with low signal-to-noise ratio,
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Figure 2. Teleseismic earthquakes (yellow dots) recorded during the SIEMBRA experiment deployed inside of the red rectangle (see Fig. 1) at epicentral
distances ranging from 25◦ to 95◦. Surface wave dispersion curves have been calculated using the events marked by red stars. Solid red lines represent plate
boundaries.

a weak P-wave arrival or recording problems on any of the three
components. Then, for each event at each station, we removed the
mean and rotated the north-south and east-west components into ra-
dial and tangential components respectively. After data preparation,
both radial and tangential RFs were computed using a time domain
iterative pulse-stripping deconvolution method (Ligorrı́a & Ammon
1999) with a limit of 600 iterations or an improved fit between two
iterations lower than 0.01 per cent.

We used Gaussian filter widths of 1 and 2.5 in the deconvolution
process (corresponding to low pass filters of corner frequencies 0.5
and 1.2 Hz, respectively). We used the low frequency RFs (Gaussian
1) to constrain the upper-plate crustal thickness and the depth of the
subducting oceanic lithosphere. Higher frequency RFs (Gaussian
2.5) were used to identify discontinuities within the crust. The best
resolution/quality (high signal-to-noise ratio) trade-off for teleseis-
mic RFs is obtained using a Gaussian width of 2.5 as similarly
imaged by previous studies (Calkins et al. 2006; Gilbert et al. 2006;
Perarnau et al. 2010; Gans et al. 2011; Ammirati et al. 2013).

Once computed, RFs were visually inspected to avoid traces with
a negative first arrival, harmonic oscillations or long period trends.
Out of the 80 selected teleseismic events recorded during the SIEM-
BRA experiment, an average of 29 events per station survived the
inspection yielding a total of 715 RFs homogenously distributed
in the region of study. The average of good RFs is about 22 per
station with a maximum of 45 at El Abra (ABRA) in the Sierras
Pampeanas and a minimum of 3 at Talacasto (TALA) in the eastern
Precordillera. Both low and high frequency RFs were selected to
build the input dataset for the joint inversion with SW dispersions.

Fig. 3 shows the average radial and tangential RFs obtained after
move out correction for a selection of 10 SIEMBRA stations used
in this study. In addition, supplemental Fig. S1 shows all the average
radial and tangential RFs for each station. Theoretically, propagation
in a homogenous and isotropic propagating media the transverse

P-wave signal is expected to be zero. The low P-wave amplitudes
observed for transverse RFs, in contrast to the corresponding high
radial RF amplitudes, support our assumption of homogeneity and
isotropy in the sampling region beneath each receiver used in this
study (Figs 3 and S1).

3.1.2 Surface waves

SW phase velocities increase monotonously with increasing pe-
riod. Rayleigh waves are thus generally easy to isolate on the ver-
tical component of a seismogram. For this reason we only invert
Rayleigh phase velocity dispersion in our study. We identified 5
teleseismic earthquake traces (Fig. 2) that have high signal-to-noise
ratio and no contamination of the SW packet by regional seismic-
ity to use for phase velocity determination. After removing the
instrument response, group velocity measurements were obtained
using multiple filter analysis (Herrmann 1973) in the 10–100 s pe-
riod range. The group velocity dispersion was selected for each
event at every station, which allowed us to isolate the fundamen-
tal mode SW using a phase match filter (Fig. 4a). However, group
velocities were not subsequently inverted with phase velocities. A
wave field transformation method in the frequency domain, allowed
us to obtain average phase velocity dispersion following the same
methodology described in McMechan & Yeldin (1981) and Mok-
thar et al. (1988). For each earthquake recorded by the network, this
technique basically estimates inter-station phase velocity dispersion
curves (Fig. 4b) and stacks them to obtain a final, network average
dispersion curve. The technique is well adapted for studying the
velocity structure beneath a seismic array although more accurate
results are generally observed when the structure is simple. Previous
studies performed in the Pampean flat slab region show a complex
structure and important variations in terms of crustal thickness and
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Figure 3. Sample average receiver functions calculated with Gaussian filter
width of 2.5 for a selection of 10 stations distributed in the Pampean flat
slab region. Top and bottom traces are radial (rad) and tangential (tan) re-
ceiver function, respectively. For each station, the traces have been averaged
after the moveout correction. The number of traces used for the average is
indicated in parenthesis.

mineralogical composition (Ramos et al. 2002; Calkins et al. 2006;
Gilbert et al. 2006; Perarnau et al. 2010, 2012; Gans et al. 2011;
Ammirati et al. 2013).

We first estimated the phase velocity using all the SIEMBRA
stations with no consideration of laterally varying structures. The
results were unsuccessful especially for stations located in the
Sierras Pampeanas due to the important variations in crustal thick-
ness. As the SIEMBRA array covers both Cuyania and Pampia
terranes with different spacing between stations, we separated the
two regions (Precordillera and Sierras Pampeanas) and determined
the phase velocity dispersion of each region (Figs 4b and c).

Both regions present somewhat similar dispersion curves for
periods between 20 and 40 s. For shorter periods, the Sierras
Pampeanas has higher phase velocities than the Precordillera re-
gion. This is probably due to the fact that SWs at this period range
are more sensitive to the shallow structure which is essentially com-
posed of sedimentary rocks (lower velocities) in the Precordillera
(Gonzáles Bonorino 1973) and crystalline basement rocks (higher
velocities) in the Sierras Pampeanas (Castro de Machuca et al. 2012;
Perarnau et al. 2012). Fig. 4(c) also shows a divergence of the two
regional dispersion curves for periods greater than 40 s, which are
sensitive to the structure in the lower crust and uppermost mantle.
This difference in phase velocity dispersion is probably related to
the variation in crustal thickness between the two regions. Porter

