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Andean broken foreland zones, located to the east of the highest Andes, are associated with populated areas and
sedimentary basins with relative economic importance. Understanding their seismogenic potential is crucial for
urban development and infrastructure planning. In particular, the San Rafael Block is part of the broken foreland
developed to the south of the Chilean-Pampean flat subduction zone. A local seismic network allows analyzing
the seismogenic potential of the San Rafael Block. Earthquake distribution suggests a northeast-dipping ramp
rooting at the lower crust, cropping out at the western topographic front of the basement uplift. Gravity data
confirm the asymmetry of the San Rafael block with a western topographic front associated with the main
structure that exhumes the basement. Seismological and gravity data allow proposing a west-verging structure,
contrary to previous interpretations based on surficial structural data. The results presented here identify the
highest shallow seismogenic potential on the western side of the block, near the El Nihuil dam, and only deep
events at the eastern neotectonic front which allegedly hosted historical earthquake occurrences such as the Villa

Atuel-Las Malvinas earthquake in 1929.

1. Introduction

The San Rafael Block is a set of pre-Jurassic basement rocks exhumed
in the foreland of the Southern Central Andes, at around 35°S (Criado
Roque, 1972; Cingolani et al., 2003). It is located to the south of the
Chilean-Pampean flat subduction zone, considerably separated from the
Sierras Pampeanas to the north, a broad broken foreland system linked
to the flat slab configuration (Fig. 1). The basement block origin has
been associated with another hypothetic shallow subduction configu-
ration, the Payenia shallow subduction zone, developed from 13 Ma to 4
Ma (Kay et al., 2006). However, its eastern orogenic front is still asso-
ciated with contractional neotectonic deformations along the Cerro
Negro-Las Malvinas fault, and seismic activity which includes a histor-
ical Mw 6.5 event which took place in 1929, known as the Villa
Atuel-Las Malvinas earthquake (Fig. 1) (Bastias et al., 1993; Costa et al.,
2004, 2006; Folguera et al., 2009; Branellec et al., 2016a; 2016b).

The San Rafael Block was interpreted as a topographic range uplifted
by the progressive Andean orogeny propagated from west to east, with

an eastward vergence based on mapping of major exposed structures
(Ramos and Folguera, 2011; Ramos et al., 2014; Branellec et al., 2016b).
These models, however, were not supported by geophysical data. Recent
studies in the area made use of gravity and magnetic data in order to
trace patterns associated to the structural grain of the basement and its
influence on Quaternary magmatism (Richarte et al., 2018; Morales
Volosin et al., 2022). Seismicity studies have focused on events with a
depth greater than 50 km (i.e., below the crust) (Lupari et al., 2015).
Thus, the analysis of the deep crustal structure of the San Rafael Block
based on the information that can be extracted from crustal seismicity is
still an unexplored topic.

Varied examples of thick-skinned structures developed in the fore-
land show that these can acquire different vergence and orientation,
even opposed to the neighboring mountain range. Some of these ex-
amples include the Laramide ranges in the Rocky Mountains of North
America (Smithson et al., 1978; Stone et al., 1993; DeCelles, 2004;
Yonkee and Weil, 2015), and the Sierras Pampeanas developed over the
Chilean-Pampean flat slab subduction segment (Gonzalez Bonorino,
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1950; Jordan and Allmendinger, 1986; Introcaso et al., 1987; Ramos
et al., 2002). In those cases, the deep structure models were supported
by geophysical data. A more recent work carried out in the easternmost
Sierras Pampeanas, based on focal mechanisms and structural geology
analysis, showed that the major and medium scale structures of that
broken foreland are controlled by the complex structural grain of the
basement (Vicente et al., 2022). Similarly, the San Rafael Block region
presents a complex history that has imprinted a NW-SE structural grain
onto the basement (see geological setting for more details). Here, the
lack of geophysical evidence to constrain the deep structure of the block,

-750

-200°

~;:‘§1q

-250

-30°

-350

-400

-750

Journal of South American Earth Sciences 124 (2023) 104260

and the fact that foreland uplift behavior can be strongly controlled by
the inherited structural grain, challenge the traditional models that
display a N-S structure with eastward vergence in line with the Andes.
This motivates the revision of such models using geophysical data and
makes this a good case study to contribute knowledge about uplifts in
foreland thick-skinned deformation scenarios.

