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Abstract 18 

The Argentine Andes between 34º and 36°S comprise a region that lies immediately south of 19 

the transition from the Chilean-Pampean flat-slab to a normal subduction segment. Several key 20 

changes take part through this area, such as a westward shift of the magmatic arc front, the end 21 

of Paleozoic outcrops of the Frontal Cordillera denoting a decline in exhumation, the change 22 

in strike of the orogenic belt, and a ~2 km decrease in maximum and mean topography. We 23 

assess the associated segmentation of the deformation by studying the local seismicity. By 24 

analyzing one year of seismological data obtained from a local network, we found a significant 25 

shift in the low magnitude (M<3) crustal seismicity pattern at ~34.8ºS. To the north, most 26 

events occur along the topographic front. In contrast, to the south, no events are observed in 27 

the frontal region but are instead located closer to the Andean axis. In addition, we used gravity 28 

data to determine elastic thickness in the region to compare crustal seismic activity with the 29 

pattern of crustal rigidity. We discuss this and other geological, tectonic, and climatic factors 30 

as possible controls on seismicity segmentation. We do not find a controlling role by neither 31 

elastic thickness nor precipitation patterns. Instead, we propose a thermal contrast due to the 32 

volcanic arc's geometry, and differing stress transfer from the subducting slab owing to mantle 33 

wedge heterogeneities, as the main active controls on the seismicity distribution; modulated by 34 

a passive control by pre-Andean rheological features of the crust. 35 

Key words: Southern Central Andes, crustal seismicity, seismicity pattern, crustal 36 

heterogeneities, volcanic arc front, stress transfer 37 

1 Introduction 38 

The Southern Central Andes (27 - 46.5ºS, following Gansser, 1973 modified by Ramos, 1999) 39 

constitute an orogenic belt associated with the subduction of a series of oceanic plates 40 

underneath the South American Plate through time. Along this convergent margin, processes 41 

such as crustal thickening, shortening, delamination, uplift and magmatism have been 42 

occurring at least since Cretaceous times (Coney & Evenchick, 1994; Ramos, 2010; Horton, 43 

2018). The most outstanding features of this segment are the transition from a flat towards a 44 

normal subduction regime, the occurrence of several basement blocks fragmenting the foreland 45 

zone, and the emplacement of a large retroarc volcanic province in Quaternary times (Ramos 46 

et al., 2002; Ramos & Kay, 2006). 47 

In the central segment of Mendoza province, Argentina (34 - 36ºS), several interesting geologic 48 

features can be observed along the Andean belt: i) from north to south, the position of the 49 
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magmatic arc front shifts westward by nearly 50 km; ii) the strike of the orogenic belt suffers 50 

a significant change from a N to NNE trend; iii) the Frontal Cordillera, a 4 km high range that 51 

exposes Neo-Proterozoic to Early Triassic crystalline rocks in the north, is buried to the south 52 

of ~34.6ºS beneath Triassic to Neogene sequences, denoting a milder exhumation; iv) the 53 

deformation front jumps eastwards fragmenting the foreland into a block uplift known as the 54 

San Rafael Block (Figures 1 and 2); v) maximum and mean topography decrease southwards 55 

by 1.5-2 km (Giambiagi et al., 2012). These first-order changes along the Andean strike 56 

motivate the study of the current seismogenic activity in this segment to compare its pattern 57 

with some of these and other aspects and to better understand the observed segmentation. 58 

In this work, we aim to shed light on this issue through the study of crustal seismicity, given 59 

that the distribution of crustal earthquakes has been widely used to identify active structures 60 

and constrain their geometry, as well as to explore the current state and segmentation of stress 61 

of a certain region (e. g. Schaff et al., 2002; Farías et al., 2010; Olivar et al., 2018; Ammirati 62 

et al., 2019; Sielfeld et al., 2019). We use one year of data from a local seismic network and a 63 

grid search method to locate seismic events. Previous studies have located crustal earthquakes 64 

throughout this region using local seismological networks (Lupari et al., 2015; Spagnotto et 65 

al., 2015; Sánchez de la Muela et al., 2018), but none of them were aimed to assess the changes 66 

along strike. Besides, none of these applied a grid search method, which is essential for locating 67 

earthquakes that lie deep inside the Andean axial sector, outside of the seismic network. Nacif 68 

et al. (2017) used crustal seismicity from local and global networks to suggest a segmentation 69 

in mountain-building processes and their potential drivers in the Southern Central Andes, but 70 

on a broader scale. 71 

We analyze the spatial distribution of crustal earthquakes located with our dataset. We find a 72 

significant contrast in the pattern of epicentral locations north and south of the Atuel river 73 

(~34.8ºS) and try to trace its relation to other structural, geological, climatic, and tectonic 74 

variables described in previous studies that could control such segmentation. We also provide 75 

a new elastic thickness map of the region calculated from gravity data to compare it with the 76 

seismicity.  77 

2 Tectonic and Geological Setting 78 

The tectonic setting of the study area on a regional scale is governed by the subduction of the 79 

Nazca oceanic plate underneath the South American plate (Figure 1) (Barazangi & Isacks, 80 

1976; Cahill & Isacks, 1992). On the one hand, this process is responsible for the widely known 81 
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megathrust earthquakes in the Southern Central Andes, such as the 1960 Valdivia earthquake 82 

(Mw 9.5) or the 2010 Maule earthquake (Mw 8.8; Lomnitz, 2004; Fujii & Satake, 2013). 83 

Moreover, stress transferred to the overriding plate triggers less-damaging and hence less-84 

studied crustal seismicity throughout the Andean belt and into the foreland, like the M ~ 6.3 85 

