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Shallow seismicity in the Southern Central Andes is associated with interplate earthquakes due to the sub-
duction of the Nazca plate beneath the South American plate and neotectonic activity, mainly located in the
retro-arc region. However, this pattern changes drastically south of 34°S within the transition zone at the
Southern Central Andes where crustal seismicity associated with mountain-building processes concen-
trates at the fore-arc and intra-arc region. In order to define more accurately this transition we used data
from a high density-seismic network over the Chilean fore-arc and axial Andean sector (~33–34.5°S). We
obtained a constraint data set of 77 seismic events located mostly in the Principal Cordillera western
flank in the first 10 km of the upper crust. This cluster implies an abrupt change in the pattern of seismicity
at the Southern Central Andes with a set of structures in the fore-arc and intra-arc accommodating shorten-
ing. This change in the locus of crustal seismicity and particularly its location on the fore-arc and intra-arc
south of 34°S is discussed on the light of different hypotheses among which changes in the precipitation
pattern and erosion along the Andes were favored. Focalized erosion associated with direction of prevailing
Pacific winds south of ~34°S could determine subcritical conditions that could be adjusted by out-of-se-
quence deformation causing crustal earthquakes in the fore-arc region, becoming the retro-arc zone nearly
fossilized from a deformational point of view. Additionally, trench sediments associated with this change in
the precipitation pattern could also favor decoupling of the subduction zone inhibiting retro-arc seismicity,
although it does not explain activation of fore-arc structures south of 34°S and their absence north of this
latitude. Finally, inhomogeneous distribution of seismicity through the fore-arc zone south of 34°S is
discussed on the light of variable elastic thicknesses.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Southern Central Andes
Crustal seismicity
Andean growth
Erosion
Fore-arc and intra-arc and back-arc
1. Introduction

Crustal seismicity across the Andes, the longest and highest subduc-
tion-related orogen on Earth, denotes active mountain building activity
and therefore has been a matter of interest and analysis through time
(Isacks et al., 1982). Intraplate shallow seismicity exhibits low magni-
tudes and its occurrence is less frequent than in giant underthrusting
events which occur in the interface between the subducted oceanic
Poetas, Marquesado, Rivadavia,
lithosphere and the overriding plate. Due to that most of the attention
has been paid to this stronger seismicity with rupture areas reaching
hundreds of kilometers, widespread strong shaking, and destructive
tsunamis, distribution and occurrence of crustal earthquakes are not
fully understood along the Andes yet (Christensen and Ruff, 1986;
Beck et al., 1998; Moreno et al., 2009; Lange et al., 2012; Ruiz et al.,
2013; among others).

Crustal seismicity, its distribution andmain patterns allow establish-
ing segmentation related to mountain building processes independent-
ly to that of giant earthquakes in the subduction zone. In particular,
crustal seismicity between ~33°S and 35.5°S through the Southern Cen-
tral Andes (Gansser, 1973) experiences a shift in locus between patches
of concentrations on the eastern Andean foothills in the north and clus-
ters implanted in the fore-arc and intra-arc region in the south (Fig. 1).
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Fig. 1. Seismicity (depth: 0–50 km) corresponding to a period of time of ~48 years
(International Seismological Centre, EHB Bulletin, http://www.isc.ac.uk, Internatl. Seis.
Cent., Thatcham, United Kingdom, 2009). The EHB is a groomed version of the ISC
Bulletin, and contains data for 141,478 events from 1960 to 2008. The Engdahl et al.
(1998; EHB) algorithm has been used to significantly improve routine hypocenter
determinations made by the ISS, ISC and PDE. The epicenters located between the
trench and the coastal zone correspond to the interplate seismicity (red circles)
associated with the contact between the Nazca and South American plates. The
epicenters located partly in the fore-arc, and basically at the intra-arc and back-arc
zones correspond to the intraplate seismicity (red circles) associated with the South
American plate and in particular to mountain building processes. Note the strong
change in the pattern of seismicity from an active back-arc in the north to an active
fore-arc and intra-arc south of ~34°S. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Crustal earthquakes through these latitudes have been registered by
global (Fig. 1) and by regional/local networks (Alvarado, 1998; Pardo
et al., 2002; Barrientos et al., 2004; Farías, 2007) showing this transition
in the pattern of seismicity at around 34°S. Barrientos et al. (2004) stud-
ied this seismicity at the transition area, locating it no deeper than
20 km and close to the Chile-Argentina boundary. Thus, this shallow
crustal seismicity has become aligned with a structure that conforms
The El Fierro Fault (Farías, 2007).
This work provides precise location of these very shallow earth-
quakes through the transition zone between an active back-arc in the
north through the Southern Central Andes and an active fore-arc and
intra-arc in the south and focal mechanism solutions from a dense net-
work (Fig. 2). To obtain well-resolvable hypocenter determinations we
used a location technique to relocate seismicity that tests the entire so-
lution space by a direct and grid search method (Rodi, 2006). The loca-
tion parameters of a set of events are determined jointly with travel-
time corrections associated with the paths between the recording sta-
tions and the seismic events. As mentioned, at the latitudes of the
study zone (Fig. 1), crustal earthquakes experiment a drastic change
from the retro-arc north of ~34°S to the intra-arc and fore-arc zones
south of this latitude. This change coincides with a strong variation in
the patterns of rainfall and erosion. While north of these latitudes the
fore-arc is essentially dry, south of these latitudes Pacific-derived
winds provoke a drastic increment in rain fall.