This work conjugates seismological data gathered with a local
network and gravity data to show that, even though neotectonics has
been described in the eastern topographic front of the San Rafael Block
and isolated localities along its axial zone, its deep crustal structure is
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Fig. 1. Seismotectonic setting of the study area. Red lines indicate ocean floor ages (Miiller et al., 2016). Blue contours show the depth of the Nazca subducted plate
(from Slab2 model, Hayes et al., 2018). Red and light-blue dots represent M > 5.5 seismicity with depth <50 km and >50 km, respectively, from the ISC-GEM catalog

(version 6.0, International Seismological Centre, 2019; see also Bondar et al., 2015). The yellow star indicates the approximate location of the historic Villa Atuel-Las
Malvinas earthquake.
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better explained by a model with westward vergence, contrary to pre-
vious models. This determination has important implications in terms of
seismological hazard, and urban and infrastructure planning.

2. Geological and tectonic setting

Five morphostructural domains characterize the eastern Andean
slope at the latitudes south of the Chilean-Pampean flat subduction zone
(Figs. 1 and 2). From west to east, these are the Principal Cordillera, the
Frontal Cordillera, and the foreland region comprising the Cerrilladas
Pedemontanas, the San Rafael Block and the Payenia volcanic field. Two
basins, the Rio Grande and Alvear basins, with a Mesozoic to Quaternary
infill are flanking the San Rafael Block in the foreland zone isolated from
the Andes (Fig. 2). The Principal Cordillera is a hybrid fold and thrust
belt characterized by basement uplifts separated by thin-skinned
deformational belts (see Fuentes et al., 2016, for a recent synthesis).
The Frontal Cordillera is an east-vergent basement block located to the
north of Diamante river that exposes pre-Jurassic rocks (Turienzo et al.,
2012). The study area is located to the east of these systems, in the
foreland area.

The Cerrilladas Pedemontanas are a belt of low hills constituted by
folded Neogene strata at surface due to the tectonic inversion of Late
Triassic depocenters at depth (Chiaramonte et al., 2000; Cortes et al.,
2006; Ahumada and Costa, 2009). This deformational belt is bounded to
the east by the La Ventana neotectonic thrust, which folds and cuts
Neogene and Quaternary sequences with a dip angle of 30-45° to the
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west (Garcia and Casa, 2015; Garcia et al., 2015) (Fig. 3). Based on
surface structural data, its decollement has been proposed at a depth of
13 km. Mean uplift rates for the Quaternary and the last 150 ka have
been estimated at 0.73 mm/year and 1.33 mm/year respectively (Garcia
et al., 2015).

The San Rafael Block constitutes a broken foreland system developed
100 km to the east of the Andean front. Pre-Jurassic rocks are exposed
between 34.2° and 35.5°S through a NW-SE stripe north of the Atuel
river that rotates to a N-S strike to the south (Figs. 2 and 3). The oldest
rocks exposed in the San Rafael Block are isolated outcrops of Meso-
Proterozoic metamorphic rocks (Cingolani and Varela, 1999; Cingo-
lani et al., 2005; Abre et al., 2011). These rocks correlate with basement
rocks exposed in the eastern Sierras Pampeanas broken foreland and, to
the south, with the ones exposed in the Las Matras Block in La Pampa
province (Cingolani and Ramos, 2017). Unconformably, Ordovician to
Devonian marine sequences metamorphosed in the Late Devonian rest
on the Precambrian basement (Abre et al., 2017; Tickyj et al., 2017). On
top of them, Carboniferous glacial-related marine sequences are un-
conformably exposed (Dessanti, 1956; Rocha Campos et al., 2011; Henry
et al.,, 2014). Next, Permian to Triassic volcanic rocks of the Choiyoi
Group and equivalents crop out in the study region, associated with the
extensional destabilization of the western Pangea supercontinent
(Mpodozis and Kay, 1990; Llambias et al., 1993; Kleiman and Japas,
2005; Rocha Campos et al., 2006). Finally, scarce Lower Miocene sedi-
mentary rocks of the Aisol Formation unconformably cover the Paleo-
zoic and Triassic units and are interpreted as part of the distal section of
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Fig. 2. Morphostructural units, seismological network (black triangles), and crustal seismicity (depth <50 km) from the ISC Reviewed catalog (1980-2022). Only
records with location error less than 10 km in every direction are shown. Red triangles correspond to volcanic centers.
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Fig. 3. Simplified geological map of the study area (based on Nullo et al., 2005; Sruoga et al., 2005; Septlveda et al., 2007a, 2007b; SEGEMAR, 2021). Structures
with red streak indicate Quaternary activity. The yellow star indicates the approximate location of the historic Villa Atuel-Las Malvinas earthquake (exact epicenter is
unknown). Focal mechanism taken from the GCMT catalog (Global Centroid Moment Tensor, Dziewonski et al., 1981; Ekstrom et al., 2012). Note that the San Rafael
Block has been interpreted as a mainly eastern vergence-basement structure associated with the Cerro Negro-Las Malvinas eastern fault, where neotectonic activity is
concentrated (Bastias et al., 1993).
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the Rio Grande synorogenic basin cannibalized after the uplift of the San
Rafael Block (Gonzalez Diaz, 1972; Forasiepi et al., 2011).