1929 Villa Atuel earthquake that severely damaged nearby towns (Costa et al., 2006; Branellec 86 

et al., 2016). Despite its generally lower magnitude, crustal seismic events of magnitude up to 87 

6.5 have been recorded in the study area (Figure 3; Charrier et al., 2004). 88 

The differences in the subduction angle along the Southern Central Andes give rise to major 89 

contrasting features. North of 33ºS, the subduction of the Juan Fernández aseismic ridge has 90 

led to the emplacement of the Chilean-Pampean flat-slab segment since the early Miocene that 91 

caused a gap in the volcanic arc activity since 7 Ma, higher shortening, and the development 92 

of a broken foreland (Figure 1; e.g., Ramos et al., 2002). To the south, a transition towards a 93 

subduction angle of ~30º takes place, which is mainly witnessed by the restart of the volcanic 94 

arc and the cessation of the easternmost basement exposures except the San Rafael Block (e.g., 95 

Giambiagi & Ramos, 2002). The study area lies south of this transition. In addition, the oblique 96 

convergence of the Nazca plate induces strain partitioning, with a N-S right-lateral strike-slip 97 

component focused on the Liquiñe-Ofqui fault zone south of ~39ºS and an E-W compressive 98 

component that dominates in our study area (Cembrano et al., 1996; Lange et al., 2008; 99 

Ammirati et al., 2019). 100 

 101 

 102 
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 103 

Figure 1. Seismotectonic setting of the study area. Red lines show oceanic crust ages (Müller 104 

et al., 2016). The black line with triangles indicates the Chile trench. Blue contours depict the 105 

Wadati-Benioff zone (Slab2 model; Hayes et al., 2018). Red and light-blue dots represent M > 106 

5.5 seismicity of < 50 km and > 50 km depth, respectively, from the ISC-GEM catalog (version 107 

6.0, International Seismological Centre, 2019; see also Bondár et al., 2015). 108 

 109 
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In this context, six distinct morphostructural domains can be recognized (Figure 2): Coastal 110 

Cordillera, Central Depression, Principal Cordillera, Frontal Cordillera, San Rafael Block and 111 

Payenia Volcanic Province. The Coastal Cordillera extends along the Chilean coast and 112 

exposes late Paleozoic-Triassic basement rocks and Mesozoic intra-arc sequences; the Central 113 

Depression, situated to the east, is a N-S valley covered by modern sediments; the San Rafael 114 

Block is a broken foreland basement block uplifted around 35ºS; and the Payenia Volcanic 115 

Province constitutes an extensive Quaternary retroarc basaltic plateau developed in the foreland 116 

zone (see Charrier et al., 2015 for a review). Another interesting feature that lies within this 117 

segment is the Maipo orocline, a shift in the strike of the Coastal Cordillera and Andean axis 118 

presumably established during the Neogene as a result of differing shortening gradients (Yáñez 119 

et al., 2002; Arriagada et al., 2013). Our study area (Figure 3) focuses on the eastern slope of 120 

the Principal Cordillera but also comprises the southern tip of the Frontal Cordillera, where the 121 

last outcrops of this system can be observed near the Diamante river. 122 

 123 

Figure 2. Morphostructural domains and M > 4 crustal seismicity up to 50 km depth (NEIC 124 

catalog 1973-2020, US Geological Survey). Domains are indicated in colors: dark orange = 125 
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Coastal Cordillera; yellow = Central Depression; blue = Principal Cordillera; pink = Frontal 126 

Cordillera; red = Payenia; orange = San Rafael Block; green = Quaternary. Red triangles = 127 

volcanic centers; black triangles = seismic stations; white and black dots = main and lesser 128 

settlements respectively; blue lines = main rivers; blue polygons = water bodies; black line = 129 

international limit; black dotted lines = province limits. 130 

 131 

The predominant domain in our study area is the Principal Cordillera. At this latitude, its 132 

western slope is characterized by the inversion of an Eocene-Miocene extensional basin, which 133 

hosts the volcanoclastic deposits of the Abanico Formation (Godoy et al., 1999; Charrier et al., 134 

2002). The eastern slope corresponds to the Malargüe fold and thrust belt, a hybrid belt 135 

characterized by basement uplifts interposed between segments of thin-skinned deformation 136 

(Kozlowski et al., 1993; Manceda & Figueroa 1995; Ramos et al., 1996; Fuentes et al., 2016). 137 

The pre-Jurassic basement is constituted by Permo-Triassic acidic volcanic rocks of the 138 

Choiyoi group (Llambías et al., 1993), which outcrop in the cores of the main anticlines in the 139 

belt. The prevailing outcrops correspond to the Mesozoic sedimentary deposits of the Neuquén 140 

Basin, composed of a combination of marine and non-marine sediments accumulated through 141 

a complex history of rifting, thermal subsidence, and synorogenic sedimentation (Uliana & 142 

Biddle, 1988; Vergani et al., 1995; Howell et al., 2005). The structure of the Malargüe fold and 143 

thrust belt has a predominant N-S strike with a tendency towards NNE-SSW to the south and 144 

can be divided from west to east in a thick-skinned inner section with mostly blind thrusts 145 

exposing basement blocks and early Jurassic rocks at high topographic levels; and a thin-146 

skinned outer section dominated by folds and thrusts in the center and eastern regions 147 

respectively (Turienzo et al., 2012). Uplift began in the Cretaceous, but the main expansion of 148 

deformation towards the foreland occurred during the Miocene (Fennell et al., 2019 and 149 

references therein). Given this compressive context, the thick-skinned character has been 150 

attributed to the inversion of the Mesozoic normal faults that controlled depocenters at the 151 

initial stage of the basin (Giambiagi et al., 2008; Fuentes et al., 2016), as well as to the 152 

development of new low angle thrusts (Dimieri & Turienzo, 2012; Turienzo et al., 2012). 153 