Analogue and numerical experiments suggest that climate and ero-
sion (e.g. storm runoff), play a crucial role controlling patterns of tec-
tonic deformation and metamorphism across orogens, determining
uplift and exhumation rates (e.g. Persson and Sokoutis, 2002; Dadson
et al., 2003). This work, allow discussing the potential of climate and
erosion in focusing crustal deformation through new data collected
from a local network at one of the most striking sites of crustal seismic
segmentation along the Southern Central Andes. Thus a connection is
proposed between the development of fore-arc and intra-arc seismicity
south of 34°S, a noticeable fall of this activity in the retro-arc zone and
rainfall and short- and long-term erosion rates established in previous
works.

Additionally, a discontinuous pattern in fore-arc and intra-arc crust-
al seismicity is observed south of 34°S at the Southern Central Andes.
This pattern is discussed on the light of variable elastic thicknesses
and thermal structure of the fore- and retro-arc zones. Thus, gravity
data are used to calculate elastic thicknesses through the continent
that are comparedwith earthquake density through the fore-arc identi-
fying zones where low crustal rigidity could be inhibiting seismic
activity.

1.1. Seismotectonic and tectonic settings

Seismicity shows that western South America is characterized by
a convergent margin, in which the Nazca, Cocos and Antarctica plates
are subducted underneath the South American plate with variable
angles that range between ~30° and 0° (Cahill and Isacks, 1992;
Pardo et al., 2002; Anderson et al., 2007; Nacif et al., 2015). In partic-
ular, the Nazca plate subducts at a rate of 6.7± 0.2 cm/yr constrained
by GPSmeasurements along the Chile-Peru oceanic trench (Kendrick
et al., 2003). Along the convergent margin between the Nazca and
South American plates, changes in the angle of subduction can be ei-
ther abrupt or transitional such as in the Southern Central Andes
(Fig. 1), where the Nazca plate progressively steepens from a flat ge-
ometry north of ~33°S to a “normal” (~30°E) geometry south of this
latitude (Cahill and Isacks, 1992; Araujo and Suarez, 1994; Pardo et
al., 2002; Syracuse and Abers, 2006; Anderson et al., 2007; Nacif et
al., 2015), associated with the development of an active volcanic
arc (Hildreth and Moorbath, 1988; Kay et al., 2005). This active vol-
canism comprises the northern part of the Andean Southern Volcanic
Zone, absent to the north from ~9–10 My through the Chilean-Pam-
pean flat subduction zone (e.g., Kay et al., 1987). Additionally, the
Andean margin through these latitudes is characterized by an along
strike curvature known as the Maipo Orocline developed during
the Neogene, interpreted as the product of a shortening gradient
(Yáñez et al., 2002; Farías et al., 2008). South of these latitudes a
complex pattern of mantle upwellings characterizes the retro-arc
zone associated with intra-plate volcanism. While part of this dy-
namics is related to mantle-plume activity feeding the Payenia vol-
canic plateau developed between 35° and 37°S (Burd et al., 2014), a
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Fig. 2. Study region with stations corresponding to the CHASE Experiment. Most of the stations are located in Principal Cordillera while others lie in the Central Depression and Coastal
Cordillera with only one in the eastern Andean slope in the Frontal Cordillera in Argentina. Active volcanoes are shown by orange triangles (Hildreth and Moorbath, 1988.). The upper
inset shows (gray star) the study region in South America as a reference.
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southern anomaly is most likely related to a slab tearing that affected
the subducted Nazca plate at ~38°S feeding the Auca Mahuida and
Colorado volcanic plateaux (Pesicek et al., 2012).

