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Long-Term Lithospheric Strength and Upper-Plate Seismicity
in the Southern Central Andes, 29°-39°S
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'HelmholtzZentrum GFZ — German Research Centre for Geosciences, Potsdam, Germany, “Institute of Geosciences,
University of Potsdam, Potsdam, Germany, SRWTH Aachen University, Aachen, Germany

Abstract We examined the relationship between the mechanical strength of the lithosphere and the
distribution of seismicity within the overriding continental plate of the southern Central Andes (SCA,
29°-39°S), where the oceanic Nazca Plate changes its subduction angle between 33°S and 35°S, from
subhorizontal in the north (<5°) to steep in the south (~30°). We computed the long-term lithospheric strength
based on an existing 3D model describing variations in thickness, density, and temperature of the main
geological units forming the lithosphere of the SCA and adjacent forearc and foreland regions. The comparison
between our results and seismicity within the overriding plate (upper-plate seismicity) shows that most of the
events occur within the modeled brittle domain of the lithosphere. The depth where the deformation mode
switches from brittle frictional to thermally activated ductile creep provides a conservative lower bound to

the seismogenic zone in the overriding plate of the study area. We also found that the majority of upper-plate
earthquakes occurs within the realm of first-order contrasts in integrated strength (12.7-13.3 log Pam in the
Andean orogen vs. 13.5-13.9 log Pam in the forearc and the foreland). Specific conditions characterize the
mechanically strong northern foreland of the Andes, where seismicity is likely explained by the effects of slab
steepening.

Plain Language Summary The southern Central Andes (29°-39°S) are one of the most seismically
active regions along the South-American subduction zone. However, the causative dynamics behind localization
of earthquakes in the South American plate are still not well understood. In this study, we computed the
strength of the lithosphere (i.e., the resistance to deformation) with a specialized computer code and showcase
that there exist a causative relationship with seismicity in the area. We found that earthquakes in the upper
plate occur: (a) above the transition between domains with brittle to ductile deformation; and (b) where large
and sharp horizontal strength contrasts exist. Specific conditions characterize the mechanically strong northern
foreland of the Andes, where seismicity is likely explained by the additional effects of the oceanic subducted
plate, where it transitions from a subhorizontal to a steep subduction angle. These results show the importance
of quantifying the strength of the lithosphere and its spatial variations to better understand the distribution of
seismicity records in the area.

1. Introduction

The ocean-continent convergent margin of the southern Central Andes (SCA, 29°-39°S), is characterized by an
east-northeast-directed subduction of the oceanic Nazca Plate (NP) under the South American continental plate
with a convergence rate of 6.1 cmyr~! (Figure 1; Norabuena et al., 1999). A distinct geodynamic feature of the
subduction margin is a change in subduction angle of the NP between 33°S and 35°S from the Chilean-Pam-
pean flat-slab zone (<5° dip, 27°-33°S) to a steeper sector south of 35°S (~30° dip; Figure 1). The SCA are
one of the most seismically active regions along the South American convergent margin, where past seismic
events had devastating impacts on humans, with loss of life and far-reaching economic repercussions (Alva-
rado & Beck, 2006; Alvarado, Barrientos, et al., 2009; Ammirati et al., 2019; Gregori & Christiansen, 2018;
Ruiz & Madariaga, 2018). So far, seismological research in the SCA focused on understanding the causative
dynamics of the recorded seismicity within the oceanic plate and along the subduction interface (e.g., Ander-
son et al., 2007; Cloos & Shreve, 1996; Hackney et al., 2006; Linkimer et al., 2020; Moreno et al., 2010, 2014;
Wagner et al., 2020; Weiss et al., 2019), while less attention has been paid to the mechanisms controlling upper-
plate seismicity (Alvarado et al., 2005; Alvarado, Barrientos, et al., 2009; Alvarado, Pardo, et al., 2009; Ammirati
et al., 2019; Nacif et al., 2017; Smalley & Isacks, 1990; Smalley et al., 1993).
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Figure 1. Topography and bathymetry of the southern Central Andes taken from the ETOPO1 global relief model (Amante
& Eakins, 2009) overlain with focal mechanisms of upper-plate earthquakes from the Global Centroid Moment Tensor
Catalog (Dziewonski et al., 1981; Ekstrom et al., 2012), color-coded by their hypocentral depth. Black dashed lines in the
oceanic domain indicate the boundaries between subduction segments with steepening subduction angles from north to south.
White lines are isodepth contours (km below mean sea level (bmsl)) of the top of the oceanic crust obtained from the Slab2
model (Hayes et al., 2018). The thick and dashed white lines show the offshore and projected tracks of the Juan Fernandez
Ridge oceanic plateau, respectively (Yéafiez et al., 2001). The white rectangle encloses the extent of the area modeled in this
study. Thick black lines indicate the principal Quaternary tectonic faults (Sagripanti et al., 2017). The boundaries between
the main morphotectonic provinces are shown by white dashed lines. The red triangles indicate active volcanoes. The yellow
lines show the location of the profiles in Figures 5 and 6. Abbreviations of main tectonic provinces: AO = Andean orogen,
CB = Cuyo Basin, ESP = Eastern Sierras Pampeanas, EAB = extra-Andean basins, FA = forearc, NB = Neuquén Basin, P =
Payenia volcanic province, Prc = Precordillera, WSP = Western Sierras Pampeanas.
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Previous studies on upper-plate earthquakes (e.g., SIEMBRA, ESP, CHARGE, CHARSME, and CHASE seismic
experiments; Alvarado et al., 2005; Alvarado, Pardo, et al., 2009; Marot et al., 2014; Nacif et al., 2013, 2017;
Olivar et al., 2018; Rivas et al., 2019; Venerdini et al., 2020) have depicted an heterogeneous earthquake distribu-
tion with seismic activity decreasing toward the south of the flat subduction segment, though such low seismicity
rates could be partly attributed to a poorer coverage of seismic networks in the steep segment of the slab. A major
outcome from these previous studies was to correlate monitored seismicity to localized weakening within neotec-
tonic fault areas, either linked to Cenozoic structures or to compressional reactivation of inherited structures
and fabrics (e.g., Astini et al., 1995; Azcuy & Caminos, 1987; Giambiagi et al., 2003; Jordan et al., 1983; Kay
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et al., 2006; Llambias et al., 1993; Llambias & Sato, 1990; Mpodozis & Kay, 1990; Ramos, 1988). The analysis
of focal-mechanism solutions of upper-plate seismicity in the SCA (Alvarado et al., 2010; Ammirati et al., 2019;
global CMT catalog, Dziewonski et al., 1981; Ekstrom et al., 2012) shows a predominance of reverse and strike-
slip faulting (Figure 1), indicating a preferential slip direction perpendicular and oblique to the plate-convergence
direction, respectively (e.g., Farias et al., 2008; Tapia et al., 2015).