Figure 4. (a) Comparison of the 2008/05/23 teleseismic earthquake seismo-
gram (recorded at station CONE) before (top) and after (bottom) applying
a phase match filter. The phase match filter allows us to isolate the surface
wave fundamental mode. The unfiltered vertical component at the top shows
how the body waves (especially transverse waves) and the other modes in-
terfere with the main Rayleigh wave packet. (b) Interstation paths used in
the 10–100 s period range for the estimation of phase velocity in the Pre-
cordillera region (black solid lines) and in the Sierras Pampeanas region
(grey dashed lines). (c) Rayleigh wave phase velocity dispersion measure-
ments for the Precordillera (black triangles) and the Sierras Pampeanas (grey
pluses). For comparison, solid lines are best fits obtained for stations DOCA
(Precordillera) and MAJA (Sierras Pampeanas), respectively.
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et al. (2012), using ambient noise tomography, calculated Rayleigh
wave dispersion for the flat slab region. They observed small vari-
ations within a same terrane even for short periods (∼10 s) but
greater variations between the two different (Cuyania and Pampia)
terranes. This supports our estimation of two different phase veloc-
ity dispersion curves for these two terranes.

3.1.3 Joint inversion

The inversion of RFs and Rayleigh phase velocity dispersion has
been performed using the joint96 code developed by Herrmann &
Ammon (2002) implementing the joint inversion algorithm by Julià
et al. (2000). This technique is intended to simultaneously invert
the two dataset, which are sensitive to different aspects of Earth
structure. An initial velocity model is thus iteratively updated in
order to minimize the functional:

S = (1 − p)

Nr

∑Nr

i=0

(
Ori − Pri

σri

)2

+ p

Ns

∑Ns

j=0

(
Os j − Ps j

σs j

)2

,

(1)

where Ori and Pri are observed and predicted RFs at time ti and
σ ri, the corresponding standard error of observation. Osj Psj and σ sj

are respectively the observed, predicted and standard error of jth
SW observation. Nr is the total number of RF points. Ns is the total
number of SW dispersion points. Finally, p is a weighting factor.

The influence factor p, controls the weighting of each dataset
in the inversion. A p-factor of 1 corresponds to a 100 per cent SW
inversion with no weighting of the RFs. In contrast, a p-factor of
0 will only involve the inversion of the RF dataset. As mentioned
before, the joint inversion allows us to overcome the non-uniqueness
RF problem (Figs 5a and b). Since SW dispersion is rather sensitive
to the average shear-wave velocity, the resolution of the resulting
velocity model can be seriously over-smoothed using only SWs. The
goal in the joint inversion is to adjust the p-factor to an optimal value
ensuring a good stability/resolution trade-off. After several tests
(Fig. 5c), a p-factor of 0.15 (the SW dataset counts for 15 per cent
in the inversion) appears to be an appropriate value for this study.

Although the resulting velocity model from the inversion is not
supposed to depend on the initial velocity model, we observed that
if the initial model includes discontinuities, the final velocity model
would produce discontinuities at the same depth (Fig. 5d).

In the inversion procedure, the rms misfit (eq. 1) trades-off with
the model perturbation (Julià et al. 2000). A damping parameter is
necessary to avoid rapid and improbable velocity variations with
depth. After testing several damping parameters (ranging from 0.1
to 0.8), a damping value of d = 0.4 was chosen for all our inversions
(Fig. 6).

The initial model used in this study corresponds to the same ini-
tial velocity model used in the SW tomography study in the same
region by Porter et al. (2012), which also used the SIEMBRA data.
It consists of 30 5-km-thick layers and constant P- and S-wave ve-
locities and density (Vs = 4.0 km s−1, Vp = 7.0 km s−1, Vp/Vs =
1.75 and ρ = 3.0 g cm–3) down to 150 km. Julià et al. (2008) point
out that a half space at the bottom of the model does not accurately
account for the depth sensitivity of the long period dispersion veloc-
ities. This could lead to the mapping of deep velocity variations into
shallower depths. To avoid this problem, the bottom of our initial
velocity model has been constrained to AK135 velocities (Kennett
et al. 1995) for depths between 150 and 300 km. However, con-
sidering that we are using RFs sensitive to crustal discontinuities
and thus able to generate reverberation (multiple) signals after the

primary conversion making RFs noisy further back in time, we only
interpret results down to 150 km.

RFs are sensitive to dipping interfaces, which could result in
traces with strong azimuthal variations. In order to specifically con-
sider this effect, individual RFs are inverted independently from
each other (no azimuthal or ray parameter stacking) using the dis-
persion curves from five teleseismic earthquakes calculated for the
Precordillera and the Sierras Pampeanas. Joint inversion results
generally show a good agreement between synthetic and real data
for both RFs and SW dispersion independently of the number of
traces used in the inversion (Fig. 7). However, we did not process
the stations with less than 10 good RFs.

We obtained a 1-D seismic velocity model for 32 stations of the
SIEMBRA array using the method described above. The S-wave
velocities between two stations have been interpolated to produce
continuous cross-sections as shown in Fig. 8.

3.2 Inversion results

Figs 8 and S2 show five cross-section profiles in the Pampean flat
slab region obtained from our joint inversion. Considering the fact
that the array is denser above the flat portion of the subducting slab
than in the Sierras Pampeanas (SP; Fig. 1), the resulting images
are horizontally smoothed especially in the SP region (compare
results between 60 and 80 km offset versus results in the 120–200
km offset range for cross section A–A′ in Fig. 1). Cross sections
A–A′, B–B′ and C–C′ are aligned along the predicted orientation
of the subducted Juan Fernandez ridge beneath the Precordillera
and the SP to 66◦W. Cross sections D–D′ and E–E′ are perpendicular
to the orientation of the flat slab region and focus on the structure
beneath the Precordillera and the SP, respectively (Figs 1 and 8).