The Frontal Cordillera constitutes the mountain range east of the Principal Cordillera, uplifted 154 

since the Miocene, spanning the whole latitudinal extent of the flat-slab segment, but also 155 

present in a reduced extension south from it (Figure 2). It is characterized by an east verging 156 

deep thrust exposing thick sections of pre-Jurassic basement rocks, mainly composed of 157 

Paleozoic plutonic and metamorphic rocks in this area (Turienzo et al., 2012).  Its southern 158 
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section, present in our study area, is called the Carrizalito range and consists of a south plunging 159 

anticlinorium with basement rocks in its core and minor outcrops of Mesozoic deposits 160 

overlaying them (Turienzo et al., 2012). This system is limited to the east by the NNE-SSW 161 

west-dipping Carrizalito fault, is locally recognized in the surface thrusting basement rocks 162 

over Cenozoic synorogenic deposits, and extends as a blind thrust towards the south (Turienzo 163 

et al., 2012). 164 

Evidence of neotectonic activity has been described for specific locations in the study area 165 

(Figure 3). In the Diamante river, in front of the Carrizalito fault, Pleistocene basalts are folded 166 

within a monocline structure with 25 m of vertical offset (Baker et al., 2009). Turienzo et al. 167 

(2012) interpreted current activity on this fault from a focal mechanism solution calculated for 168 

a moderate-sized earthquake (Alvarado et al., 2005). South of this area, Cenozoic synorogenic 169 

sediments outcrop in a N-S trending frontal syncline known as Cuchilla de la Tristeza, exposing 170 

reduced Late Cretaceous to Paleocene sequences in its eastern limb (Kozlowski, 1984; 171 

Combina & Nullo, 2011; Horton et al., 2016). Its eastern limit coincides with the Sosneado 172 

fault, which in specific sites overlays these rocks on top of Pleistocene fanglomerates 173 

(Giambiagi et al., 2008). More recently, Mescua et al. (2019) described east and west-dipping 174 

structures thrusting Cretaceous rocks over Quaternary deposits in the frontal sector of the 175 

Malargüe fold and thrust belt, south of Cuchilla de la Tristeza, near the Salado River (Figure 176 

3). In the inner Andean region, between the Tinguiririca and Planchón-Peteroa volcanic 177 

centers, shallow seismicity (Lira, 2011; Spagnotto et al., 2015) has been associated with the 178 

activity of faults corresponding to the El Fierro fault system (Giambiagi et al., 2019), a set of 179 

east-verging faults more than 300 km long that thrusts the Eocene-Miocene deposits of the 180 

Abanico formation over the Mesozoic sequences of the Neuquén basin (Farías et al., 2010). 181 

Active arc volcanism takes place near the international limit, with widespread recent volcanic 182 

rocks covering the Eocene-Miocene and Mesozoic deposits (Figure 3). From north to south, at 183 

around 34.8ºS, there is a ~50 km shift to the west in the position of the active magmatic arc 184 

front, as seen from the locations of the Maipo (Sruoga et al., 2005, 2012) and Tinguiririca 185 

volcanoes (Stern et al., 2007; Lara et al., 2011). Pliocene volcanoes such as Overo, Sosneado 186 

and Risco Plateado are also present but do not have signs of recent activity, except for the 187 

Overo, which may have been active until post-glacial times (Sruoga et al., 2005). Additionally, 188 

Neogene volcanic rocks are distributed across the whole study area, including a wide area 189 

located to the east of the active magmatic arc. These have been interpreted as the products of a 190 

magmatic arc expansion towards the foreland during middle and late Miocene times, associated 191 
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with compressive deformation in the Malargüe fold and thrust belt and consequent uplift of the 192 

San Rafael Block (Folguera et al., 2009; Ramos & Kay, 2006; Litvak et al., 2015). Such a 193 

scenario suggests a decrease in the subduction angle, followed by a steepening that triggered 194 

the eruption of intraplate magmatism in the Payenia Volcanic Province (Ramos & Folguera, 195 

2011; Ramos et al., 2014). 196 

 197 

Figure 3. Simplified geological map of the study zone (based on Narciso et al., 2004; Nullo et 198 

al., 2005; Sruoga et al., 2005; Farías et al., 2010; Tapia et al., 2015; Mescua et al., 2019; Bande 199 
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et al., 2020). Yellow stars indicate historical earthquakes with magnitude > 6. Focal 200 

mechanisms taken from Global Centroid Moment Tensor Catalog (Dziewonski et al., 1981; 201 

Ekström et al., 2012, black), Alvarado et al. (2005) (blue), Spagnotto et al. (2015) (light blue) 202 

and Villegas et al. (2016) (red). Other symbols as in Figure 2. 203 

 204 

3 Materials and Methods 205 

3.1 Seismology 206 

One year of continuous seismological data (May 2013 to April 2014) available from a local 207 

temporary network (Figure 2) was processed in order to obtain earthquake location parameters 208 

and their local magnitude. The network called “Bloque San Rafael” (BSR), deployed 209 

broadband and short-period stations in San Rafael and Malargüe departments, in the province 210 

of Mendoza. Only two of the stations (“SANP”, “AGUA”) had broadband seismometers 211 

(Guralp 40T), one station (“PUMA”) used 3 short-period sensors to cover the three 212 

components, and the rest of them were equipped with short period 1-component sensors 213 

(Teledyne Geotech S13).  214 

Continuous data were manually inspected using SEISAN’s Multi Trace View (Otemöller et al., 215 

2014) to find the highest possible number of events, searching for P and S wave arrivals. Phase 216 

picking was done manually in order to avoid the intrinsic inaccuracies of automatic methods 217 

when dealing with low magnitude events, which often imply low signal to noise ratios (SNR). 218 