The San Rafael Block uplift has been associated with a shallow
subduction episode occurred in late Miocene times (Kay et al., 2006).
During the Pliocene, the San Rafael flat slab segment collapsed and led
to widespread retroarc magmatism (Kay et al., 2006; Ramos and Fol-
guera, 2011; Ramos et al., 2014), and, on the western side of the block,
NW trending normal faults affecting Miocene sediments (Folguera et al.,
2009). However, the retroarc zone still registers tectonic and seismic
activity (Cortes et al., 2006; Ahumada and Costa, 2009), as well as
Holocene volcanism (May et al., 2018). Even though some authors
concluded that the retroarc is subject to an ongoing generalized exten-
sion (Ramos and Folguera, 2005; Ramos and Kay, 2006; Folguera et al.,
2009), more recent studies lean towards ongoing shortening (Messager
et al.,, 2014; Sagripanti et al., 2015; Branellec et al., 2016a; 2016b;
Colavitto et al., 2019). The neotectonic activity in the retroarc zone can
be justified based on the transitional geometry between the flat slab to
the north and a steep zone to the south (Fig. 1) (Nacif et al., 2015). On
the other hand, the widespread Quaternary volcanism in the Payenia
Volcanic Province has been associated with an asthenospheric anomaly
visualized in a magnetotelluric survey (Burd et al., 2014).

The structure of the San Rafael Block is characterized by NNW to NW
structures affecting the different Paleozoic-Mesozoic units conditioned
by a lower Paleozoic ductile fabric, derived from the Early Paleozoic
deformation and the inversion of the Triassic rift systems (Folguera
et al., 2009; Branellec et al., 2016b; Richarte et al., 2018; Morales
Volosin et al., 2022). The general vergence of the San Rafael Block has
been determined to the east based on the description of neotectonic
deformation focused on the eastern topographic flank (Bastias et al.,
1993; Costa et al., 2004, 2006; Folguera et al., 2009; Branellec et al.,
2016a; 2016b).

Evidence of neotectonic activity has been described in different fault
segments within the San Rafael Block and surrounding areas (Fig. 3).
Among the basement outcrops lie the Aisol fault (Lucero and Paredes,
1999; Costa y Costa and Cisneros, 2001) and the Valle Grande fault
(Costa y Costa and Cisneros, 2001; Penalva and Velez, 2005), which
feature a straight morphology, NW-SE strike, downthrown blocks on the
SW side, and descriptions of scarps with Quaternary displacement. To
the east of the San Rafael Block the Santa Isabel fault is found, with a
N-S strike, downthrown block to the west, and a minimum displacement
age of 250 ka based on the dating of pedogenic carbonates affected by
the fault (Neilson, 2007). However, the most relevant descriptions of
neotectonics are situated in the eastern front of the San Rafael Block,
specifically in the Las Malvinas and Cerro Negro faults. Branellec et al.
(2016a) argued that these are the only faults in the block that show clear
neotectonic morphologic features. They confirmed Pleistocene activity
with cosmogenic dating of terraces in the hanging wall (60-80 ka) and
assigned them as possible seismogenic structures of the 1929 historic
earthquake (M ~6.5), as it had been suggested by previous authors
(Bastias et al., 1993; Costa et al., 2006). They proposed that, given the
NW-SE to NNW-SSE structural grain, these faults accommodate the
shortening component of the E-W stress, while a left-lateral component
is hosted by the more linear Aisol and Valle Grande faults.

Even though seismicity is present in the area, catalog records are
scarce and previous studies have not attempted to relate it to faulting or
volcanism. This question is better approached with the use of local
networks as described in the next section.