A shallow layer of low velocity (Vs < 3.2 km s−1) can be observed
beneath the Precordillera on every cross section (except E–E′) down
to ∼10 km depth. Basically all cross sections show a major change
in shear wave velocity (the shear-wave velocity jumps from 3.3
to 3.6 km s−1) at approximately 20 km depth beneath the western
Precordillera. This velocity change eventually gets deeper to the
west. Important crustal velocity changes are observed beneath the
Sierra de Pie de Palo in the Western Sierras Pampeanas (Fig. 1)
in cross sections B–B′ and C–C′, with two apparent wave velocity
changes at ∼15 and ∼25 km depths. The SP exhibit higher velocities
at shallow depths (Vs = 3.5–3.6 km s−1 down to ∼20 km depth and
more than 3.6 km s−1 for greater depths).

It is interesting to note the differences in the structure between
the Precordillera and the SP. Although we have smoother images in
the SP, due to a sparse station coverage, individual velocity models
show that the Sierras Pampeanas crust is thinner, with a thickness
between ∼55 km in the west and ∼40 km in the east, than the Pre-
cordilleran crust with a thickness varying from ∼65 to ∼55 km.
The SP crust also has a simpler structure showing shear-wave ve-
locities between 3.3 and 3.8 km s−1 with an increase at ∼20 km
depth and a well-defined Moho identified by the Vs 4.3 km s−1

contour (limit arbitrarily chosen considering the lower-crust/upper-
mantle rock velocities from Brocher 2005). On the other hand, the
Precordilleran crust exhibits a higher degree of crustal complexity
with several intracrustal discontinuities, overall higher shear wave
velocities around Vs ∼ 4.0 km s−1) than observed in the SP, es-
pecially deeper than ∼40 km and a notably diminished velocity
contrast between the lower crust and the upper mantle (gradational
Moho). Patches of unusually high crustal shear-wave velocity can be
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Figure 5. Sensitivity tests for joint inversion of receiver function (RF) and surface waves (SW). The reference model has been established for station DOCA
(central Precordillera) using teleseimic RF analysis (Ammirati et al. 2013). The models presented in this figure have been obtained using synthetic RFs and
SW calculated from the reference model. (a) Influence of the initial velocity model when inverting RFs alone which shows the difficulty to constraint absolute
velocities. Initial models are of constant velocities with Vp = 6, 7 and 8 km s–1, Vp/Vs = 1.75 and ρ = 3 g cm−3. (b) Same as (a) except SW data is jointly
inverted with RF data using the same set of initial models. Note how the resulting model does not depend on the initial velocity model in this case. (c) Sensitivity
of the per cent weight of the SW data in the joint inversion. The more weight the SW get the smoother the resulting model. (d) Influence of a discontinuity in
the initial velocity model. A velocity jump has been introduced at 50-km depth (blue dashed line) where Vp jumps from 6.5 to 8.1 km s−1. At the same time
Vp/Vs and ρ changes from 1.75 to 1.82 and from 2.6 to 3.3 g cm−3, respectively. Note how the final model retains the discontinuity at 50 km while none is
observed when using a constant initial model (red). Note that both RF and SW are inverted (p = 0.15).

observed beneath central and western Precordillera (DOCA, GUAR
and USPA).

Finally, all cross sections in Fig. 8 show a thin layer of relatively
low velocity (4.2 km s−1 < Vs < 4.4 km s−1) between depths of
approximately 90 and 120 km. Some patches of high shear wave
velocity also can be observed mainly between 70 and 90 km depths.

3.3 Discussion of lithospheric structure

Although using similar RF dataset as in previous studies in the re-
gion (Gans et al. 2011; Ammirati et al. 2013), our joint inversion
constraints the absolute velocity and gives us an improved litho-

spheric velocity structure. Our models provide absolute S-wave
velocity, information about the lateral variations of those veloci-
ties and better resolution than previous velocity structure models
obtained using ambient noise or seismic tomography alone (Porter
et al. 2012; Marot et al. 2014). Hence, our new velocity models
allow us to confirm previous hypothesis and propose further inter-
pretations as discussed in the following sections.

3.3.1 Crustal structure

At crustal depths, S-wave velocities lower than 3.4 km s−1 mainly
characterize sedimentary rocks (Brocher 2005). Our results (Fig. 8)
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Figure 6. Trade-off curve between data fit and model perturbation for damp-
ing values in the range 0.0–0.8 with a test every �d = 0.1. The arrow
indicates the damping value chosen as the best compromise.

show that those low velocities are mainly found beneath the Pre-
cordillera (cross-sections A–A′, B–B′, C–C′ and D–D′). The pres-
ence of sedimentary rocks down to 20 km depth strengthens the
hypothesis of a décollement level between the Precordillera ter-
rane mainly composed of Paleozoic sedimentary strata (Gonzáles
Bonorino 1973) and the Cuyania basement characterized by higher
velocities. According to Brocher (2005) the velocities obtained for
the Cuyania basement between 20 and 40 km depths, mainly char-
acterize crystalline rocks close to the mafic line confirming previous
hypothesis of a mafic continental crust for the Cuyania terrane (Am-
mirati et al. 2013; Pérez et al. 2013).

The Frontal Cordillera also exhibits low shear wave velocities
down to 20 km. This is observed in the Chilenia terrane and its
eastern boundary with the Cuyania terrane. Marot et al. (2014) using
seismic tomography obtained images further west and interpreted
those low S-wave velocities as the presence of fluids in the La
Ramada-Aconcagua thrust belt fault system, which matches well
our observations beneath the Frontal Cordillera.

An important increase in shear-wave velocity below 35–40 km
depths can be observed for the Cuyania terrane. The contour line
3.8 km s−1 (Fig. 8) has been chosen as the limit between upper and
lower crust as previous studies pointed out a seismic discontinuity
at ∼40 km depth in the central Precordillera (Ammirati et al. 2013).
This is related to a major change of the Cuyania basement min-
eralogical composition (Pérez et al. 2013) consistent with S-wave
velocities for amphibolites to eclogites/granulites facies (Brocher
2005).