A preliminary location of events was obtained using the HYPOCENTER software (Lienert & 219 

Havskov, 1995), an iterative linear approach to solve the inverse problem of finding 220 

hypocentral parameters. During the location procedure, waveforms were manually revised to 221 

correct doubtful picks and reduce residuals. We used a 1D velocity model taken from Lupari 222 

et al. (2015), which is shown in Table 1. In this work, we focused on crustal events with 223 

hypocenter depths < 50 km, while deeper events were not considered. This initial run of the 224 

HYPOCENTER software, without filtering by any quality parameters, returned 280 locations 225 

inside the geographic boundaries relevant to this study. 226 

 227 

 228 

 229 
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 230 

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 

Table 1. Velocity model for the BSR experiment taken from Lupari et al. (2015). Moho depth 231 

is set at 35 km. 232 

 233 

Local magnitude was obtained using SEISAN's AUTOMAG routine, which automatically 234 

calculates magnitude based on the maximum amplitude of the S wave after applying a Wood-235 

Anderson filter and the corresponding station response corrections. Response files were created 236 

using IRIS PDCC software. We analyzed the noise spectrum on each station in search of 237 

defective amplitude readings. Stations COIH, PUMA and MORA had noise levels outside the 238 

expected range and therefore were not taken into account for magnitude calculations. In most 239 

of the events, results from three to four stations were averaged to obtain the final local 240 

magnitude reported here.  241 

Since the network lies in the foreland, events of interest in the Andean region display high 242 

azimuthal gaps. Waveform data from Chilean stations near to the study area would produce a 243 

better coverage, but no open data was found that detected these low magnitude events. Thus, 244 

our network configuration implies that hypocentral parameters, especially depth, are not too 245 

well constrained when using an iterative method. There is a trade-off between depth and 246 

epicentral location, which is hard to resolve. Hence, the quality of the solutions obtained by 247 

this method may be poor or at least hard to assess. To tackle this issue, we relocated the events 248 

using the NonLinLoc software (Lomax et al., 2000; see Appendix B for more details). 249 

NonLinLoc uses a nonlinear nested grid-search approach, based on a probabilistic formulation 250 
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of inverse problems (Tarantola & Valette, 1982). It assumes Gaussian errors in phase time 251 

picks and travel-time calculation, allowing a direct analytic calculation of a maximum 252 

likelihood origin time between the stations and a certain point in space. The 4D problem (3 253 

spatial and 1 temporal parameter) is then reduced to a 3D search in space. Instead of a unique 254 

solution, this method provides a complete probability density function for the spatial location, 255 

which allows a more thorough analysis of the quality of the solution and its uncertainties. The 256 

maximum likelihood location is returned as the best solution, together with Gaussian estimators 257 

of the location uncertainties and a 68% confidence ellipsoid calculated from the probability 258 

density function. 259 

As expected, many events did not show good quality in terms of maximum probability (Pmax), 260 

travel time residuals presented as root mean square (RMS), horizontal and vertical Gaussian 261 

error. This is a direct consequence of the network's design that we counted on, which was 262 

initially deployed to study the seismicity near San Rafael (Figure 2). For this reason, we filtered 263 

the events according to Pmax and RMS as quality parameters, but also according to their 264 

distance to the nearest station and the number of phases that were picked. We used a Pmax > 265 

0.01 and a RMS < 0.5 s. The maximum distance allowed was 125 km, and the minimum 266 

number of phases required was 5. For the analyses intended in this study, we also limited the 267 

maximum depth of interest to 33 km, obtaining 72 final locations. 268 

3.2 Elastic thickness 269 

Effective elastic thickness (Te) represents the thickness of the lithosphere with elastic behavior. 270 

Several previous authors have estimated Te maps on a continental scale, including the study 271 

area (Tassara & Yánez, 2003; Perez-Gussinye et al., 2007; Tassara et al., 2007; Nacif et al., 272 

2017). In this contribution, we present a new, better resolution local Te map for this particular 273 

area. It was calculated from a higher resolution dataset from the EIGEN-6C4 model (Förste et 274 

al., 2014) not used in previous Te studies, applying a different method and taking into account 275 

the influence of the Neuquén sedimentary basin; following considerations made by García et 276 

al. (2016, 2017) (refer to Appendix C for more details). 277 

We tackled the calculation of Te using gravity forward modeling of the lithosphere and solving 278 

the differential equation of a thin elastic plate (Stewart & Watts, 1997; Turcotte & Schubert, 279 

2002; Wienecke et al., 2007; García et al., 2017; Nacif et al., 2017). According to Sacek & 280 

Ussami (2009), this approach gives a better representation of foreland basin depth and gravity 281 

anomalies in the Central Andes than spectral methods (Perez-Gussinye et al., 2007; Tassara et 282 
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al., 2007). The method assumes a model where the lithosphere is considered a thin elastic plate 283 

overlying a fluid substrate. The deflection of this plate in response to a topographic load is 284 

dependent on the topography itself, the densities of masses above sea level, crust and upper 285 

mantle, and the rigidity of the plate, which is directly related to Te. We applied a python code 286 

(Soler, 2015) which, based on input topography and Bouguer gravity anomaly, uses the 287 

deflection equation to obtain Te for different windows.  The deflection is calculated by 288 

considering the topographic loads and the basin as buried loads in a wide region of an x-y 289 

plane, but Te is calculated in a high-resolution window inside the region, achieving a better 290 

result.  291 

Topography was obtained from the ETOPO1 digital elevation model (Amante & Eakins, 2009), 292 

and in this case, the Bouguer gravity anomaly was corrected for the influence of the Neuquén 293 

sedimentary basin. We used the gravity dataset from the EIGEN-6C4 model, which combines 294 

satellite and terrestrial data (Förste et al., 2014), considering a maximum degree/order of 2159 295 

in spherical harmonics. To correct for the sedimentary basin, we calculated its gravimetric 296 

effect using thickness values from Urien & Zambrano (1994) and Sigismondi (2012), and 297 

considering a density contrast of 0.3 g/cm³ between the basin and the upper crust (Astort et al., 298 