3. Methodology and results
3.1. Seismic data

We used one year of continuous seismological data available form a
local temporary network, from May 2013 to April 2014. Part of this data

was processed and published in a previous study along the Andean belt
region (Olivar et al., 2022). The seismological experiment was called
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“Bloque San Rafael” (BSR) and consisted of broadband and short-period
stations installed in the vicinities of San Rafael and Malargiie cities
(Fig. 2). Only two of the stations (“SANP, “AGUA”) had broadband
seismometers (Guralp 40 T), another (“PUMA”) had 3 short-period
sensors, while the rest were equipped with short period 1-component
sensors (Teledyne Geotech S13).

Continuous records were manually inspected with SEISAN’s Multi
Trace View (Havskov et al., 2020) in search for P and S wave arrivals.
Phase picking was done manually, given that the events had low mag-
nitudes, which imply low signal to noise ratios hard to tackle with
automatic methods. We used a velocity model taken from Lupari et al.
(2015) (Table 1). A preliminary localization done using the HYPO-
CENTER iterative software (Lienert and Havskov, 1995) yielded 133
solutions with depth <50 km inside the study area. During this process,
waveforms were manually revised in search for doubtful picks with high
residuals and lower weights were assigned to them. Local magnitude
was calculated using SEISAN’s AUTOMAG routine, which draws local
magnitude from the maximum amplitude of the S wave after applying a
Wood-Anderson filter. In most cases, results from three to four stations
were averaged to obtain the final local magnitude.

Seismic stations were not distributed evenly around the San Rafael
Block. In its northern region stations are absent, which leads to high
azimuthal gaps in the epicenters located there. This usually means
higher uncertainties in the solutions, and thus, harder interpretation of
the results. In order to achieve a better assessment of the quality of the
locations, we relocated the events using the NonLinLoc software (Lomax
et al., 2000; see Appendix for more details). This software carries out a
nonlinear nested grid-search, based on the probabilistic formulation of
inverse problems (Tarantola and Valette, 1982), which provides a
complete probability density function for the hypocenter allowing a
more detailed analysis of the quality of the solution and its uncertainties.
The program returns a best solution and a 68% confidence ellipsoid
calculated from the probability density function. Results were filtered
according to the maximum probability parameter (Pmax) among other
factors (Pmax >0.01; RMS <0.5 s; distance to the nearest station <125
km; minimum number of phases = 5). This process yielded 89 final lo-
cations (see details in Appendix).

Regarding data from other sources, we did not count with many
possibilities. Events present in the area according to the ISC Reviewed
catalog, for example, are almost null (Fig. 2). On the other hand, the
local seismology agency (INPRES) counts with only one short period
station in the region, and their database does not report hypocentral
errors. Other results derived from the same BSR local network were
published by Lupari et al. (2015), corresponding to another time win-
dow (December 2011 and May—October 2012). In that study, the HY-
POCENTER software was used as the localization method, localizing not
only crustal events but also sublithospheric ones. Since the methodology
used for filtering their results yielded large errors, in this work we only
considered their events with epicentral errors lower than 10 km and
depth error lower than 20 km. This selection represents the 77.4% of
their dataset with hypocenters above 40 km depth. It is worth
mentioning that the events located by those authors do not report

Table 1

Velocity model for the BSR experiment taken from Lupari et al. (2015).
Depth (km) Vp (km/s) Vs (km/s)
-5.0 5.522 3.443
0.0 5.711 3.514
5.0 5.843 3.515
20.0 6.353 3.610
35.0 6.811 3.928
45.0 7.245 3.971
55.0 7.473 4.208
90.0 8.034 4.658
120.0 8.779 4.903
210.0 8.829 4.940
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magnitudes.

The events located in this work are plotted in Fig. 4, both in plain
view and in W-E and N-S sections, with errors shown in 68% confidence
ellipses and bars. The average RMS for this group is 0.15 s (¢ = 0.07 s),
with no locations above 0.3 s. The Pmax parameter is 0.28 (¢ = 0.29) in
average. Mean latitudinal and longitudinal errors are 2.70 km (¢ = 2.07
km) and 2.26 km (6 = 1.08 km), respectively. Average depth error is
6.20 km (o6 = 3.05 km), showing that this parameter is the most
problematic.