At the transition zone between the flat to the steeper subduction
zone (~33°S to 36°S), five morphostructural units comprise the
Andes, which are, from west to east (Figs. 2 and 3): a Coastal Cordil-
lera, a Central Depression, the Principal Cordillera, the Frontal Cor-
dillera and a back-arc (foreland) region characterized by the uplift
of isolated basement blocks such as the San Rafael Block. Contrasting
decollement depths characterize these systems as well as different
timings of uplift determined by surficial geology and synorogenic
sedimentation. The Coastal Cordillera constitutes the remnants of a
Neopaleozoic accretionary prism with a Cretaceous to Neogene ex-
humation separated from the Principal Cordillera through the Cen-
tral Depression (Hervé et al., 1988, 1994). The Principal Cordillera
constitutes the drainage divide area associated with the inversion
of a Mesozoic rift system linked to the Neuquén Basin (Giambiagi
et al., 2009). This system experienced an extensional reactivation
in Eocene to early Miocene times producing intra-arc depocenters
that hosted the Abanico Fm. (see Farías, 2007; Mpodozis and
Cornejo, 2012 for recent syntheses). These normal faults are inverted
at the time of arc expansion that started in late early Miocene times
represented by the Farellones Fm. emplaced on both sides of the
Principal Cordillera. To the east, the Frontal Cordillera is part of a
wide broken foreland system linked to the development of the
Chilean-Pampean flat subduction zone associated with deep
decollements that expose Paleozoic rocks over synorogenic Neogene
strata (see Ramos et al., 2002, for a synthesis).

As depicted in Fig. 1, the eastern topographic break of the Principal
Cordillera north of ~34°S is where most of the seismic activity occurs,
changing this pattern towards the axial and western slope of the
Andes south of this latitude. This transition zone has been affected by
two relatively large (N6.0) shallow earthquakes: theMw6.3, September
4th 1958, “Las Melosas” earthquake (Alvarado et al., 2009) and the
Mw 6.5, August 28th 2004, earthquake (Harvard CMT). Alvarado et al.
(2009), using body-wave modeling estimated fault orientation, a focal



Fig. 3.Geologicalmapof the study area from thewestern slopeof theAndeswhere outcrops of the Abanico and Farellones formations are deformed in awest-vergent system to the eastern
slope characterized by an eastward vergence deformingMesozoic and Paleozoic rocks in theAconcagua andMalargüe fold and thrust belts (data compiled fromFarías, 2007,Mpodozis and
Cornejo, 2014, and works cited therein). Also different mines are located here.
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depth of 8 km and a size of Mw 6.3 for the 1958, “Las Melosas” earth-
quake. They found a focal mechanism solution with nodal planes on
an east-west and north-south direction associated with right-lateral
and left-lateral displacements, respectively. Their preliminary interpre-
tation favored an activation of east-west structures, which could be
accommodating latitudinal gradients in shortening north and south of
~33°S, in accordance with shortening gradients proposed for the
Maipo Orocline. Contrastingly, the Mw 6.5 earthquake on August 28th
2004, located at a depth of 16 km (depth constrained from Harvard
CMT) with an aftershock sequence recorded by a local network in
Chile had a focal mechanism solution resolved by Harvart CMT
(Centroid Moment Tensor) with one nodal plane oriented in NNE-
SSW direction (with dextral strike-slip component) which is consistent
with the aftershocks distribution. Another strike slip solution (Mw 6.0
on June 7th 2012), similar to 2004 earthquake, is published by CMT
Catalog to the south of 36°S. However, thrust solutions are also resolved
by Harvard CMT.