2019). 299 

The software calculates the inverted gravimetric deflection (Winv) from the gravity data for 300 

the whole study area using the Parker-Oldenburg algorithm (Parker, 1973; Oldenburg, 1974), 301 

a lower crust - upper mantle density contrast of 0.4 g/cm³ and a normal crustal thickness of 35 302 

km. Then, a set of windows with variable size and position for which the code will calculate a 303 

constant Te is selected. For any chosen window, several values of Te (inside possible real 304 

values) are tested by calculating the resulting deflection (Wlocal) with the deflection equation 305 

and comparing it with Winv in that particular window. The best Te is selected according to a 306 

minimum root mean square (RMS) criterion. Repeating this process for a high density of 307 

windows allows interpolating Te values and obtaining the final Te map. We gridded an area of 308 

100x100 km into 900 windows at a constant interval of 0.09 degrees using the minimum 309 

curvature method (Briggs, 1974). A more detailed description of the method and code can be 310 

found in García et al. (2017). 311 
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4 Results 312 

4.1 Seismology 313 

Data from global catalogs (NEIC, ISC) report earthquakes with a magnitude greater than 2.5 314 

(ISC catalog has a low percentage of M 1.5-2.5 as well), but low magnitude seismicity may 315 

present high location errors considering its low SNR. Our local network allowed finding events 316 

with local magnitudes minor than this, up to a minimum of Ml = 1. However, analyzing the 317 

global data, we noticed that a temporal seismic quiescence is taking place in the study area 318 

since 2011, with only 243 events registered between 2010 and 2019 in comparison to 1361 in 319 

the 2000-2009 period (Figure 4). In the latter, we found an important spike of events in 2004 320 

as a product of the M 6.5 earthquake that took place on August 28th of that year. Hence, we 321 

deleted 416 possible aftershocks found within a four-month period and an estimated rupture 322 

area based on the results of Wells & Coppersmith (1994), obtaining the 1361 events shown 323 

(Figure 4A). Instrumental bias was discarded by checking the amount of stations around a ~7° 324 

locus from the study zone that reported to the ISC catalog each year (Figure 4D). It stays 325 

relatively constant, except for 2010, when a lot of temporary stations were installed following 326 

the Maule earthquake. Plus, the same drop in seismicity is observed in the USGS database 327 

(https://earthquake.usgs.gov/earthquakes/search/). This variation is worth mentioning in order 328 

to set the context in which our experiment was developed, as well as adding available data to 329 

our analysis. 330 
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 331 

Figure 4. Seismic quiescence (depth < 50 km) registered in the ISC catalog (May 2020; see 332 

also Bondár & Storchak, 2011) in the study area comparing the 2000-2009 period (A) with the 333 

2010-2019 one (B). C) Histogram of recorded earthquakes in this area since 1970 in 1-year 334 

bins. Red bars highlight the period shown in the maps. D) Number of stations that reported to 335 

the ISC catalog per year according to their registry (http://www.isc.ac.uk/registries/), colors 336 

show the two different periods. 416 possible aftershocks of the M 6.5 2004 earthquake (shown 337 

as a yellow star) were removed from the map and histogram. Other symbols as in Figure 2. 338 

 339 

The details of the 72 crustal seismic events obtained after applying the selection criteria 340 

mentioned in the methods section are shown in Appendix A. Figure 5 shows the locations in 341 

map view and E-W, N-S cross-sections, with their respective 68% confidence ellipsoids and 342 

http://www.isc.ac.uk/registries/
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intervals. Average RMS of the locations is 0.16 s (σ = 0.05 s), with none exceeding 0.3 s, and 343 

average Pmax is 0.25 (σ = 0.26). 344 

The first observation of the epicenter distribution allows separating these events into two 345 

distinct groups: north and south of the Atuel river (~34.8ºS). To the north, we observe that 346 

events took place from the front to the inner Andean region. However, most of the events took 347 

place in the front, with a general trend that follows a NNE-SSW direction. The rest are situated 348 

in the inner segment, including a small cluster of four events west of Maipo volcano. South of 349 

the Atuel river, no epicenters can be observed in the frontal region of the fold and thrust belt. 350 

Instead, all of them lie closer to the Andean axis, except for only five of them that lie in the 351 

foreland, separated from the Andean region. Two clusters can be observed: one with a NE-SW 352 

trend between the Risco Plateado and Tinguiririca volcanoes, and another one more densely 353 

packed in the headwaters of the Salado river, immediately to the south. Finally, we observe a 354 

widely distributed alignment of 6 epicenters in a N-S direction towards the south. Considering 355 

all the events as a whole, average latitudinal and longitudinal errors are 3.38 km (σ = 1.74 km) 356 

and 3.55 km (σ = 1.84 km), respectively. 357 

The cross-sections (Figure 5) show that events had a maximum depth of nearly 30 km, with an 358 

average of 7.6 km. Mean vertical error is 5.57 km (σ = 2.9 km), which illustrates this is still the 359 

most difficult parameter to resolve with precision. In the E-W section, we can see that the two 360 

groups of earthquakes can be distinguished. The easternmost events correspond to the ones in 361 

the front and foreland regions, with an average depth of 11.9 km; while the western group, 362 

situated near the Andean axis, has a shallower average depth of 5 km.  363 

Results for local magnitude estimation show a range of Ml between 1 and 2.6, with a mean of 364 