When analyzing the distribution of the different events in plain view,

Journal of South American Earth Sciences 124 (2023) 104260

four groups are distinguished. First, north of 34.5°S, to the west, a group
of events located between depths of 10 and 30 km are aligned in a 70 km
long stripe with NE-SW orientation. In the central area, between 34.5°
and 35.3°S, two main groups are distinguishable: to the west of the San
Rafael Block, the earthquakes are shallower than 15 km, with eight of
them above 5 km depth. These particular events are aligned in a NW
direction, following the trace of the El Nihuil fault (Fig. 4), except for
three of them located near the “LAMA” station. In that area, the rest of
the earthquakes occurred at around 15 km depth. The other group is
situated to the east, over the San Rafael Block and eastward. They are
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deeper than 10 km, reaching occasionally up to 35 km in depth, with an
average in the range of 20-30 km. Most of these events are located to the
east of the Cerro Negro-Las Malvinas escarpment that defines the eastern
topographic front of the San Rafael Block. Finally, to the south, over the
Payenia volcanic field, there is a series of disperse earthquakes with
depths between 10 and 20 km. In particular, in the surroundings of the
Cerro Nevado stratovolcano there is a gap in seismic activity. Most of the
events surround the volcanic field, with a radius of more than 50 km
from the main edifice.

In cross-section (Fig. 4), distribution of events covers the whole crust,
from the surface up to 35 km depth, with an average near 16 km. Some
are so shallow that the software locates them above the surface (at 1400
m a.s.l.). That is an error derived from using a grid with search nodes up
to 5 km above sea level, and it can be disregarded by looking at the
vertical error bars that do reach the surface.

Some of the elements indicated in the description of the plain view
are also notorious in the cross-sections (Figs. 4 and 5). In the E-W
transect, at 68.5°W, a western shallow group is differentiated from an
eastern group which is almost entirely beneath 10 km. In the N-S
transect (Fig. 4), the latitudinal division mentioned above also becomes
clear, with a group of events that reach the surface in the central sector,
and groups of deep disperse events along strike.

Local magnitudes are comprised between 0.8 and 2.8, with an
average of 1.6. Only 15 events had magnitudes above 2 (Fig. 5). This
explains the absence of most events in the international catalogs, that
probably due to the distribution of regional and global networks fail at
detecting these low energy events.

The local network is situated in a relatively favorable region with
respect to the seismicity being studied. However, azimuthal gaps are still
relatively high, with a median at 262°, 86.5% of the events above 200°,
and 25.8% above 300°. This directly affects the precision of the hypo-
central depth, which, as mentioned before, is the most problematic
parameter. Distances of the events to the nearest station have a median
at 37.9 km, with 67.4% closer than 55 km (Fig. 5).

Regarding the events located by Lupari et al. (2015) in this region,
their distribution follows the tendencies observed in our results. Most of
them are located in the central part, at both sides of the San Rafael Block,
and are almost absent in the Payenia volcanic field (Fig. 6). These events
are deeper than 13 km, most of them lie between 20 and 30 km depth.
Errors in average are 3.24 km (¢ = 1.84 km) in latitude, 4.06 km (c =
2.00 km) in longitude, and 5.99 km (¢ = 3.03 km) in depth. This is
considering, as mentioned before, only the events with epicentral errors
under 10 km and vertical error lower than 20 km. Less weight was
assigned to these events in our interpretations, since the authors only
used the HYPOCENTER software. With our dataset, that software re-
ported overestimated depths in relation to NonLinLoc, so that a direct
depth comparison between datasets should be avoided.

3.2. Gravity data

The Bouguer residual anomaly map utilized in this work coincides
with a part of the one shown in Richarte et al. (2018) but with a
recalculation of the results (Fig. 6B). This is based on the global gravity
model EGM2008 (Pavlis et al., 2008, 2012), obtained from terrestrial
gravity data and satellite gravity data from GRACE (Gravity Recovery and
Climatic Experiment), with a spatial resolution of 19 km (Barthelmes,
2009). Richarte et al. (2018) used this model and applied the topo-
graphic correction. To do this, the digital elevation model (in their case,
ETOPO?2) is discretized in spherical prisms of constant density whose
gravity effects are added to calculate the total topographic effect (Heck
and Seitz, 2007) using a specific software (Alvarez et al., 201 2; based on
Uieda et al., 2010).