Despite these recent findings, the causative dynamics of the distributed upper-plate seismicity in the SCA where
little to no record of present-day seismicity is found despite ubiquitous Quaternary faults is still subject of an open
debate (e.g., Eastern Sierras Pampeanas, Neuquén Basin; Costa et al., 2000, 2020; Grimaldi & Dorobek, 2011;
Martino, 2003; Sagripanti et al., 2017). This disparity between instrumentally recorded earthquakes and
paleo-seismological manifestations in the Sierras Pampeanas is noteworthy and may result from long recurrence
intervals. Alternatively, some authors proposed that variations in the long-term strength of the lithosphere may be
responsible for the observed lack of seismicity in areas with pervasive active faulting, provided that the integrated
strength of the plate exceeds the magnitude of plate-driving stresses (e.g., Liu & Zoback, 1997).

Whether a causative relationship exists between the long-term strength of the lithosphere and the spatial distri-
bution of seismicity has been a long-standing matter of controversy (Burov, 2011; Chen et al., 2012; Chen &
Molnar, 1983; Handy & Brun, 2004; Jackson et al., 2008; Scholz, 1988; Sibson, 1982). It has been proposed that
the depth at which rocks transition from a preferentially brittle to a preferentially ductile mode of deformation
(“‘brittle-ductile transition’’ or BDT, Goetze & Evans, 1979) provides a conservative estimate of the down-
dip extent of the seismogenic zone (e.g., Scholz, 1988; Sibson, 1982). Furthermore, compilations of crustal
seismicity in different regions show that old or mafic crustal sectors are characterized by deep-seated seismic-
ity, which supports the notion of a rheological control inherited from paleotectonic processes (e.g., Ammirati
et al., 2013, 2016; Craig & Jackson, 2021; Jackson et al., 2008; Maggi et al., 2000; Pérez Lujan et al., 2015).

In the SCA, a recently published 3D structural and thermal model (Rodriguez Piceda, Scheck Wenderoth, Gomez
Dacal et al., 2021; Rodriguez Piceda, Scheck Wenderoth, Bott et al., 2021) provides the opportunity to quantify if
such a spatial corelation exists between variations in long-term lithospheric strength and recorded active seismic
deformation. In this study we derive the first 3D rheological model of the SCA, including available structural,
compositional and thermal information of the area. Comparison of the results against the spatial distribution of
upper-plate seismicity (International Seismological Centre, 2021) enables us to determine how variations in the
long-term rheological configuration affect the localization of seismicity across the SCA, including the forearc
and foreland regions.

1.1. Geologic Setting

The SCA encompass four main morphotectonic provinces: the forearc, the magmatic arc, the back-arc, and
the foreland, each of them characterized by distinct structural and geomorphological features. The present-day
configuration of the SCA is the result of a complex tectonic evolution that spans from the Neoproterozoic to
the Quaternary, including episodes of terrane accretion, shortening, and extension (Astini et al., 1995; Azcuy &
Caminos, 1987; Giambiagi et al., 2003; Jordan et al., 1983; Kay et al., 2006; Llambias & Sato, 1990; Mpodozis &
Kay, 1990; Ramos, 1988). The ongoing subduction beneath the South American plate has been active since at least
the Late Jurassic (Maloney et al., 2013 and references therein), although major pulses of Andean deformation are
thought to have occurred during the Late Cretaceous and the Miocene (Boyce et al., 2020; Fennell et al., 2015).
The onset of flat subduction north of 33°S is thought to have occurred at ~19 Ma (Jones et al., 2014, 2015, 2016),
finally attaining its present-day subhorizontal angle at ~7-6 Ma (see Kay & Mpodozis, 2002; Kay et al., 2006;
Ramos et al., 2002). The causative dynamics responsible for the tectonic evolution of the Central Andes is still
disputed among the geoscientific community. Some authors argue that episodes of flat subduction are responsible
for the migration of the deformation to the foreland (e.g., Oncken et al., 2006; Yafiez & Cembrano, 2004), while
others link these compressional events to reactivation of inherited tectonic heterogeneities, such as crustal-scale
sutures, independent of the role of the slab (Allmendinger et al., 1983; del Papa et al., 2013; Hongn et al., 2007;
Hongn et al., 2010; Kley & Monaldi, 2002; Kley et al., 1999; Mon & Salfity, 1995; Ramos et al., 2002).
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2. Methods
2.1. Modeling Approach

We computed the long-term yield strength of the lithosphere, that is, a proxy for the maximum differential stress
that rocks are able to withstand without experiencing permanent deformation (Goetze & Evans, 1979) based on
the approach described in Cacace and Scheck-Wenderoth (2016). In doing so, we assumed frictional behavior at
shallow depths as described by Byerlee's law (Byerlee, 1968):

A()'b =f(pbgl(] —fp) (1)

where Ao, is the brittle yield strength, f; is the Byerlee's friction coefficient (which depends on the internal fric-
tion coefficient p; and the faulting regime, see also Text S1 in Supporting Information S1), p, is the bulk density,
g is the gravitational acceleration, z the depth below topography and f is the pore fluid factor (defined as the ratio
pip,~ L, where p; is the fluid density).

With increasing depths and temperatures, rocks tend to deform as a viscous (non-)Newtonian fluid, with disloca-
tion creep being the dominant deformation mechanism in the lithosphere. In this study, we also included low-tem-
perature plasticity (Peierls creep) at differential stresses greater than 200 MPa (Goetze et al., 1978; Katayama &
Karato, 2008). The power laws describing dislocation creep (Equation 2) and low-temperature plasticity (Equa-
tion 3) can be expressed as:

£ \" H
— 2
Ao-d—( ,,) .exp(nRT) 2
Aop = op (1 - ——D ln—éD 2) 3)

where Ao, is the ductile yield strength, ¢ the reference strain rate, A, the pre-exponential scaling factor for dislo-
cation creep, n the power law exponent, H the creep activation enthalpy, T the temperature, R is the universal
gas constant (R = 8.314 JK~! mol~!), o}, the Peierls critical stress, Q, the Dorn activation energy (Q,, = 5.35¢5
Jmol~!) and A} the Dorn's law strain rate (A = 5.7e11 s7).

The yield strength (Ac,, ) at a given point is defined by the minimum of the brittle and ductile portions, Ac,
and Ao, (Goetze & Evans, 1979). The depth at which the two curves intercept mark therefore the (BDT hereaf-
ter). In an attempt to better quantify the efficiency of viscous creep, we also discuss the results in terms of the
effective viscosity (1),,). This parameter is expressed by a power-law dependence of temperature and strain rate
as (Burov, 2011):

25 H

n 1 1
2 Anen! ( ELLE )
e € exp o

2n

“

Heff =

the material and temperature distributions used as input were derived from 3D lithospheric-scale models of the
SCA (Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al., 2021; Rodriguez Piceda, Scheck Wenderoth,
Bott et al., 2021) and described in more detail in Section 2.1.1. The specific mechanical properties assigned to
the lithospheric units of the model are subsequently outlined in Section 2.1.2.