1.6, and only 13 of them with Ml >= 2. This confirms the capacity of this local network at 365 

detecting seismicity that could be unnoticed by regional or global networks in this area. The 366 

distribution of magnitude values through space is homogeneous; we do not observe any areas 367 

with particularly stronger events than others. 368 
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 369 

Figure 5. Locations in plain view, N-S and E-W sections of the 72 crustal events obtained after 370 

using NonLinLoc and filtering the results. Error ellipses and bars represent Gaussian error with 371 

a 68% confidence interval. In plain view, events are plotted by color and size according to 372 
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depth and magnitude, as shown in the upper-left box. Structures are plotted as in Figure 3. 373 

Other symbols as in Figure 2. 374 

 375 

4.2 Elastic thickness 376 

Results for the calculation of elastic thickness are shown in Figure 6A. The map can be roughly 377 

described dividing it into four areas: southwest-center, southeast, northeast, and northwest. The 378 

southwest-center area extends along the volcanic centers and presents Te values between ~16-379 

20 km. It is also the area with the best fit for the calculated model, as can be seen in the 380 

minimum root mean square map (~400-900 m). It surrounds the southeast area, which shows 381 

an increase towards high Te (>30 km) further away from the topographic front. There is a 382 

transition towards the lowest Te values (~10-13 km) to the northeast, which takes place 383 

smoothly from the center and abruptly from the southeast. Finally, in the northwest area we 384 

observe high Te values which quickly drop to lower ones. However, this area is also where the 385 

model has the worst fit, with an increment of RMS up to 3500 m (Figure 6B). Hence, it is also 386 

the area with the least accurate results. 387 

 388 
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 389 

Figure 6. Obtained maps for elastic thickness (A), root mean square (B), Bouguer gravity 390 

anomaly (C), and histogram of RMS per sample node (D). Seismicity is plotted for comparison 391 

(see discussion), following the symbols in Figure 5. Other symbols as in Figure 2. 392 
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5 Discussion 393 

5.1 Analysis of the seismicity pattern 394 

The low magnitude seismicity observed in one year of data shows active areas that match with 395 

the locations of high magnitude events (M > 6) recorded in fifty years of historical data (yellow 396 

stars in Figure 3). This implies that the seismicity would be related to a long-term tectonic 397 

history rather than to a local short period effect. 398 

The most striking feature noted in our map of epicenters is the contrasting seismic activity in 399 

the Andean front, present to the north but absent to the south of the Atuel river (Figure 5). This 400 

pattern can also be recognized in the epicenters from the ISC catalog, especially in the quiet 401 

period containing our experiment (Figure 4B). Looking at our results, in the northern segment, 402 

the events located in the front could be associated with the thick-skinned thrusts found in the 403 

eastern section of the Malargüe fold and thrust belt and the Frontal Cordillera (Turienzo et al., 404 

2012), given their general NNE-SSW trend and maximum depth of ~20 km. In contrast, the 405 

seven shallower events observed in the inner region could be related to the active El Fierro 406 

fault system (Figure 3). On the other hand, in the southern segment, we identify events in the 407 

inner sector but none along the topographic front. These are organized in two main clusters that 408 

could be indicating the presence of active structures. Specifically, the one in the north is 409 

nucleated around known structures with a documented high throw and at least Mesozoic to 410 

Miocene activity, such as the Río del Cobre fault (Mescua et al., 2014). Moreover, most of 411 

them have depths lower than ~15 km, which could mean a shallower decollement than in the 412 

Frontal Cordillera. This seismic activity in the interior of the fold and thrust belt agrees with 413 

previous observations made in this area about the development of out-of-sequence thrusts 414 

(Farías et al., 2010; Tapia et al., 2015; Giambiagi et al., 2019). Added to the absence of 415 

seismicity in the front, the scenario contrasts the usual view in which active structures 416 

concentrate at the Andean orogenic front, which gives this seismicity pattern important 417 

implications regarding Andean mountain-building models. Then, it is interesting to discuss 418 

why there is seismic activity in the front north of the Atuel river, but not south of it. 419 

5.2 Possible causes behind the segmentation 420 

This section focuses on the bigger picture and discusses qualitatively some hypotheses that 421 

could explain what could be controlling this particular change in the seismicity pattern. We 422 

take into account thermal, structural, rheological, mechanical, and climatic factors, all of which 423 
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have been associated in previous studies with differences in deformation style and scale along 424 

strike. 425 

1) Elastic thickness (Te) could play a role in distributing seismic activity due to its control on 426 

crustal rigidity (Watts, 2001; Watts & Burov, 2003; Deng et al., 2014). We compared the 427 

seismicity pattern with the obtained elastic thickness map in search for major contrasts in 428 

crustal conditions that could relate to the break in the seismicity pattern (Figure 6). We do not 429 

observe such contrast in Te. Most events are situated in regions with Te < 20 km, surrounding 430 

a region of higher Te located to the southeast where seismic clusters are absent. This is an 431 

interesting result since it could be expected for seismicity to correlate with a higher Te and thus 432 

higher rigidity of the crust leading to fragile rupture. Such correlation has been indicated by 433 

Nacif et al. (2017) for a broader scale, comparing the flat-slab segment with the normal 434 

subduction one. In the latter, they found scarce seismicity in the back-arc region with low Te, 435 

suggesting a weakened crust. However, in this work, the observed values of Te along the arc 436 

may not be low enough to inhibit seismic activity, and other factors could prevail. Besides, low 437 

Te regions also include the topographic front south of the Atuel river where events are absent. 438 