The description of the Bouguer anomaly map yields NW-SE positive
values, formed by two smaller-elliptical anomalies, following the west-
ern slope of the San Rafael Block (Fig. 6B). Towards the southwest,
gravity values diminish more abruptly than towards the northeast. This
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is observed in the gradient map (Fig. 6C), the gradient is higher on the
SW face of the San Rafael Block than in the NE face. Southward, there is
an important decrease in gravity values followed by an abrupt increase
towards a great positive anomaly in the vicinities of the Cerro Nevado,
that shows the maximum values.

We carried out an inversion of the gravity anomaly in search for a
density model in depth. For this purpose, we used the ‘VOXI" technique
(Geosoft), for residual Bouguer data surveys (Elllis et al., 2012; MacLeod
and Ellis, 2016). The number of cells (voxels) was set at 155 x 125
voxels and the minimum error at 1 mGal. The reference density for
calculation was 2.67 g/cm®. A 3D grid with densities underneath the San
Rafael Block in the first 10 km of the crust was obtained. Fig. 7 shows an
E-W transect of this model, where a high density is observed below the
block, with an asymmetry displaying an abrupt limit towards the west
and a smoother transition to the east.

4. Discussion

In order to carry out a methodical analysis of the seismicity map
(Figs. 4 and 5) we can divide the region into three belts: north, central
and south from the San Rafael Block.

In the northern area (Fig. 5, top block), the seismic events locate to
the east of the Frontal Cordillera, in the transition zone between the
southern end of the Cerrilladas Pedemontanas and the northern limit of
the San Rafael Block. The seismic activity in the Cerrilladas Pede-
montanas is well known, even present in the international catalogs such
as the ISC. In this study, we find two groups of events between 10 and 15
km depth and at around 30 km following a NE-SW trend. The first group
is compatible with the 13 km deep decollement proposed by previous
authors, based on surface data, for the frontal thrust of this system (La
Ventana fault, Garcia et al., 2015). The deep group is most likely indi-
cating the presence of a seismogenic source corresponding to a basement
structure, maybe delimiting domains with different mechanics in the
Cerrilladas Pedemontanas and the San Rafael Block.

In contrast, along the southern region (Fig. 5, bottom block), a lower
density of seismic events is found. Particularly, surrounding the Cerro
Nevado volcanic center, only two events were registered. The lack of
volcanic seismicity is expected due to the absence of historical eruptivity
in this volcanic center, with youngest magmatic products at around 1 My
(Quidelleur et al., 2009), while the scarcity of tectonic events could be
due to a hot crust associated with the Payenia asthenospheric anomaly.
The sparse recorded events are possibly associated with NW and NE
striking basement structures up to 15 km deep that have been previously
identified from magnetic anomalies (Morales Volosin et al., 2022).

The central area holds the majority of the located events (Fig. 5,
central block). For this region, we added information provided by
gravity data to the discussion. This and the earthquake distribution
display some interesting characteristics when compared with current
structural models for the San Rafael Block. Previous works noting that
Quaternary tectonic activity concentrated mainly on the eastern topo-
graphic front along the Cerro Negro-Las Malvinas fault, had interpreted
a deep west dipping ramp that became horizontal in a decollement
located in the lower crust as the main structure uplifting the block
(Folguera et al., 2009; Ramos and Folguera, 2011; Ramos et al., 2014;
Branellec et al., 2016b). However, it is worth noting that these schemes
were not supported by geophysical information. The data gathered in
this study do not favor such model and lead to a new interpretation of
the crustal structure. The analysis is aided by a transect perpendicular to
the NW-SE structural tendency of the region (A-A/, Figs. 6 and 8), which
includes the surface information about ancient and recent structures,
geophysical data of the basement structural grain, the orientation of the
block’s outcrops, and the direction of the elongated gravity anomaly.

First, several seismic epicenters are located to the east of the Cerro
Negro-Las Malvinas fault and not over the fault itself or to the west as
can be expected for a west-dipping fault (Figs. 6 and 8). These events are
deeper than those located to the west side of the San Rafael Block, next
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to the El Nihuil dam, in some cases reaching depths close to the Moho
(according to Heit et al., 2008; Uieda and Barbosa, 2017). The latter is
particularly important given that the eastern flank is considered by
many authors not only as the main neotectonic structure, but also as the
deformation leading edge associated with the exhumation of the San
Rafael Block basement structure. There is a progressive deepening of the
hypocenters from shallowest in the western side to deepest in the eastern
one that could indicate a crustal scale northeast-dipping structure, dis-
cussed below in more detail.