As previously stated, various studies (e.g. Gilbert et al. 2006;
Gans et al. 2011; Ammirati et al. 2013) had difficulty imaging a
sharp Moho in the Precordillera region, which has been interpreted
as a reduced velocity contrast between the lower crust and the upper
mantle due to a possible partial eclogitization of the lower crust. Our
results obtained for the entire flat slab segment allow us to better
define the regions of high shear wave velocity in the lower crust
(Fig. 8). Those regions match with the absence of a well-defined
Moho and can be observed mainly beneath the transition between
the Cuyania and Chilenia terranes (cross-sections B–B′ and D–D′),

the central Precordillera (northern edge of the flat slab; cross-section
A–A′), eastern Precordillera along the path of the JFR (B–B′) and
the WSP at the southern edge of the flat slab (C–C′).

In the SP, shallow crustal velocities between 0 and 20 km ap-
pear to be higher (∼3.5 km s−1) than in the Precordillera and the
Frontal Cordillera. Such S-wave velocity characterizes mainly crys-
talline, quartz-enriched rocks (Christensen & Mooney 1995). Pre-
vious studies showed that the Pampia terrane is mainly composed
of granitic/felsic rocks in good agreement with the crustal velocity
obtained in this study (Alvarado et al. 2005; Castro de Machuca
et al. 2012; Perarnau et al. 2012). Our cross sections however,
show a seismic discontinuity at ∼20 km depth (well visible on cross
sections C–C′ and E–E′). We interpret this discontinuity as a fragile-
ductile transition level generally expected at 15–20 km for a granitic
(continental) crust (Scholz 1990). Below 20 km depth, the velocity
increases monotonously and we estimate the Moho depth at around
40–45 km for the Sierras Pampeanas in good agreement with pre-
vious studies. Cross section E–E′ shows that the Moho eventually
gets deeper (∼55 km) in the north.

3.3.2 Upper mantle structure

Shear-wave velocities greater than 4.3 km s–1 have been interpreted
as mantle velocities (Brocher 2005). A striking observation is the
presence of a thin (10–20 km thick) sub-horizontal low velocity
layer lying at around 100 km depth. Considering all previous studies
performed in the flat slab region we can reasonably interpret this
low velocity layer as the top of the subducting slab. Gans et al.
(2011), using teleseismic RFs observed a strong negative arrival at
90–100 km depth implying a lower velocity for the top of the slab
but with no constraint on absolute velocities. Porter et al. (2012)
using ambient noise tomography did not observe such low velocity
anomaly but rather a diffuse lower velocity trend for much of the
slab spanning depths from 120 to 150 km. Marot et al. (2014)
using seismic tomography, were not able to see any abnormally
low seismic velocities and concluded that the slab, although not
eclogitized, was probably dry and dense enough not to generate any
velocity contrast.

Combining RF and SW dispersion observations allowed us to
observe for the first time, this thin low shear-wave velocity anomaly
beneath the flat slab region. All our cross sections show a shear-
wave velocity between 4.2 and 4.4 km s−1. Such velocities mainly
characterize gabbros, amphibolites and/or rocks in the greenschist
facies, which represent typical compositions of a subducting hy-
drated oceanic lithosphere (Christensen & Mooney 1995).

We interpret this anomaly as the top of the subducting litho-
sphere corresponding to the oceanic crust. Our observations imply
that the oceanic crust at ∼100 km depth is still hydrated and not
or partially eclogitized. Considering a 5 km resolution for the ve-
locity models obtained in this work, we interpret an oceanic crustal
thickness greater than 10 km. Some cross sections (C–C′) show a
thicker low velocity layer (>20 km) which is unlikely for an oceanic
crust although some magnetic studies have suggested the same ob-
servation (Yáñez et al. 2002). We believe that not only the oceanic
crust is hydrated but also the subducting oceanic mantle as stated by
Porter et al. (2012).

The presence of fluids in the oceanic lithosphere has been re-
lated to a decrease of rock density and an increase of buoyancy
(Reynard 2013). Gans et al. (2011) concluded for a thickened
oceanic crust (12–15 km), non- or partially eclogitized. Both factors
have been proposed as a possible explanation for the mechanism
of flat subduction in the region of study. This hypothesis was later
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Figure 7. (a) Agreement between synthetic (red) and computed (black) receiver functions using different width (w) of the Gaussian filter. The figure show
poor, average and good RF fit, respectively. (b) Best fit for the inversion of Rayleigh wave phase velocity dispersion. Black dots are phase velocity dispersion
measurements. Red solid line is the best fit. Note that in the case of station LLAN the Sierras Pampeanas dispersion curve shown in Fig. 4(c) is inverted while
for stations ARRO and DOCA the Precordillera dispersion curve is inverted. Fig. 1 shows station locations. (c) Best-velocity models obtained from the joint
inversion of RF and SW phase velocities.
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Figure 8. Cross sections from our joint inversion models in the region of study. See Fig. 1 for location of each cross section. The cross sections show the
shear-wave velocity as a function of depth. Low velocities appear in red tones, high velocities appear in blue-indigo tones. One single 1-D seismic velocity
model has been obtained beneath each seismic station (red triangles). Data between stations has been interpolated using Delauney triangulation (implemented
in the GMT package). Contours spacing is 0.1 km s−1. Individual velocity models for stations ARRO, DOCA and LLAN (Fig. 7) and NOQE are shown to
highlight differences in Moho definition.

contradicted by Porter et al. (2012) and Marot et al. (2014) since
they were unable to validate the presence of a hydrated oceanic crust
at ∼100 km depth. Our refined observations thus tend to confirm
Gans’s hypothesis of a flat slab characterized by a thickened, non-
eclogitized and hydrated oceanic crust at a 100 km depth along the
path of the JFR.