We infer that regardless of the seeming correlation between epicenters and low Te regions, it 439 

is not a major controlling factor of the seismicity segmentation. 440 

As mentioned in the results section, the northwest area of the Te map has the highest 441 

uncertainties. It is also the area furthest away from the seismic stations, which translates into 442 

fewer and consequently bad quality detections of seismic events. Therefore, it was not taken 443 

into account for this analysis. 444 

2) Previous studies suggest that climate and erosion can influence the location of tectonic 445 

deformation and metamorphism in orogens (e.g. Persson & Sokoutis, 2002; Dadson et al., 446 

2003). The rainfall pattern across the Southern Central Andes has been advocated as a driver 447 

for segmentation in the distribution of crustal seismic activity (Nacif et al., 2017). The proposed 448 

mechanism is the focalized erosion in certain sectors of the fold and thrust belt that could induce 449 

a subcritical state in the orogenic wedge, adjusted through active tectonism (Chapple, 1978; 450 

Davis et al., 1983; Berger et al., 2008). If this was an ongoing mechanism in this case, we 451 

would expect to observe heavier rainfall on the eastern slope of the Andes north of the Atuel 452 

river. We tested this hypothesis by comparing a mean annual precipitation map (using data 453 

taken from WorldClim database, see Fick & Hijmans, 2017) with the local seismicity (Figure 454 

7). It is clear that the heaviest precipitations happen on the Chilean side of the Andes, where 455 

seismic records were not taken into account after filtering them by distance to the nearest 456 
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station. Conversely, annual precipitations are mostly below 650 mm on the Argentinean side, 457 

with a more or less even distribution along strike. We do not observe a direct correlation 458 

between an increase in rainfall and the epicenters. Opposite to what was hypothesized, along 459 

the topographic front, slightly higher precipitation values take place south from the Atuel river 460 

instead of north from it. This fact does not favor the possibility of seismicity being controlled 461 

by this agent. This observation falls in line with those made by Giambiagi et al. (2012), who, 462 

based on the latitudinal variation of denudation rates compared to other factors, could not find 463 

a link between erosive processes and tectonics for this segment. In consequence, it would seem 464 

that, while on a broader scale, the climatic factor could translate into a segmentation of active 465 

deformation, this would not be the case for a local scale like the one studied here. 466 

 467 

 468 

 469 



23 
 

 470 

Figure 7. Annual precipitation map built from the WorldClim bioclimatic variables database 471 

with a spatial resolution of 30 seconds (Fick & Hijmans, 2017). Seismicity is plotted as in 472 

Figure 5 for comparison. Other symbols as in Figure 2. 473 

 474 

3) The shift to the west of the seismicity pattern, from north to south, corresponds with a similar 475 

shift in the position of the volcanic arc front towards the Andean axis of ca. 50 km (Figure 8). 476 

The Risco Plateado is the last Plio-Quaternary volcano located near 70ºW longitude, while to 477 

the south, the arc lies west of 70,5ºW (Planchón-Peteroa and others). Previous studies in the 478 
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Andes proposed eastward arc expansion due to slab flattening as a mechanism to transfer 479 

deformation towards the foreland (Ramos et al., 2002; Ramos & Folguera, 2009; Folguera & 480 

Ramos, 2011). More specifically, in the Southern Central Andes, thermal processes have been 481 

suggested as drivers for neotectonic deformation (Sagripanti et al., 2018; Colavitto et al., 2019). 482 

Considering this, it is possible that in our study area, the emplacement of volcanic centers 483 

towards the east could induce a thermal weakening of the crust, and therefore could transfer 484 

the susceptibility of rupture to the Andean front as well as the internal sector. Given that to the 485 

south the arc is withdrawn to the west, this crustal weakening would not affect the Andean 486 

topographic front and, thus, the seismicity is concentrated closer to the Andean axis. 487 

4) The influence of pre-Andean inherited structural and rheological features over crustal 488 

deformation has been documented for this area in recent studies (e.g. Giambiagi et al., 2012; 489 

Mescua et al., 2014; Mescua et al., 2016). We propose that these features could also play a role 490 

in the segmentation of the seismicity pattern. One possibility is that the structure of the upper 491 

crust in this region could be segmented by a WNW strike structure along the Atuel river, similar 492 

to the Andean transverse faults ("ATF", Figure 8) described in previous studies (Cembrano & 493 

Lara, 2009; Santibañez et al., 2019). Mescua et al. (2014) indicated the presence of a fault like 494 

this, with normal displacement, controlling the accommodation space in the Atuel depocenter 495 

during the Mesozoic. Nevertheless, the absence of both seismic clusters and neotectonic 496 

evidence along the Atuel valley would discard recent displacement along this potential 497 

discontinuity. Hence, it would not be exerting a major control in the present scenario. As 498 

another interesting point regarding pre-Andean features, Giambiagi et al. (2012) suggested 499 

mechanical differences in the lower crust owing to a rheological contrast at around 35ºS (Figure 500 

8). Differences in the rifting process would have caused this contrast during the opening of the 501 

Neuquén Basin. To the north, rifting was passive, controlled by Paleozoic anisotropies, while 502 

to the south, active rifting with important magmatism would have strengthened the lower crust 503 

by mafic underplating (Kay et al., 1989; Llambías et al., 1993). They observed a downward 504 

step in mean topography of ~1200 m around this latitude, which they explained using two 505 

different models of crustal deformation: coupled upper-brittle and lower-ductile deformation 506 

in the north and decoupled in the south; which are supported by the described mechanical 507 

contrast. This contrast correlates well with the shift in earthquake distribution found here. 508 