The Bouguer anomaly map shows that the positive NW-SE elongated
anomaly that matches the San Rafael Block is asymmetric. While the
western side of this structure is characterized by a gravity gradient
around 2.5 mGal/km, the eastern region reaches only 1.5 mGal/km
(Figs. 6 and 8). We interpret these gradients in terms of the contrast of
different levels of basement rocks that have increasing densities with
depth (according to Richarte et al., 2018). Such contrasts could be
produced by structures that displace the basement vertically, intro-
ducing a shift in the density stratification. The positive anomaly could be
related to the exhumation of deeper basement levels. Then, the higher
gravity gradient in the western side would respond to a stronger density
contrast generated by a higher displacement of the basement, also cut-
ting through deeper levels than in the eastern side. This implies a more
prominent structure thrusting the basement on the west side than on the
east. Such interpretation is consistent with a northeast dipping crustal
structure indicated by the seismicity distribution. We propose that this is
the main structure that uplifts the San Rafael Block, with a minor fault
on the eastern front setting up a bi-vergent configuration (Fig. 9). The
field evidences of neotectonics found in the east side would be associ-
ated to activity in this minor fault. Even though this proposal contradicts
previous structural models that suggest an east-vergence and maximum
basement exhumation in that direction, it does explain the observed
geophysical data. It is also compatible with the density model obtained
from the inversion of gravity data (Fig. 7), where an E-W transect shows
an abrupt break in the western side of the highest density bulge (dense
basement rocks), and a milder transition towards the east.

The topography of the San Rafael Block is also asymmetric, with a
steeper and shorter western slope and a more gentle and longer eastern
one (Fig. 8). This geometry is easier to explain with the suggested model,
where the block would be relatively uplifted in the western side
compared to the eastern one if exogenous factors are disregarded
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(considering the recent age of exhumation; Folguera et al., 2009). The
step in altitude observed between the Rio Grande basin (~1300 m a.s.l.)
and the Alvear basin (~700 m a.s.l.) (Figs. 6 and 8) could partly be
explained by the asymmetric uplift of the block, where the higher
southwest side could have served as a topographic barrier for sediments
coming from the Andes. This would lead to the filling of the Rio Grande
basin up to a higher elevation than the Alvear basin, with an abrupt
difference between the two instead of a smooth slope throughout the
foreland.

The distribution of hypocenters allows two alternative in-
terpretations that do not alter the main proposal substantially (Fig. 9).
As mentioned before, these are based mainly in our dataset since the
events reported by Lupari et al. (2015) were not reprocessed with
NonLinLoc. In both models, the seismicity to the west of the San Rafael
Block at nearly 15 km depth was interpreted as related to the main
Andean decollement beneath the Rio Grande foreland basin that prop-
agates from the Frontal Cordillera. This correlates with the depth of
earthquakes reported in that sector in a previous work (Olivar et al.,
2022). Beneath the San Rafael Block the main basement ramp inter-
preted in both models dips to the northeast according to the seismicity.
However, beneath 20 km depth, the event distribution is diffuse and
allows at least two likely models. One possibility is one major structure
that reaches the Moho, spreading into a broader damaged zone
(Fig. 9A). An alternative model involves the presence of more than one
deep thrust (Fig. 9B), related to structures observed in the surface like
the Aisol and Valle Grande faults.

Regionally, it is worth noting that the western end of the main
structure introduced in this work coincides with the position of the
interpreted suture between the Chilenia and Cuyania terranes (Ramos
et al., 1998). Therefore, the earthquake distribution could be reflecting
the Andean-neotectonic reactivation of this crustal discontinuity.
However, the position and geometry of the suture in this region are not
constrained by geophysical evidence in previous works, so that we
cannot confirm its connection with the proposed structure.

There are some minor elements of the model that require a brief
analysis. The shallowest earthquakes located to the SW of the main
thrust were interpreted as a ramification from the major thrust (Fig. 9,
blue dotted line), or a minor shortcut fault (red line). The absence of
seismicity above 10 km depth on the eastern side of the San Rafael Block
impedes any inference about the deep structure of the Cerro Negro-Las
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Malvinas neotectonic fault, so that it is drawn schematically (Fig. 9A) or
with an estimated depth of 4 km as suggested by Branellec et al. (2016a)
(Fig. 9B). The lack of seismicity and smoother Bouguer anomaly
gradient suggest a lower fault displacement in relation to the western
main fault.