2.1.1. 3D Structural and Thermal Models

The present-day geological configuration of the SCA in terms of layer geometries and densities has been derived
based on a 3D lithospheric-scale model by Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al. (2021).
This model is a result of an data intensive integrative effort comprising different geological and geophysical data,
including seismic tomography, reflection and refraction seismic profiles, sediment isopach maps and petrological
data additionally constrained by gravity field modeling (see references in Rodriguez Piceda, Scheck Wenderoth,
Gomez Dacal et al., 2021). The model covers a region extending along 1,100 km in the N-S direction, 700 km in
the E-W direction (white rectangle in Figure 1) and 200 km in its depth extent. The layers composing the model
were defined according to the main density contrasts in the lithosphere: (a) oceanic and continental sediments; (c)
upper continental crystalline crust; (d) lower continental crystalline crust; (e) continental lithospheric mantle (6)
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Figure 2. Main structural features of the southern Central Andes lithosphere from the model of Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al. (2021):
thickness of (a) sediments; (b) continental crystalline crust; (c) felsic upper continental crystalline crust; (d) mafic lower continental crystalline crust; (e) depth to the
top of the oceanic crust derived from the Slab2 subduction zone geometry model (Hayes et al., 2018); (f) average density of the continental crystalline crust. Boundaries
of the main morphotectonic provinces are overlain; for abbreviations see Figure 1.

shallow oceanic crust; (g) deep oceanic crust; (h) oceanic lithospheric mantle; and, (i) oceanic sub-lithospheric
mantle. The main features of the model are depicted in Figure 2 in terms of the: (a) thickness of sediments; (b)
thickness of continental crystalline crust; (c) thickness of upper continental crystalline crust; (d) depth to the top
of the oceanic crust; and (d) average density of the continental crystalline crust.

The continental crystalline crust exhibits a first-order segmentation both in its thickness and density configu-
ration, delineating three main crustal domains (Figure 2b): (a) the forearc, (b) the Andean orogen, and (c) the
low-relief back-arc and foreland (‘‘BAF’’, hereafter). The forearc is characterized by a normal continental crys-
talline crust (<35 km, Figure 2b) and intermediate to high average crustal densities (~2975 kg/m?, Figure 2f).
The Andean orogen has a thicker crystalline (~55 km, Figure 2b) and less dense (~2900 kg/m?; Figure 2f) crust
than its adjacent regions. The BAF can be segmented into three crustal sub-domains: (a) a thick, dense northern
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domain (40-60 km, ~3,000-3,050 kg/m?); (b) a thin, high-density southern domain (~20 km, 40-60 km); and
(c) a central domain with intermediate crustal thickness (35-45 km) and low to intermediate crustal densities
(~2900-2950 kg/m?).

The temperature configuration used as input for the rheological calculations was derived from a thermal model
of the SCA (Rodriguez Piceda, Scheck Wenderoth, Bott et al., 2021) covering the same region as the structural
model. Crustal and mantle temperatures down to 50 km bmsl were computed assuming steady-state conduc-
tive conditions and using as input the structural model of Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal
et al. (2021). Thermal properties were assigned to each layer of the model according to its prevailing lithology
and in order to best fit available wellbore temperature measurements (Collo et al., 2018). The average surface
temperature distribution (Copernicus Climate Change Service (C3S) (2019)) was assigned as upper thermal
boundary condition. The temperature distribution at 50 km depth, lower thermal boundary condition, was esti-
mated from conversion of a S-wave tomography (Assumpgao et al., 2013) following Goes et al. (2000). In a simi-
lar fashion, also the thermal field between 50 and 200 km bmsl has been derived from a direct conversion of the
seismic tomography. More details on the thermal modeling approach can be found in the Text S2 in Supporting
Information S1.

Figure 5.3 shows the depth maps for the 450°C and 650°C isotherms, as they are thought to correspond to
major rheological contrasts at crustal and uppermost mantle levels. Additional depth slices are included in the
Supporting Information S2 (Figure S1 in Supporting Information S1). The 450°C isotherm shallows in the model
domains of thickened upper crust enriched with radiogenic minerals (orogen), resulting in warmer temperatures
(Figure 5.3a). Conversely, it deepens in the crustal domains characterized by a thin upper crust, a thick mafic
lower crust and where the slab is at relatively shallow depth and, therefore, is colder than where the subduction
angle is steeper (forearc and BAF). As a result, 450°C the isotherm is located within the upper crust of the
orogen; within the lower crust in the BAF; and within the continental lithospheric mantle in the forearc. The
650°C isotherm exhibits a similar pattern as the 450°C isotherm (Figure 5.3b), shallowing in the Andean orogen
and deepening in the forearc and the northern BAF. It is located mostly within the lower crust in the orogen and
northernmost BAF; in the continental mantle in the remaining BAF and eastern forearc, and within the slab in
the western forearc. Relative differences in the overall pattern of the two isotherms are limited to the fact that the
450°C isotherm mirrors the thickness of the upper crust (Figure 5.2b) whereas the 650°C isotherm follows the
topology of the top of the oceanic crust (‘‘subduction interface’” hereafter; Figure 5.2¢).

2.1.2. Rheological Properties

We assigned constant rheological properties for each layer according to its prevailing lithology. These values
were taken from studies based on experimental rock mechanics (Table 1 (Afonso & Ranalli, 2004; Gleason &
Tullis, 1995; Goetze & Evans, 1979; Hirth & Kohlstedt, 1996; Ranalli & Murphy, 1987; Wilks & Carter, 1990)).,
from the layers densities - the latter constrained by gravity modeling (Rodriguez Piceda, Scheck-Wenderoth,
Gomez Dacal, et al., 2021) and seismic velocities (Araneda et al., 2003; Contreras-Reyes et al., 2008; Marot
et al., 2014; Pesicek et al., 2012; Scarfi & Barberi, 2019). Since material properties for similar lithologies can
differ between different laboratory-based studies, we selected creep parameters in a way to ensure that felsic
layers are weaker than mafic layers. A detailed description of how we selected all properties is provided in the
Text S3 in Supporting Information S1.

An important role in the accommodation of deformation is taken by the subduction interface (Sobolev et al., 2006),
which in our model is underlain by an oceanic crustal body (~7 km average thickness). The uppermost part of this
body (~3 km thickness) is interpreted as being made up of a mélange of metasediments, serpentinites and serpen-
tinized peridotites, based on exhumed rock assemblages at surface and related to the subduction channel (e.g.,
Vannucchi et al., 2008). Therefore, to model its mechanical behavior, we assigned a ‘‘weak quartzite’* rheology
(Wilks & Carter, 1990), consistent with a tectonic mélange.