Hence, our findings could serve as ongoing proof of this relationship between pre-Andean 509 

features and deformation in this segment of the Andes. Still, if structures inherited from the rift 510 
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stage were major controls on the location of the seismicity, we would expect to observe a NW 511 

to WNW orientation of seismic clusters, which is not the case here.  512 

 513 

5) Another valid approach is considering sub-crustal features as possible sources of divergent 514 

deformation patterns in the upper crust. To tackle this, we compared our seismicity pattern with 515 

the results from a seismic tomography of the mantle wedge carried out by Wagner et al. (2005) 516 

on a larger scale but including the study area. These authors argued that a cold, unmelted 517 

portion of mantle pressed by the subducting slab could have high enough shear strength to 518 

transmit stress to the overlying crust. In this case, we observe an area with a positive velocity 519 

contrast north of the boundary delimiting different seismicity patterns that could represent such 520 

a cold or rigid portion of the mantle (Figure 8). Hence, this could influence the distribution of 521 

seismicity in this region. In the tomographic image corresponding to the cross section at 34ºS 522 

(Wagner et al., 2005), we note that the upper crustal seismicity clusters can be extrapolated to 523 

the position of this positive velocity contrast in the mantle wedge. We suggest that this 524 

heterogeneity with a differing mechanical behavior could define the position of the main ramps 525 

(Figure 8, red and black structures in cross section). This would configure a structural geometry 526 

similar to the one proposed by other authors where these ramps emerge from the mantle wedge 527 

(Giambiagi et al., 2012; Marot, 2013). Particularly, Giambiagi et al. (2012) suggested this kind 528 

of geometry for the northern segment with coupled upper-brittle and lower-ductile deformation 529 

mentioned in the previous point. As an alternative model, most of the seismicity lying in the 530 

upper 20 km of the crust could be explained with a decollement propagating from the west, 531 

analogous to the proposal of Turienzo et al. (2012), and Giambiagi et al. (2012) for the southern 532 

segment (Figure 8, blue and black structures in cross section). The stress transferred from the 533 

rigid portion of the mantle to the upper crust would favor the generation of seismicity observed 534 

east of the Maipo volcano in the cross section, corresponding to the events of the Andean front 535 

north of the Atuel river. 536 
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 537 

 538 

Figure 8. Map and cross section representation of discussion points 3, 4 and 5 (numbers in 539 

white circles) in relation to the seismicity pattern (red-orange dots). 3) Arc front lies 50 km to 540 

the west where seismicity is absent in the Andean frontal region. 4) Location of possible 541 

Andean transverse fault (ATF) and crustal rheological contrast. Stripe and dot patterns 542 

represent Neuquén basin active and passive rift, respectively (Giambiagi et al., 2012), with a 543 

transition between them around 35º latitude. 5) Map background and bottom section colors 544 
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display Vp tomography (Wagner et al., 2005) at 65 km depth and 34ºS latitude (top margin of 545 

the map) respectively, shown as percent velocity deviations, while gray contours indicate 546 

absolute velocities in km/s. Note the location of the positive tomographic contrast ("rigid 547 

block") in relation to the seismicity pattern and the possible crustal structure (red and blue 548 

structures indicate alternate models, black structure is the same for both). The topography is 549 

exaggerated. Moho was taken from Uieda & Barbosa (2017). Volcanoes are shown for 550 

reference. Other symbols as in Figure 2. 551 

 552 

From this analysis, we conclude that at this scale of observation, the prevailing factors 553 

controlling the seismic activity in this region of the Andes are mainly modern tectonic features, 554 

with a lesser possible influence by pre-Andean features. Mantle wedge heterogeneities and the 555 

active arc front position with its consequent thermal imprint on the crust, but also rheological 556 

properties inherited from the opening of the Neuquén Basin during the Mesozoic, would 557 

determine the specific sectors that concentrate current seismic deformation. Although 558 

seemingly a weaker interpretation, the latter could add evidence of the pre-Andean tectonic 559 

history as a buffer for deformation variability as it has been widely documented, but this time 560 

with a study case not based in the geological past but instead in an ongoing process. 561 

6 Conclusions 562 

One year of seismic data from a temporary local network shows a particular spatial distribution 563 

of low magnitude (M < 3) seismicity in the Argentine Andes between 34 and 36ºS. North of 564 

the Atuel river, at around 34.8ºS, events are distributed across the whole eastern slope, 565 

including the front of the Frontal Cordillera. In contrast, south from this limit, seismicity is 566 

absent from the frontal region of the mountain range and is instead only present 40 to 50 km 567 

westwards, in the inner region. This could mean that deformation in this southern segment is 568 

nowadays focused in out-of-sequence thrusts instead of in the topographic front. Additionally, 569 

the average depth of the hypocenters is 11.9 km for those located in the front and 5 km for the 570 

ones near the Andean axis, possibly indicating structures in the Frontal Cordillera that root 571 

deeper in the crust. 572 

The zoning of the seismicity reflects a segmentation in the deformational behavior of the crust. 573 

This makes this region a good scenario to test different possible controls on differing 574 

deformation along Andean strike on a local scale. We analyzed qualitatively the potential links 575 

between the seismicity pattern and thermal, structural, rheological, mechanical, and climatic 576 
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factors; from present times and inherited tectonic features. Relevant to this point, we provide a 577 

new map of crustal elastic thickness for the study area based on gravity data. We conclude that 578 

on this scale of observation, focalized precipitation and erosion, and elastic thickness, do not 579 

exert a prevailing influence over the seismicity. Instead, we favor local thermal and rheological 580 

contrasts leading to mechanical heterogeneities in the crust as the major controlling factors. 581 

We propose the thermal imprint of the volcanic arc front, and the differing stress transfer from 582 

the subducting slab to particular regions of the upper-plate due to heterogeneities in the mantle 583 

wedge as responsible for these contrasts. The active control exerted by these factors would be 584 

modulated by a less influent passive control derived from inherited rheological features from 585 

pre-Andean history such as the dissimilar crustal composition. 586 
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