Notably, cross section B–B′ shows a disruption of the slab signal
beneath the eastern Precordillera, (station LAJA). Because station

LAJA (31.3◦S and 68.5◦W) only recorded one year of data, we de-
cided to add data recorded between 2012 and 2014 at the same site
by the national seismic network of Argentina (INPRES). Interest-
ingly, the results are consistent indicating an offset in the subducted
slab as mentioned by Gans et al. (2011) beneath the eastern Pre-
cordillera, along the path of the JFR. In addition, for the same zone,
Porter et al.’s (2012) tomography also showed a ‘patchy’ flat slab
exhibiting a shift in the low S-wave velocity region.
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Finally, the continental mantle between the Moho and the
top of the flat slab show patches of high shear-wave velocity
(>4.6 km s−1) at ∼80 km depth. These velocities characterize
mainly ultramafic rocks (peridotite, dunite, harzburgite) with very
little hydration (Christensen & Mooney 1995; Brocher 2005) that we
interpret as dry mantle. Those patches of ‘dry mantle’ are observed
mainly above our hydrated oceanic crust. Both dry mantle and hy-
drated oceanic crust seismic signatures tend to disappear further
east where the slab resumes its descent into the manlte (∼67◦W).
This observation strengthens the hypothesis made by Porter et al.
(2012) of an eastward progressive dehydration of the slab during
flat subduction.

4 R E G I O NA L M O M E N T T E N S O R
D E T E R M I NAT I O N

Seismic moment tensor inversion (SMTI) is a useful technique to
determine the earthquake focal mechanisms to characterize the seis-
motectonics of a region. This can be done using a global seismic
velocity structure and long period waveform modelling. However,
more accurate solutions predicting focal mechanisms and especially
the source depths can be obtained if shorter period regional wave-
forms are used in the inversion. The modelling in this case becomes
more sensitive to details of the seismic velocity structure.

In this paper we have used the new refined lithospheric joint
inversion structure to constrain the SMTI of 18 moderate-magnitude
earthquakes. We evaluate this seismicity results relative to the new
refined seismic structure of the flat slab region obtained in this work.

4.1 Regional velocity model

We use results from our joint inversion to determine a regionally
representative 1-D model to use for regional SMTI. All the velocity
models obtained from the 22 stations in the Precordillera and the
10 stations in the SP were averaged (Fig. 9a). After comparing all
individual models with the averaged model, we note that the model
at station PATO is the most similar; thus we used it as our preferred
1-D model whose details are shown in Table 1. Testing for SMTI
using the average model shows no significant difference.

The SIEMBRA array has a denser concentration of seismic sta-
tions above the flat portion of the slab (mainly Precordillera and
western Sierras Pampeanas) than the surrounding Pampean flat slab
region, hence, our model is better representative for this region and
might be less appropriate for the study of earthquakes located at the
edges of the Pampean flat slab and further east. Nevertheless, the
very flat portion of the slab and the overlying crust concentrate most
of the energy released by earthquakes, which is where our model is
most appropriate (Alvarado et al. 2007; Anderson et al. 2007).

Interestingly, the models obtained in the Precordillera and west-
ern Sierras Pampeanas were averaged separately to highlight the
differences between the two regions in terms of seismic velocity
structure (Fig. 9b).

4.2 Seismic moment tensor inversion

Using our improved 1-D velocity model (Table 1 and Fig. 9a),
we modelled regional broad-band waveforms for 18 earthquakes
in the crust and slab using seismic moment tensor inversions. Our
SMTI solutions were then compared with other studies, which used
different approaches, methods and velocity models.

Figure 9. (a) Lithospheric velocity models showing shear wave velocities as
a function of depth obtained individually for 32 seismic SIEMBRA stations
(thin grey lines) in this study. The black thicker line represents the average
among the 32 individual velocity models. Best variance reduction model
obtained for station PATO (Rio de los Patos, Frontal Cordillera) is shown
in red. The simple model (blue line) is a compilation of previous works
(see main text) for the flat slab region, and mainly characterizes the eastern
Precordillera and western Sierras Pampeanas region. (b) Average velocity
model for the Precordillera (black) and the Sierras Pampeanas (grey). Note
the differences between the two regions in terms of continental crustal
thickness, lower crust S-wave velocities and slab low-velocity signature.
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Table 1. 1-D regional velocity model for the Pampean flat slab
region obtained in this study (Flat slab region in Fig. 9).

Depth (km) Vp (km s−1) Vs (km s−1) Density (g cm–3)

5 5.44 3.11 2.59
10 5.77 3.30 2.65
15 5.93 3.39 2.69
20 5.78 3.31 2.66
25 6.02 3.44 2.71
30 6.23 3.56 2.77
35 6.49 3.71 2.85
40 6.61 3.78 2.88
45 6.88 3.93 2.95
50 6.99 3.99 2.98
55 7.08 4.05 3.01
60 7.12 4.07 3.02
65 7.34 4.19 3.09
70 7.66 4.38 3.19
75 7.99 4.57 3.31
80 8.17 4.67 3.37
85 8.10 4.63 3.34
90 7.95 4.54 3.29
95 7.69 4.40 3.21
100 7.38 4.22 3.11
105 7.40 4.23 3.11
110 7.53 4.30 3.15
115 7.69 4.39 3.20
120 7.81 4.46 3.24
Half space 8.15 4.55 3.30

Using codes from Herrmann & Ammon (2002) we computed
Green’s functions from 0 to 150 km depth for depths at every one
km and for epicentral distances up to 300 km.

Observed waveforms of a selection of earthquakes with mag-
nitude ≥4.0 occurred during the SIEMBRA experiment were first
quality-controlled in order to remove traces with excessive noise
or data gaps. The remaining traces were corrected for the instru-
ment response, converted to ground velocity and the horizontal
components were rotated into radial and tangential components. A
second quality control was performed to make sure that the resulting
waveforms in the 0.01–0.1 Hz band are suitable for moment tensor
inversion. The grid search method (Herrmann et al. 2010) uses the
observed three-component ground velocity traces (vertical, radial
and tangential) to search for the best solution, which corresponds
to the best estimation of seismic source parameters (strike, dip, and
rake). An iterative process inverting for several hypocentral depths,
allows us to find the optimal combination of focal mechanism and
focal depth by comparing observed and synthetic waveforms. In the
inversion lower weight values are used for data at increasing epi-
central distances to overcome inadequacies in the velocity model at
larger distances.