The Byerlee's friction coefficient f; of all considered layers (except for the subduction interface) was set to 2
(equivalent to a nominal internal friction coefficient p; of 0.65) to reflect the overall compressive regime at the
convergent margin. The pore-fluid factor of these layers was set to 0.36, indicative of near hydrostatic conditions.
For the subduction interface, in order to represent the mélange at the subduction channel, we imposed different
values for both the Byerlee's friction coefficient and the pore-fluid factor of the uppermost oceanic crustal body,
being equal to 0.03 and O, respectively. These values are consistent with an internal friction coefficient p, of
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Table 1

Rheological Properties of the Model Units

Dislocation creep parameters Frictional parameters

Pore-  Byerlee's

Activation Pre-exponential ~ fluid friction Bulk
enthalpy H factor (Pa™ factor  coefficient Density
Model layer Prevailing lithology Type theology ~ (Jmol~') n s7h i f; (kgm—3)
Oceanic/Continental sediments Siliciclastic Wet granite* 1.37e+05 1.9 7.94e—16 0.36 2 2,300/2,400
Upper crust Diorite Dry quartz 2.19e +05 24 5.02e-18 0.36 2 2,800
diorite®
Lower crust Mafic granulite Dry mafic 445+ 05 4.2 8.83e—22 0.36 2 3,100
granulite®
Continental lithospheric mantle/ Moderately depleted lherzolite Dry Olivine® 5.10e +05 3 7.00e—14 0.36 2 3,340
oceanic sub-lithospheric
mantle
Shallow oceanic crust (weak) Meélange (serpentinites, Wet quartzite! 2.23e +05 4 1.00e—28 0 0.03 2,900
serpentinized peridotites,
metasediments)
Shallow oceanic crust (strong) Basalt Dry diabase® 4.85e +05 4.7 5.05e—-28 0.36 2 2,900
Deep oceanic crust Eclogite Dry diabase® 4.85e +05 4.7 5.05e—-28 0.36 2 3,200
Oceanic lithospheric mantle Harzburgite Dry peridotite” 5.35¢ +05 3.5 5.0le-17 0.36 2 3,360

aRanalli and Murphy (1987). ®Wilks and Carter (1990). “Goetze and Evans (1979). %Gleason and Tullis (1995), quartzite weakened by increasing pre-exponential factor
A by 10 times (Sobolev & Babeyko, 2005). Afonso and Ranalli (2004). Hirth and Kohlstedt (1996). ERodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al. (2021);
Rodriguez Piceda, Scheck Wenderoth, Bott et al. (2021).

0.015, which is considered appropriate to describe the frictional behavior of the subduction channel at the latitude
of the SCA (Sobolev et al., 2006).

For all modeled layers (except for the subduction interface), the strain rate ¢was set to 6.5e—16 s~!, which is
consistent with the amount of shortening produced in the SCA in the last 18 Ma (Giambiagi et al., 2012) and with
GNSS measurements (Drewes & Sanchez, 2017; Text S4 in Supporting Information S1). This latter assumption
might be too restrictive for convergent margins, where strain-rate values can be non-uniform (e.g., Kreemer
et al., 2014). We further discuss the sensitivity of the results to variations in strain rate values in Section 4.1.
The subduction interface, as a plate boundary, is subjected to strain rates up to four orders of magnitude higher
than the continental and oceanic plates, as shown by petrological evidence derived from rocks exhumed from
the subduction channel (Platt et al., 2018) and results from geodynamic numerical modeling of subduction zones
(Muldashev, 2017). In an attempt to model this behavior, we set an ¢ of 1e—12 s~! for the uppermost sectors of
the oceanic crustal body.

2.2. Seismic Catalogue Data

Computed lithospheric strengths (and associated effective viscosities) were compared against the distribution
of seismic events as based on the reviewed bulletin of the International Seismological Centre covering a period
from 1995 to 2018 (International Seismological Centre, 2021). Our choice stems from: (a) the size of the catalog
comprising approximately 44,100 unfiltered events, (b) the fact that events have been manually reviewed by ISC
analysts, and (c) the integration of hypocentral depth-errors. Although the catalog completeness may vary in both
space and time, we prioritized the earthquake hypocenter location over their magnitude of completeness, in line
with our main research goal, this is, to relate modeled lithospheric strength variations with the spatial distribution
of seismicity. In order to maximize the reliability of the investigation, all events with fixed depths or associated
with an error >5 km were removed from the data set. To carry out our comparative study, we also separated all
upper-plate events based on their location with respect to the depth of the top oceanic crust from the subduction
zone geometry model Slab2 (Hayes et al., 2018) as their lower boundary. Our choice of this surface to represent
the subduction interface stems from the consistency between fault-strike orientations inferred from the Slab2
model and GCMT focal mechanisms solutions (Chen et al., 2020). Since the Slab2 model has an uncertainty of
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Figure 3. Depth of the (a) 450°C and (b) 650°C isotherms across the modeled area according to the lithospheric-scale model
of Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al., 2021; Rodriguez Piceda, Scheck Wenderoth, Bott et al., 2021).
Boundaries of the main morphotectonic provinces are also marked with black lines; for abbreviations see Figure 5.1.

up to tens of kilometers (Text S5 in Supporting Information S1), we defined as maximum depth of upper-plate
seismicity the depth of the top oceanic crust plus the uncertainty of the Slab2 model. After filtering the data,
2,174 events with moment magnitude (Mw) between 1 and 7.2 were available for our final comparison against
the rheological model.

Figure 4 shows maps of event density and the seismogenic depth D95 (depth above which 95% of events occur)
for the upper-plate seismicity. In the forearc and in the central part of the orogen, seismic events preferentially
nucleate at depths <30 km bmsl. In the BAF regions of the Precordillera, the Sierras Pampeanas, and the Cuyo
basin, that is, generally above the flat-slab segment, seismicity occurs at deeper crustal levels (D95 = ~40 km,
Figures 4a-4b), whereas the southern and northern parts of the orogen and the remaining foreland regions are
mostly aseismic.

3. Results

Figure 5 depicts the integrated strength of (a) the continental crust (IS_) and (b) the whole lithosphere (IS, ) for
the study area. Both maps exhibit a heterogeneous strength distribution, with mechanically strong domains in the
forearc and the northern BAF along the flat-slab segment (IS = 13.3-13.6 log Pam; IS; = 13.5-13.9 log Pa m)
and a mechanically weaker domain within the orogen proper (IS = 12.7-13 log Pa m; IS, = 12.7-13.3 log Pa
m). The orogen is characterized by a local increase in both crustal and total lithospheric strength at approximately
31°S and between 33°S and 35°S. A change in the observed overall positive correlation between IS and IS, is
found within the offshore part of the forearc, which displays a weak crust (IS < = 12.2 log Pa m) underlain by
a strong mantle (IS; > =13.6 log Pa m).