The suggested structure of the San Rafael Block, contrary to previous
proposals, is similar to the Sierras Pampeanas broken foreland in-
terpretations, where east-dipping listric ramps rooted in the Moho were
proposed with an opposite vergence in relation to the general east-
Andean vergence (Gonzalez Bonorino, 1950; Jordan and Allmen-
dinger, 1986; Ramos et al., 2002; Vicente et al., 2022). In particular,
Introcaso et al. (1987) modelled the deep structure of the Sierras de
Cordoba (part of the southern Sierras Pampeanas broken foreland) using
gravity data, showing that these were uplifted by east-dipping structures
rooted in the Moho. Alike this work, in their model the higher positive
anomalies are displaced to the west of the main basement structures
axial zones, in accordance with a topographic asymmetry of the sierras.
The modelled sources are density contrasts hosted in the mid to lower
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crust. Another example is the Pie de Palo basement structure in San Juan
province, that constitutes a west-vergent antiform modelled, based on
the earthquake distribution and focal mechanisms, as an east-dipping
ramp coupled with a basement wedge at depth (Ramos et al., 2002;
Meigs et al., 2006).

Finally, we interpret that the proposed structural model would
respond to the structural anisotropies inherited from the basement his-
tory and the opening of the Cuyo basin, where the NW-SE strike was
imprinted onto the region. We argue that most probably the roughly E-W
Andean compression was accommodated by an already NE dipping
structure present in the basement, such as the normal faults of the Cuyo
basin western limit or eventually the terrane suture.

5. Conclusions
One and a half years of seismic records from a local network located

in the Andean foreland zone between 34 and 36.3°S latitude has allowed
to produce a map of low magnitude crustal seismic events (M < 3). This
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Fig. 9. 3D visual of the geology and deep structure models proposed for the San Rafael Block region (see color code in Fig. 3). Location of the A-A’ transect and the
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main fault is spread into a fault zone in depth, represented by the shaded cone. B) Alternate geometry in which the main fault is distributed in an imbricate thrust fan.

zone covers the Andean foothills (southern end of the Cerrilladas
Pedemontanas), the San Rafael Block, a basement block isolated from
the Andes, and the Payenia volcanic field. Most of the crustal seismicity
is located in the San Rafael Block and surrounding areas, up to 150 km
away from the Andean topographic break. In the Cerrilladas Pede-
montanas, seismic events align with a NE-SW orientation and reach only

up to 50 km from the Andean front and up to 35 km in depth. To the
south, in the Payenia volcanic field, the crustal seismicity is scarce and is
almost absent near the Cerro Nevado, one of the major volcanic centers
in this region. The only few events are located at around 15 km depth
and in regional coincidence with the main faults identified in magnetic
and field surveys that have been related in previous works to the main
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magmatic paths to the surface.

Seismic and gravity data allow the interpretation of a new model for
the San Rafael Block deep structure that had been assumed as controlled
by a west dipping crustal ramp in previous works. Seismic events are
shallower in the western side of this structure and become progressively
deeper to the east, towards the Alvear basin. Additionally, the block
shows a higher gravity gradient on the SW slope than on the NE one,
following a similar topographic asymmetry. Since the positive gravi-
metric anomaly is displaced towards the SW slope in relation to the
center of the block, high density basement rocks that produce them are
inferred to be differentially exhumed in this direction, which is sup-
ported by the inversion model. The higher gravity gradient is explained
by a greater density contrast as a result of this differential exhumation
on the SW side. Therefore, the main and seismically active fault that
uplifts the San Rafael Block is presumed to have a NW strike following its
topographic expression and the regional structural grain, dipping to the
NE, in accordance with the gravity and seismic data. Based on the dis-
tribution of hypocenters, this is interpreted as a crustal structure rooted
in the Moho that could be related to the inherited structure from the
Paleozoic accretional history in the area. Neotectonic structures iden-
tified in previous surveys are preferentially located in the eastern
topographic front, which in our model constitute lower hierarchy anti-
thetic structures associated with a bi-vergent configuration. Shallower
seismicity does not correlate with the site of occurrences of these de-
formations, indicating that the main seismic hazard would be focused in
the western side surrounding the El Nihuil dam. Finally, the suggested
structure for the San Rafael Block is similar to other structures in the
Pampean broken foreland to the north, associated with east-dipping
crustal ramps.
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