The choice of the band-pass filter is key since it will provide
clean and simplified waveforms for the inversion and determine
the level of influence of the velocity model on the final solution.
Except in few cases, a band-pass filter with corner frequencies of
0.01 and 0.15 Hz was used for earthquakes with ML ≥ 5.0 whereas
smaller events (ML ≤ 5.0) were band-pass filtered between 0.025 and
0.0667 Hz. In every case we applied a 3-pole high-pass Butterworth
filter at the lower frequency corner followed by a 3-pole low-pass
Butterworth filter at the upper frequency corner. As the general
influence of small-scale Earth structure details generally decrease
with decreasing frequencies, long period content helps to determine
a reliable seismic moment and source parameters but with no ability

to determine a precise depth. On the other hand, using the high
frequency content, which will be sensitive to a more detailed model
of the region, we obtained a better discrimination for the focal depth
with minimal changes in the focal mechanism or seismic moment.
However, a wider frequency range may result in a decrease in the fit
of the data due to noise and/or inaccuracy of the solution due to the
algorithm matching the wrong peak. For each event, a first run in
the frequency bands previously described was performed in order
to remove stations presenting a bad fit. Solutions obtained with less
than 4 stations and/or variance reduction lower than 60 per cent were
discarded. A second inversion using the same parameters then gave
our preferred focal mechanism and seismic moment (Fig. 10a). As
mentioned before, due to the use of relatively long periods in the
inversion, the depth is not well constrained. At this point, the upper
corner of the band-pass filter is increased to 0.33 Hz and a new
inversion run is performed in order to improve depth determination
(Figs 10b and c). The final best SMTI solution is thus composed
of the source parameters obtained from the inversion using the
low frequency content and the focal depth obtained using the high
frequency content of the waveforms. Using this methodology a
total of 18 earthquakes have been successfully modelled (Table 2
and Fig. 11).

Another objective of this study was to compare how our improved
velocity model compares to previous simple velocity models used to
determine earthquake parameters in the region. We thus computed
Green’s functions for this simple model (Fig. 9a) corresponding to
a compilation of the results obtained in previous studies (Introcaso
et al. 1992; Fromm et al. 2004; Alvarado et al. 2005; Wagner
et al. 2005; Gilbert et al. 2006; Heit et al. 2008; Perarnau et al.
2010; Gans et al. 2011; Bilbao 2012). Following the previously
described methodology, we reprocessed the same earthquakes in
order to compare solutions using the average structure from previous
studies with our improved 1-D velocity model.

4.3 Results and interpretations

4.3.1 Focal depths

Table 2 shows that 5 solutions corresponding to the ML > 5 earth-
quakes (events 7, 9, 11, 13 and 14) are all shallower than previously
determined by Global Centroid Moment Tensor (GCMT; Dziewon-
ski et al. 1981; Fig. 11a) which is consistent with observations
by Alvarado & Ramos (2011). The smaller magnitude earthquakes
with NEIC solutions (see Table 2) also generally locate at shallower
depths using our regional velocity model, except for earthquakes
No. 3, 4, 9, 10, 11 and 18 that show similar depths to National
Earthquake Information Center (NEIC) solutions. Finally, compar-
ing the solutions obtained using our 1D regional and the simple
model from previous results (Fig. 9a), we note that the focal depths
obtained using our model are systematically shallower than using
the simple model. We were unable to determine acceptable solutions
for earthquakes 6, 8, 10, 11 and 15 using the simple model since the
inversion could not converge to any stable and unique focal depth
solution. Interestingly, we note that those events are shallow crustal
earthquakes and one slab event (#10).

If we compare our new focal depths with the obtained joint inver-
sion velocity structure results, we observe that, in the flat portion
of the slab, most of the earthquakes are located around 100–110
km depth which corresponds to the low S-wave velocity layer pre-
viously interpreted as the subducting oceanic crust. This obser-
vation suggests that the slab seismicity is likely concentrated at
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Figure 10. (a) Best source parameters for the 2008/07/21 local earthquake (see Event 2 in Table 2) using waveforms bandpass filtered between 0.025 and 0.067
Hz. The good agreement between synthetic (red) and observed (black) seismograms is shown for 12 stations of the SIEMBRA array (see map at the bottom
and Fig. 1 for station locations). R, T and Z stand for radial, tangential and vertical components, respectively. (b) Observed and synthetic waveforms for the
same event recorded at station LAJA (Eastern Precordillera) using two different frequency ranges. (c) Plot comparing the resultant depths for the same event
using our improved velocity model (black line) and the compiled simple model (dashed grey line) (Fig. 9) for two frequency bands. Note that the inversions
using our seismic velocity model predicts the best focal depth at ∼102 km, which is shallower than the simple model solution indicating a focal depth around
116 km.

the top of the slab in the 10–15-km-thick subducting oceanic crust,
which is different from results of previous studies (Gans et al. 2011;
Porter et al. 2012) indicating that the flat slab seismicity at ∼110
km depth is likely in the subducting oceanic mantle.

4.3.2 Focal mechanisms

Our modelled slab earthquakes lie in the flat portion of the slab, and
have focal mechanisms with their fault plane strike mainly oriented
in the direction of the JFR (ENE–WSW) (Fig. 11b). Although it is
difficult to do tectonic interpretations using a few moderate magni-
tude earthquakes, these observations may indicate that the oceanic
crust seismicity is related to N–S extensional mechanisms occur-

ring at the edges of the JFR path where the slab changes its dip from
flat to normal.