Modeled variations in both IS and IS, correlate with the temperature distribution as represented by the isotherms
shown in Figure 3. Mechanically stronger domains in the forearc and the northern foreland correspond to colder
domains, and the weak orogenic domain is characterized by steeper geothermal gradients. We also found a spatial
correlation between the thickness distribution of the radiogenic upper continental crystalline crust (Figure 2c)
and the IS, distribution. Crustal domains with a thicker upper continental crystalline crust (orogen) correlate
with lower lithospheric strength values, whereas a thin upper continental crystalline crust is characterized by an
increase in lithospheric strength (forearc and northern foreland). This negative correlation between the thickness
of the upper continental crust and lithospheric strength stems from the role of this layer with respect to the whole
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Figure 4. Spatial distribution of event density and of seismogenic depth D95 (depth above which 95% of events occur) derived by considering a circular bin of
75 km radius (logarithmic scale) for upper-plate seismicity. Single seismic events are marked with black dots. Isodepth contours of the top of the oceanic slab (Hayes
et al., 2018) are shown as gray lines. Boundaries of the main morphotectonic provinces are also marked with black lines; for abbreviations see Figure 5.1.

thermal budget of the plate, due to its dominant felsic lithology and high radiogenic potential. A pronounced
upper crustal thickness translates into higher temperatures and, therefore, lower values of lithospheric strength. In
contrast, the lower crust is comparatively depleted in heat-producing elements (Vila et al., 2010), thus in regions
with a thick lower crust (northern foreland) the thermal input decreases, which results in lower temperatures and,
therefore, higher values of lithospheric strength.

In an attempt to evaluate the contribution of the different layers (crust and lithospheric mantle) to the make-up
of the integrated strength of the plate we present in Figure 5S¢ a map showing the distribution of their strength
ratio. The strength ratio can be used as a proxy of the dominance of the crustal component over the lithospheric
strength. Accordingly, a ratio close to 100% means that the crust is the only contributor to lithospheric strength,
whereas a ratio close to 0% means that the lithospheric strength resides almost entirely in the mantle. The forearc
and the Sierras Pampeanas exhibit a low ratio (25%—40%), which indicates that the mantle is the stress-bearing
domain of the plate. The remaining areas are instead characterized by higher strength ratios, with maximum
values along the orogen and northernmost BAF (north of 30°S), thereby exhibiting a higher crustal contribution
to the overall lithospheric strength.

To gain further insight into the rheological configuration of the area, we computed in Figure 5d the mechan-
ical thickness (H;). H; is an effective parameter quantifying the load-bearing thickness of the whole plate
and it is defined as the integrated thickness having a strength above a critical threshold, usually set at 10 MPa
(Ranalli, 1994). Below this threshold, the strength of the plate becomes insignificant; thus, dissipation of elastic
energy in these domains should be considered negligible. Therefore, H; can be used to estimate the coupling-de-
coupling conditions in the crust and mantle of the continental plate (e.g., Tesauro et al., 2012). If H, is greater
than the thickness of the continental crust, then these two layers are mechanically coupled. Conversely, if H; is
smaller than the thickness of the continental crust, then these two layers are mechanically decoupled. Given these
characteristics, H; provides a more appropriate quantitative metric for direct comparison with the map showing
seismogenic depth than other rheological parameters, such as elastic thickness Te. This is because visco-plastic
models usually predict lower stresses in regions of high strain than purely elastic models (Anikiev et al., 2020;
Ranalli, 1994).

Figure 5d illustrates the spatial variations in H; together with the coupling-decoupling conditions within the
continental crust and mantle. H; displays a positive correlation with the IS, map (Figure 5b), with greater values
in the orogen at ~32°S, the Sierras Pampeanas, the Precordillera, and the forearc (H; = 60-135 km). These values
contrast with the reduced mechanical thickness of the orogen (H; < 60 km), with the exception of the orogenic
sector at 32°S (H; = 60-90 km). From these results, we can conclude that the continental crust and mantle are
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Figure 5. Integrated strength of (a) continental crust and (b) lithosphere; (c) strength ratio between integrated strength of
the crust and of the lithosphere (strength ratio = IS/IS; * 100) (d) mechanical thickness (i.e., thickness of the plate having
a strength above a critical threshold of 10 MPa); with model domains where the crust and mantle of the continental plate
are mechanically decoupled marked by enclosing black dashed lines. Upper-plate seismicity is represented by white circles.
Boundaries of the main morphotectonic provinces are also marked with white lines; for abbreviations see Figure 1.

mechanically decoupled, mainly along the orogenic axis. The modeled mechanical thickness shows a similar
spatial distribution as the one of the seismogenic base obtained independently from the seismic catalogue: deeper
upper-plate seismicity (D95 = 40-50 km) occurs where the mechanical thickness is >100 km within the northern
BAF regions. In contrast, shallow upper-plate events (D95 < 30 km) takes place where the mechanical thickness
is 60-75 km within the forearc and in the central part of the orogen.

Within the continental plate, the distribution of the mechanical strength and effective viscosity also varies quite
significantly with depth, as can be seen from the profiles that traverse our 3D model shown in Figure 6 (see also
Figure S5 in Supporting Information S1). The location of these profiles was chosen according to the regions
displaying the largest amount of seismic events: Profile 1 crosses the region from East to West across the flat-
slab segment; Profile two is oriented NE to SW; Profile 3 traverses the region along the orogen; and Profile 4 is
located along the forearc (Figure 1).

In the forearc, strength increases up to 1.5 GPa at mantle depths of 50 km (Figure 6, Profiles 1-2 and 4). This
corresponds to an effective viscosity between 24 and 25 log Pa s (Figure S5 in Supporting Information S1). In the
orogen the highest strength values (0.6 GPa), and corresponding effective viscosity (24 log Pa s), are reached at
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Figure 6. Differential stress computed along cross-sections 1-4 indicated in Figure 1. Light-blue dots show the location of
hypocenters of seismic events within 5 km from each profile. The isotherms are marked in dashed blue lines. The brittle-
ductile transition is shown in a thick green line. Black lines show the interfaces of the model layers. Topographic elevations
are shown on top of each profile with a vertical exaggeration of 10:1. For abbreviations of main morphotectonic provinces see
Figure 1.

20-25 km depth in the upper crust (Figure 6 and Figure S5 in Supporting Information S1, Profile 1). However,
the orogen depicts a local increase in strength and effective viscosity in the mantle between 500 and 800 km along
the Profile 3 (1.5 GPa, Figure 6; 24-25 log Pa s and Figure S5 in Supporting Information S1). This corresponds
a minimum in the temperature distribution reached at about 34°S-36°S, as also illustrated by the deepening of
the 450°C and 600°C isotherms at 33°S—35°S (Figure 2). In the foreland, the strength and effective viscosity
maxima are 1.5 GPa and 24 log Pa s, respectively, located at lower crustal depths of ~35 km (Figure 6 and Figure
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S5 in Supporting Information S1, Profiles 1-2). Beneath the Sierras Pampeanas, the continental mantle exhibits
high strength and effective viscosity values (0.6—1.5 GPa, Figure 6; 22.5-24 log Pa s, Figure S5 in Supporting
Information S1; Profiles 1-2). The highest strength values in the lower crust and continental lithospheric mantle
correlate spatially with a deepening in the 600°C isotherm in the northern BAF. In the mantle, low values of
mechanical strength and effective-viscosity values are attained in the orogen and the remainder of the foreland
(<0.5 GPa, Figure 6; 20-22 log Pa s, Figure S5 in Supporting Information S1). The oceanic plate is characterized
by a higher strength (>1 GPa) and effective viscosity (>24 log Pa s) at shallow depths (<50 km) and along the
flat-slab segment beneath the Precordillera and the Sierras Pampeanas (Figure 6 and Figure S5 in Supporting
Information S1, Profiles 1-2 and 4).

These modeled strength heterogeneities between the different morphotectonic provinces can be also be discussed
in terms of depth variations in the BDT. In the orogen, the BDT occurs at upper crustal levels while in the fore-
land it deepens, reaching lower crustal depths (Figure 6, Profiles 1-3). In the forearc, on the other hand, the BDT
occurs within the lithospheric mantle or within the oceanic slab (Figure 5.6). Within the slab, higher differential
stresses (>1 GPa) occur above ~50 km depth in the western model domain (Figure 5.5.6a). However, in contrast
to what is observed within the continental plate, there are no significant lateral strength variations within the slab.

4. Discussion

4.1. Modeled Mechanical Strength of the Lithosphere

Our results are indicative of a heterogeneous distribution of integrated lithospheric strength of the overriding
continental South American plate in the different morphotectonic provinces. Mechanically strong domains are
found in the forearc, the central-western part of the orogen, and the foreland areas of the Precordillera and Sierras
Pampeanas, and are neighbored by contrast with a weak orogen. The remaining foreland areas display interme-
diate strengths.

The comparison between the 3D configuration of the thermal field and the strength variations implies that the
modeled strength distribution is mainly controlled by the lithospheric thermal field: there exists a one-to-one
correspondence between strengthening and weakening of the lithosphere and cold and warm domains, respec-
tively. Given the first-order control of the temperature on the strength distribution, the depths of the isotherms
can be used as a proxy for the strength of the lithosphere. More precisely, the overall rheological behavior of the
lithosphere can be described by variations in the depth of the 450°C isotherm, which coincides with the BDT in
most of the study area. A deepening of the 450°C isotherm down to lower-crustal or mantle levels is associated
with an overall strengthening of the lithosphere, and vice versa. We note that variations in the thermal config-
uration are primarily controlled by the distribution of the volumetric heat contribution of the upper radiogenic
crust and, to a lesser extent, by superposed cooling limited to domains around the subducting slab (Rodriguez
Piceda, Scheck Wenderoth, Bott et al., 2021). Where the upper crustal layer thins out and the slab is relatively
shallow (in the flat-slab segment or in proximity to the trench), temperatures are lower and the lithosphere is thus
mechanically stronger.

Other controlling factors for the lithospheric strength distribution are the background strain rate and lithology-de-
pendent mechanical rock properties. A key assumption of our approach is to approximate ductile behavior by
secondary (steady-state) creep, which shows a power-law sensitivity to imposed temperatures and strain-rates.
In an attempt to test the robustness of our results to variations in these parameters, we have tested two end-mem-
ber model realizations in terms of imposed strain rates (Text S7 in Supporting Information S1). The alternative
values of strain rate (1e—13 s~! and 1e—16 s~!) were chosen according to end-member values derived from GNSS
velocities (Drewes & Sanchez, 2017; Kreemer et al., 2014). Within the tested interval, variations in strain rate
have little effect on the overall strength distribution: higher strain-rate values lead to a slight increase in the total
strength and vice versa. As expected, the model depicting the highest strain rate of 1e—13 s~! differs the most with
respect to the reference model (Section 3.2). In this alternative configuration, the BDT is encountered at greater
depths and the lateral contrasts in integrated lithospheric strength, although still persisting, are less sharp than
in the case of the reference model. This latter observation is the result of the non-linear (power-law) functional
dependence of ductile rock deformation with temperature: with increasing temperatures, the effect of varying the
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imposed strain rate is larger than at lower temperature conditions. Interestingly, variations in imposed strain-rate
values do not affect the spatial distribution of coupling conditions between the continental crust and the mantle.

To evaluate the effect of variations in rock properties on the resulting strength, we selected an alternative compo-
sition for the lower crust, the latter being the layer with the least observational constraints on lithological compo-
sition of all the model units (Table 1; Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al., 2021). Grav-
ity-constrained densities (3,100 kgm~3, Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al., 2021) and
mean P-wave velocities of 6.76 km s~! (Marot et al., 2014; Pesicek et al., 2012; Scarfi & Barberi, 2019) are
indicative of a predominantly mafic composition of the lower crust. Accordingly, we opted for ‘‘dry diabase’’
(Afonso & Ranalli, 2004) as opposed to ‘‘dry mafic granulite’” (Wilks & Carter, 1990, Table 1) as an alternative
rheology. Although the alternative model with a dry diabase depicts higher strength values, the overall trends in
the lateral distribution of integrated crustal and lithospheric strength are not affected by this choice (Text S8 in
Supporting Information S1). The highest horizontal gradient again occurs at the transition between the orogen
and the foreland and between the orogen and the forearc, an observation that provide confidence in the reliability
of the conclusions drawn from the rheological modeling.

The trends in the modeled lateral variability of integrated lithospheric strength found in our study (Figures 5a-5b)
can be qualitatively compared with previous elastic thickness estimates (Te), derived from a cross-correlation
between topography and Bouguer gravity anomaly (Astort et al., 2019; Ibarra & Prezzi, 2019; Nacif et al., 2017;
Sanchez et al., 2018; Tassara & Yafiez, 2003). High values of Te usually are indicative of a strong lithosphere,
whereas low values of Te correspond to a weaker lithosphere (e.g., Burov, 2011; Burov & Diament, 1995; Watts
& Burov, 2003). Accordingly, Te values of 40—60 km are consistent with the cold and strong areas of the forearc,
the central-western part of the orogen and the northern part of the foreland. Te values of less than 30 km corre-
spond to warmer and weaker areas of the orogen and the central-southern BAF. Likewise, north of our study
area, at the latitudes of the Andean Plateau (Altiplano-Puna Plateau; 21°S-28°S), Ibarra and Prezzi (2019)
and Meefen (2019) found a similar spatial correlation between the different morphotectonic provinces and the
strength distribution within the continental lithosphere. They consistently encountered a mechanically weak
orogenic domain that contrasts with the mechanically strong forearc and BAF regions. We can therefore conclude
that the contrasting rheological characteristics between the forearc, orogen, and BAF regions are a distinct signa-
ture of the Central Andes. The open question of whether this characteristic also applies to other non-collisional
orogens could addressed in future investigations.