Gans et al. (2011) proposed a hypothesis where extensional outer
rise faults are reactivated in the horizontal portion of the slab and
would be responsible for the observed offset of the oceanic crust
(faulting) in the slab. Results from Marot et al. (2012) are in good
agreement with this hypothesis as they also infer that observed
extensional earthquakes within the slab could be related to the re-
activation of trench-parallel pre-subduction faults. The Marot et al.
(2012) study however, was located a few hundred kilometres south-
ward (33–34◦S) where the slab inclines ‘normally’. Interestingly,
as pointed out by the two aforementioned references, such faults
formed during the flexure or bending of the oceanic lithosphere
before entering in the subduction zone, are expected to be parallel
to the trench which in the case of the Pampean flat slab, would be
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Table 2. Regional moment tensor inversion results. Lat., latitude in degrees; Long., longitude in degrees; Str., strike; N, number of stations used in the inversion.
Depths are in km. Strike, dip and rake are in the Aki convention format (Aki & Richards 1980).

Depth Depth
Origin time Str. Dip Rake Str. Dip Rake this Simple Depth Depth

Event (UTC) Lat. Long. 1 1 1 2 2 2 work mod. NEIC GCMT Mw N

1 200806181101 −31.814 −69.447 25 52 −127 256 51 −52 105 126 112 – 4.4 9
2 200807210308 −31.574 −69.396 29 47 −89 207 43 −91 102 113 120 – 4.5 12
3 200808070018 −29.352 −69.181 155 58 −90 335 32 −90 98 112 93 – 4.8 7
4 200810101826 −31.303 −67.878 84 59 −94 270 32 −84 98 107 99 – 4.3 13
5 200810211010 −32.147 −68.954 359 73 −141 256 53 −22 107 122 120 – 4.6 12
6 200811071126 −31.652 −69.347 18 51 113 163 44 63 2 – 10 – 3.8 8
7 200812201707 −31.720 −68.140 228 49 −95 55 41 −84 108 116 – 123 5.2 12
8 200901110527 −31.656 −69.269 17 58 108 165 36 63 1 – 5 – 4.0 16
9 200902160222 −29.134 −69.807 41 89 −143 310 53 −1 112 124 75 117 5.4 13
10 200903031121 −29.639 −69.681 155 85 155 247 65 5 107 – 100 – 4.2 5
11 200903111306 −31.980 −69.290 179 50 103 340 42 75 28 – – 37 5.2 20
12 200903190326 −31.722 −69.151 43 58 −73 192 36 −115 103 117 111 – 4.5 12
13 200904260803 −32.890 −69.490 244 82 39 147 52 169 124 132 – 141 5.3 13
14 200905081344 −32.020 −69.680 187 49 −112 39 45 −66 101 107 – 110 5.3 13
15 200907020651 −32.362 −67.041 231 56 130 355 50 47 3 – 25 – 4.2 23
16 200907051357 −31.754 −69.76 100 81 32 5 58 170 118 129 126 – 4.8 6
17 200907081708 −31.395 −68.881 227 50 −123 84 50 −57 110 127 123 – 4.7 11
18 200911170351 −31.201 −68.409 98 49 −99 292 42 −79 96 116 93 – 4.0 13

Figure 11. (a) Comparison of the regional moment tensor inversion solutions obtained in this study for earthquakes of Mw > 5 with solutions from the GCMT
catalogue for the same events. Note that our focal depths are shallower that the GCMT’s depths. (b) Regional map showing the solutions obtained in this work
using regional seismic moment tensor inversion and our 1-D seismic velocity model. The numbers refer to the events in Table 2. Focal mechanisms with blue
compressive quadrants correspond to crustal events. Black lines mark the top of the subducting slab (Anderson et al. 2007). Dark grey dashed lines are terranes
boundaries (Ramos et al. 2002). Small circles indicate localities of interest. Results along the cross section A–B are presented in Fig. 12.

NNE–SSW which is different from our observations. We think that
an important part of the slab seismicity is consistent with a mecha-
nism involving slab pull from either side of the flat slab increased
by some effect of the buoyancy along the JFR. The slab seismicity
involving many more small magnitude events (Fig. 12) may be the
result of slab dehydration.

Four out of the 18 earthquakes we modelled in this study
(Table 2 and Fig. 11b) correspond to crustal events with focal depths
shallower than 40 km. Three of the earthquakes are located near the

locality of Barreal in the San Juan province, beneath the western
flank of the Uspallata-Calingasta Valley. These three earthquake lo-
cations and source mechanisms suggest that these events are prob-
ably related to reactivation of structures associated with the suture
zone separating the Frontal Cordillera to the west (Chilenia terrane)
from the western Precordillera to the east (Cuyania terrane). Ge-
ological studies in this region have identified evidence of Triassic
extension, accommodated by N–S oriented normal faults and reac-
tivated by Neogene reverse faults when Andean compression starts
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Figure 12. Results beneath the cross-section A–B, along the JFR path (see Figs 1 and 11). Main geological features are from Ramos et al. (2002) and
Ammirati et al. (2013). Blue and red dots denote crustal and slab seismicity during the SIEMBRA experiment (seismic locations are from Linkimer 2011).
Focal mechanisms in vertical projection along the profile for a selection of 18 earthquakes in Fig. 11 and Table 2, are discussed in this study in the framework
of shear wave velocities here obtained using joint inversion of receiver functions and surface wave dispersion.

(Uliana et al. 1995). Such faults are expected to be encountered at
shallow depth and generally have a steep dip angle, which is con-
sistent with our obtained solutions and suggest that these shallow
earthquakes are the result of reactivation of structures due to active
shortening.

Another shallow earthquake has been modelled approximately
200 km southeast of the flat slab section, close to the Sierra de
Las Quijadas National Park, in the province of San Luis. This zone
specifically marks the geologic and geographic boundary between
the Cuyania terrane and the Pampia terrane characterized by the
Valle Fértil – La Huerta fault, a high angle reverse fault possibly
with a small sinistral strike-slip component (Ramos et al. 2002). The
solution we obtained for this event shows a shallow reverse fault
focal mechanism, in good agreement with geological observations.

Seismic results in the Pampean flat slab region agree that the
Moho depth steps from ∼50 km beneath the Cuyania terrane to
∼40 km in the Pampia terrane. A striking observation is that the
Moho step coincides with the projection in depth of the Valle Fértil
– La Huerta fault. This suggests that this fault is active and extends
through most of the crust down to at least ∼50 km depth.