4.2. Implications of Modeled Plate Strength for Upper-Plate Seismicity

One main outcome of our study is the recognition of the spatial correlation between the modeled brittle domain
of the continental plate and the observed depth of the seismicity, with maximum depths of hypocenters increas-
ing where the BDT deepens (forearc and northern BAF; Figure 6). We can consider this result as robust since at
depths greater than the modeled BDT, the onset of thermally activated viscous creep would lead to a more diffu-
sive pattern of deformation, thus preventing strain localization, weakening and associated seismicity to occur
(Handy & Brun, 2004). This observation in turn suggests that the depth of the BDT derived from our rheological
model can be considered as a first-order approximation of the lower bound of the seismogenic zone in the study
region. This conclusion is consistent with previous studies that compared computed YSEs of the continental lith-
osphere with depth-frequency distributions of hypocenters (Anikiev et al., 2020; Chen & Molnar, 1983; Doglioni
et al., 2011; Ibarra et al., 2021; Petricca et al., 2018; Rolandone et al., 2004).

We also found a spatial correlation between the modeled integrated strength and upper-plate seismicity in terms
of their distribution with respect to the boundaries between the different morphotectonic provinces. Upper-plate
seismicity tends to localize along the boundaries between cold and strong domains (the forearc, the central-west-
ern part of the orogen and the northern part of the BAF), whereas the warm and weak morphotectonic provinces
(most of the orogen and BAF) are generally characterized by a lack of upper-plate seismicity. However, lack of a
dense seismological instrumentation in this part of the Andean orogen could also partly contribute to the low seis-
micity rate observed in the area. This relationship between modeled integrated strength and upper plate seismicity
indicates that the mechanically stronger domains can efficiently resist internal deformation and can effectively
transmit accumulated stresses to their edges, where the presence of a sharp lateral decay in lithospheric strength
causes slip instability to develop, thereby possibly triggering seismic rupture. This conclusion corroborates recent

RODRIGUEZ PICEDA ET AL.

13 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC010171

findings by Ibarra et al. (2021), who proposed that upper-plate seismicity is restricted to the areas with high hori-
zontal gradients of integrated strength at the transition from warm and weak to cold and strong crustal domains.
The presence of a causative relationship between lateral rheological heterogeneities and strain localization has
also been proposed as an explanation for the establishment and preservation over (geological) time of long-term
deformation patterns in the lithosphere. For example, Calignano et al. (2015) through analogue modeling, argued
that strain localizes at the margins of strong lithospheric domains, whereas the mechanically strong domains
themselves are only affected by minor deformation.

A factor that could contribute to the aseismic character of the northern part of the Andean orogen is the increase
in the gravitational potential energy (GPE) due to high elevations and large crustal thicknesses (cf. Figures 1
and 2b). An increase in GPE would prevent any internal contractional deformation of the orogen and would
favor lateral transmission of compressional stresses to adjacent areas of lower GPE (i.e., the forearc and the
BAF), which, depending on their lithospheric strength, could accumulate stresses, that could subsequently be
released coseismically (Mareschal & Jaupart, 2011; Stiiwe, 2007). If the GPE surpasses a certain threshold, then
this increase could lead to gravitational collapse of the orogen (e.g., Chen & Molnar, 1983; Molnar & Tappon-
nier, 1975). However, there is no evidence that this process is currently taking place in the Andean Orogen at the
latitudes of the study area, based on the lack of observed extensional neotectonic structures. To test if the GPE
could contribute to the scarce observed seismicity in this part of the orogen, we computed the GPE values from
the load distribution of our 3D density model and compared these values with the pattern of upper-plate seismic-
ity (Text S9 in Supporting Information S1). We found that the northern part of the orogen is indeed characterized
by high GPE values (>6.36e14 Nm~') and that this domain is generally devoid of seismic activity; instead,
seismicity is localized within the eastern boundary, which is characterized by a sharp decay in GPE (<6.3e14
Nm™!). In other model areas (such as the BAF and forearc regions), however, there is no evident spatial correla-
tion between GPE magnitudes and earthquake distributions: seismic events are recorded across areas with both
high and low GPE values. Hence, in these areas, internal sources of stress are less suitable to explain the seismic
deformation patterns than integrated strength variations.

The observed spatial correlation between upper-plate seismicity and sharp horizontal gradients in mechanical
strength of the lithosphere breaks in the northern parts of the foreland. Here, seismic activity occurs in the inte-
riors of a cold and strong lithospheric domain (Figures 5a and 5b) and where the crust and mantle are mechani-
cally coupled (Figure 5d). We should additionally note that in this region the upper crustal strength far exceeds
magnitudes considered typical for tectonic stresses (100600 MPa; e.g., Burov, 2011; Cloetingh & Wortel, 1986;
Molnar & Lyon-Caen, 1988), which apparently contradicts the observed active deformation in the area. In addi-
tion, the seismogenic depth here attains depths of 30-40 km, which is unusually large for crustal earthquakes (e.g.,
Maggi et al., 2000). By analyzing the moment magnitude (Mw) of the earthquakes, we note that seismicity in
this domain also include upper-plate events with the highest magnitudes (Mw > 6; Text S10 in Supporting Infor-
mation S1). These observations raise the question as to what underlying mechanism could promote the observed
localization of deep, high-magnitude seismicity in a region that should instead resist to active deformation. It is
possible that our model overestimates the integrated strength in this region. A reduction in strength could be due
to higher temperatures, lower strain rate and/or weaker rheological properties. However, observed trends in the
distribution of lithospheric strength are not highly sensitive to variations in these parameters (Text S7 and S8 in
Supporting Information S1). With respect to the thermal field, a wide range of observations independent of our
study, including seismic tomography (Marot et al., 2014; Wagner et al., 2005) and wellbore temperature and heat
flow measurements (Collo et al., 2018; Hamza & Muiioz, 1996), indicate that the lithosphere in the northern
foreland is significantly colder than its southern counterpart and the orogen. This also agrees with other modeling
studies of the Sierras Pampeanas lithosphere (Ibarra et al., 2021; Meefen, 2019). Furthermore, the characteris-
tics of the recorded seismicity (deep and high-magnitude events) may be themselves indicative of the presence
underneath this area of a strong lithosphere. The observed deepening of events at ~40 km depth indicates a
consequent deepening of brittle conditions, which can be related to a cold and/or has strong crust (e.g., mafic
granulite) composition (Craig & Jackson, 2021; Jackson et al., 2008; Maggi et al., 2000; Pérez Lujan et al., 2015).
These features are consistent with modeled variations in temperatures (Rodriguez Piceda, Scheck Wenderoth,
Bott et al., 2021) and thickness of the mafic lower crust modeled by Rodriguez Piceda, Scheck Wenderoth,
Gomez Dacal et al. (2021) (Figures 2d and 3). Indeed, high-magnitude earthquakes as recorded in this area are
compatible with a stronger lithosphere that is able to store elastic energy over longer time to be finally released
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Figure 7. Schematic profile of integrated lithospheric strength and differential stress at the latitudes of the flat-slab segment (same location as profile one; cf. Figure 1)
showing the proposed role of the slab-dip geometry in the localization of upper-plate seismicity (light-blue dots). Transmission of stresses occurs along the subduction
interface due to increased plate coupling, but the flat slab prevents internal deformation above most of the subhorizontal segment (flattening segment; blue-shaded
area), as proposed by Martinod et al. (2020). Compressional deformation occurs in the transition zone between the flat and steep sectors of the slab, promoted by
increased slab pull (steepening segment; red-shaded area). The isotherms (Rodriguez Piceda, Scheck Wenderoth, Bott et al., 2021) are marked by dashed blue lines.
Light-gray lines show the interfaces of the model layers (Rodriguez Piceda, Scheck Wenderoth, Gomez Dacal et al., 2021). CR = convergence rate; UCC: Upper
continental crust; LCC: lower continental crust.

in high-magnitude events. From all these observations, we can therefore conclude that the presence of a strong,
seismically active lithosphere in the northern foreland is a robust feature.

To explain the occurrence of seismicity in the northern foreland, one possible scenario is that seismic rupture
occurs where the strong lithosphere is locally weakened due to the presence of crustal-scale discontinuities in the
form of terrane sutures associated with pre-Andean collisional events, as proposed by Meefen (2019) and Ibarra
et al. (2021). According to this interpretation, we would expect to find a similar density of seismicity in regions
where such heterogeneities are observed, such as in the Sierras Pampeanas (Figure 1). The observed seismicity
pattern, however, there is more complex, with a higher density of seismic events encountered mainly within a
sector of the Sierras Pampeanas between 31°S and 33°S and 67°W-69°W than in the remains of the morphotec-
tonic province, which, in turn, is characterized by a more sparse seismicity (Figure 4a; e.g., Alvarado Barrientos
et al., 2009; Alvarado, Pardo et al., 2009; Richardson et al., 2012).

A second possible scenario is to consider that this seismically active region can be subjected to other sources of
stress as those from plate convergence, such as stresses related to a negative buoyancy of the slab where it transi-
tions to a steep angle to the east and to the south (‘‘slab steepening’’; Figure 7). When comparing the upper-plate
seismicity pattern with the geometry of the slab in the SCA, the epicentral distribution shows a triangular shape
where the E-W extent of the seismically active area narrows from north to south, resembling E-W variations in
the width of the flat-slab segment along the strike of the subduction zone (Figure 4). In particular, active seis-
mic deformation away from the trench appears to cluster toward the south and east where the slab shifts from a
sub-horizontal to a steep-dip configuration (‘‘steepening segment’’, below the Sierras Pampeanas and in a narrow
corridor below the Cuyo basin and the central-western part of the orogen; cf. Figure 4). Similar observations were
also made in previous studies (Espurt et al., 2008; Pardo et al., 2002). In contrast, only minor seismic deformation
is observed in the northern orogen, that is, inside the flat-slab segment far from where it resumes its steepening
(cf. Figure 4). In line with these observations, we propose that stresses related to geometrical variations across the
slab surface are likely an additional controlling factor of upper-plate seismicity in the region.
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The question of whether a causative relationship between stresses related to the negative buoyancy of the slab and
localization of upper-plate deformation exists has been addressed by several studies in the north of the SCA, at
the latitudes of the Altiplano-Puna Plateau (15°S-28°S; Gutscher, 2002, 2018; Horton, 2018; Jordan et al., 1983;
Martinod et al., 2020; Ramos & Folguera, 2009). For instance, Martinod et al. (2020), by means of geodynamic
modeling, systematically analyzed how the dip geometry of the slab influences the magnitude and distribution of
effective stresses in the overriding plate during episodes of flat subduction. According to their model, maximum
compressive stresses are shifted eastwards during flat-subduction stages because of two active mechanisms: (a)
increased friction applied by the subducting oceanic plate to the continental plate, and (b) amplified negative
buoyancy of the slab once the oceanic plate resumes steep subduction (Figure 7). As a result, maximum effective
stresses localize above the steepening segment of the slab (i.e., in a transition zone between the flat and steep
slab). This contrasts to the minor deformation in the remaining parts of the flat slab segment, where continental
and oceanic plates are mechanically coupled. In the SCA, the modeled rheological characteristics and the seis-
micity pattern in the upper plate are consistent with the model proposed by Martinod et al. (2020), suggesting that
similar mechanisms could be active also in our study region. Therefore, our investigation would favor a hypoth-
esis where the flat slab generally preserves the lithosphere from deformation, and seismicity mainly localizes
where the slab returns to a steep subduction angle, both to the west and south (Figure 7). Geodynamic modeling
experiments integrating the present-day geometry, density and thermal configuration of the SCA are required to
further test this hypothesis and to constrain magnitudes of dynamic stresses in the oceanic and continental plates.

A varying slab geometry could have a secondary effect in the localization of seismic upper-plate deformation.
In the flat slab domain, the continental and oceanic lithosphere are cold and strong; in the transition to steep
subduction, the oceanic lithosphere successively heats up and weakens, thus the integrated lithospheric strength
also decreases (cf. Figure 5). Regions where such lateral contrasts in integrated lithospheric strength occur, would
also be more prone to localized deformation.

5. Conclusions

In this contribution, we computed the long-term yield strength of the lithosphere and compared it with the seis-
micity distribution within the continental South American Plate of the SCA. We identified lateral variations
in integrated strength, which correlate spatially with the main morphotectonic provinces. In this scenario the
Andean orogen is mechanically weaker compared to the adjacent forearc and foreland regions. In the majority of
these domains, the bulk of the lithospheric strength resides in the crust, with the exception of the forearc and the
Sierras Pampeanas.

There is a spatial correlation between the strength configuration and the intraplate seismicity pattern over a large
portion of the study area, with the BDT effectively bounding the depth extent of the seismogenic zone in the
SCA. Deeper and high-magnitude hypocenters are found in areas characterized by a cold a mechanically strong
lithosphere with a large mechanical thickness (forearc and northern BAF). Most of the intraplate seismicity local-
izes at the boundaries between weak and strong domains. This indicates that stresses are effectively transmitted
from the mechanically strong to the weak parts of the lithosphere, where the bulk of the seismic deformation
occurs. Deep intraplate seismicity of high-magnitude in the strong lithosphere of the Precordillera and the Sierras
Pampeanas might be explained by the added effects of: (a) enhanced coupling between the oceanic and conti-
nental plates due to the cold and strong lithosphere above the flat slab and (b) increased negative buoyancy in
the steepening segment of the slab. In addition, the characteristics of the earthquakes in this region (i.e., great
depths and high Mw) are compatible with a mechanically strong crust resulting from the superposed effect of cold
temperatures and large lower crustal thickness.

Data Availability Statement

The 3D rheological model presented in this publication is accessible at Rodriguez Piceda, Scheck Wenderoth,
Gomez Dacal et al. (2021); Rodriguez Piceda, Scheck Wenderoth, Judith et al. (2021) via GFZ Data Services
(https://doi.org/10.5880/GFZ.4.5.2021.002). The seismic catalog used in the study is from the International Seis-
mological Center Bulletin (http://www.isc.ac.uk/iscbulletin/). The focal mechanisms plotted in Figure 1 are from
the Global Centroid Moment Tensor catalog (https://www.globalcmt.org/).
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