4.4 Link between lithospheric structure and seismicity

Many observations indicate the presence of both water and hy-
drated minerals within subducting oceanic lithosphere which in
many cases, is characterized by a systematic decrease in the crust
and upper mantle seismic velocities (Contreras-Reyes et al. 2007). A
thin low-seismic-wave speed anomaly interpreted as the subducting
oceanic crust has been observed around the world using teleseismic
and local tomography, extending to as much as ∼150 km depth
(e.g. Helffrich & Abers 1997; Rondenay et al. 2008; Haberland
et al. 2009; Nakajima et al. 2009). As stated before, the low veloc-
ity structure observed in this study at around 100 km depth, strongly

suggests that the flat portion of the subducting oceanic crust is hy-
drated although little serpentinization is expected to occur for fast
convergence rates (>5 cm yr–1) such as the central Andes subduc-
tion zone (DeMets et al. 2010). As observed by Porter et al. (2012)
and confirmed by our joint inversion results, the oceanic crust low
seismic velocity signature observed in the region, appears irregular
and tends to diminish until disappearing beneath the ESP where the
slab is steepening and subducting back into the mantle consistent
with the transition from basalt to ecologite in the downgoing slab.
This observation implies that the subducting oceanic lithosphere
is probably releasing water during subduction. Dehydration has an
embrittlement effect as the presence of water can increase the PT-
field for frictional sliding down to 300–400 km depth (Hacker et al.
2003; Jung et al. 2004).

Increasing fluid pressure due to dehydration will thus allow brittle
failure and generate the seismicity observed in the Pampean flat
slab region at ∼100 km depth in good agreement with a mechanism
combining faulting and dehydration.

The overthickened character of the Cuyania terrane (thick crust,
probable partial eclogitization below 40 km depth and the gra-
dational Moho) geometrically coincides with the flat portion of
the slab. Numerical models showed that lower crust eclogitization
can be the starting point for a density increase followed by crustal
shortening and lithosphere removal (Krystopowicz & Currie 2013).
Other studies also suggest that a small amount of water is required
to facilitate transition to eclogites (Leech 2001). So the dehydration
of the subducting oceanic crust might be helping releasing water,
which can migrate to the upper plate causing its partial eclogiti-
zation even at lower crustal depths. However, the pathways for the
fluids from the slab to the lower crust are likely concentrated in
limited regions as the much of the upper mantle between the slab
and crust has low Vp/Vs inconsistent with wide-spread hydrated
upper mantle (Wagner et al. 2008). Partial eclogitization of the
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upper-plate lower-crust would generate a denser mafic root pulling
down the whole crust and contributing to crustal shortening in the
region.

5 C O N C LU S I O N S

In this study, we have investigated the lithospheric S-wave velocity
structure using a joint inversion of teleseismic RFs and Rayleigh
wave phase velocities for data from the SIEMBRA array. We have
determined the S-wave velocity structure in the flat slab region,
western Argentina (Fig. 12). We obtained 32 local lithospheric 1-D
velocity models from 0 to 150 km depth throughout the Pampean
flat slab region. Cross-sections were constructed based on these
individual 1-D models and show new and improved absolute shear-
wave velocity structures. Our results identify a complex crustal
structure beneath the Precordillera and the Western Sierras Pam-
peanas in agreement with previous studies and clearly define the
lateral extent of mid-crustal discontinuities related to terrane ac-
cretion during the Ordovician. The crustal thickness of the Pampia
terrane is notably thinner (∼40–50 km) than observations for the
Cuyania terrane to the west (∼55–65 km). In the Cuyania terrane,
the Moho signal is gradational and appears lower in amplitude due
to high shear wave velocities in the lower crust. Further east the
Moho steps up ∼10 km in depth, aligned with the projection in
depth of the Valle Fértil – La Huerta fault.

Our joint inversion allowed us to identify a relatively low velocity
zone at the top of the flat slab consistent with hydrated basaltic
oceanic crust at ∼100 km depth. The low velocity layer appears
irregular in its shape, especially along the path of the Juan Fernandez
Ridge.

Finally we used a simplified version of our improved velocity
model for the Pampean flat slab region of Argentina for regional
seismic moment tensor inversions of local earthquakes to determine
the focal mechanisms and depth. We constrained 18 moment tensor
solutions of regional earthquakes that occurred between 2007 and
2009. Comparisons of our regional moment tensor solutions indicate
overall shallower focal depths for slab earthquakes than previous
studies and the locations generally correspond to the low S-wave
velocity zone interpreted as the subducting oceanic crust (Fig. 12).

Earthquakes in the slab are characterized by extensional focal
mechanisms. Both locations and mechanisms suggest that these
earthquakes (Mw 4.0 and greater) are due to faulting at the edges of
the flat segment of the subducting slab. Our results suggest that at
least some (maybe most) of the flat slab seismicity is concentrated
in the subducting oceanic crust likely related to stress induced by the
JFR along with slab dehydration. The focal mechanism solutions
obtained for crustal events confirm geological observations made in
previous studies suggesting reactivation of previous structures due
to crustal shortening.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Average receiver functions calculated with Gaussian
filter width of 2.5 for all the stations used in this work. Top and
bottom traces are radial and tangential receiver functions, respec-
tively. For each station, the traces have been averaged after moveout
corrections. The number of traces used to calculate the average is
indicated for both radial (rad) and tangential (tan) traces in paren-
thesis. Overall, we note that the amplitude of the tangential RFs is
significantly lower than the amplitude of the radial RFs.
Figure S2. Same as Fig. 8 (see main text) with no annotations.
The cross sections show the shear wave velocity as a function of
depth. Low velocities appear in red tones, high velocities appear
in blue-indigo tones. Contours spacing is 0.1 km s–1. (http://gji.
oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggv140/-/DC1)
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