2. Data and methods

2.1. Seismic experiment and earthquake processing

The Chile Argentina Seismic Experiment (CHASE) was conducted
in Central Chile and registered since November 2005 to March 2006
(Fig. 2). The array consisted in broad band and short period 3 components
and 1 vertical component seismometers using different acquisition sys-
tems. The different format data were converted to SEISAN format
(Havskov et al., 2007) and a visual inspectionwas performed to find seis-
mic events using SEISANmultitrace. After continuous registerswere visu-
alized, we created an event database, maximizing the number of seismic



Fig. 4. Final results (fromGMEL) selected after different quality tests, with their respective errors. a) Epicenters (blue circles)with their horizontal errors (black ellipses). Inmost cases the
error is smaller than the size of the epicenter (blue circle). The two black circles enclose epicenters that could be related to triggered seismicity associatedwith themining activity (see Fig.
3). The square in a) shows the region plotted in b). b) Epicenters and their horizontal errors in an amplified view. c) Cross section shows the hypocenters (blue circles) projected in A-A´
profile with their depth error (black bars). d) Histogramswith horizontal (semi-major andminor axis of error ellipse) and vertical errors. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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events which were found. P and S wave arrival identification was made
using SEISAN multitrace view and coda magnitude was determined in
vertical channel. In this work we only report seismic events detected at
the overriding South American plate.

The location process was conducted in two stages, using HYPO-
CENTER (Liener and Havskov, 1995) and GMEL (Rodi, 2006) which
are a single event location code and a multiple event location code,
respectively. The one dimensional velocity model used in this work
is from Nacif et al. (2015). To remove systematic errors related to ar-
rival time data due to incorrect station parameters (location or
timing) and/or low quality arrival times due to low signal/noise
level, we based on Maurer et al. (2010). The relocation process was
made using GMEL (Rodi, 2006) after a selection of a subset from HY-
POCENTER results. GMEL applies a maximum-likelihood grid search
algorithm to find location parameters within a cluster of events
and solves station travel-time correction simultaneously. Thus, a
grid-search algorithm was applied that constitutes a method that al-
lows the association of a set of arrivals to a particular event. Using
TauP Toolkit (Crotwell and Owens, 1998) we calculated the travel
time tables (step of 1 km and 0.01° for depth and epicentral distance)
using the velocity model from Nacif et al. (2015) fromwhich the the-
oretical times were extracted. Errors in the arrival identification
phases (picking errors) are basically random in character. GMEL con-
siders that these errors have approximately a Gaussian (or power ex-
ponential) probability distribution (Rodi, 2006).

Two methods for determining earthquake focal mechanism from
first P motion polarities, FOCMEC (Snoke et al., 1984) and HASH
(Hardebeck and Shearer, 2002) were used. FOCMEC code performs
and optimizes systematic search of the focal sphere and reports
acceptable solutions based on selection criteria for the number of po-
larity errors. HASH finds a set of focal mechanisms for each event that
are acceptable, given the P-wave polarities at a set of stations, the az-
imuth, the takeoff angle to each station and estimation of uncertainty
in those input parameters to test the stability of the focal mechanism
solutions. The preferred solution is therefore found by averaging
the acceptable solutions, after removing any outliers (solutions
which are farthest from the average). The focal mechanism quality
parameters that are computed by HASH program (Hardebeck and
Shearer, 2002; Kilb and Hardebeck, 2006) are: the root-mean-square
(RMS) angular difference between the set of acceptable mechanisms
and the preferred mechanism (which ranges 0° to 90°), evaluation of
overall fit (which ranges 0.0–1.0, with a 0.0 value representing a per-
fect fit to the data while 1.0 represents a perfect misfit), station dis-
tribution ratio (which ranges 0.0–1.0, with low values indicating
that a relatively large number of data points lies near nodal planes
in the solution), maximum azimutal gap (which ranges 0° to 360°),
number of first motion observations and mechanism probability
(which ranges 0.0–1.0, where a large value indicates that most of
the acceptable solutions are close to the preferred mechanism). By
evaluation of the last parameters, HASH achieves a quality factor
which divides the solutions in 6 qualities (A, B, C, D, E and F; in
which A is the best solution and F is the worst solution). This gives
a good estimate about the mechanism stability which allows estab-
lishing a degree of confidence in the results.

2.2. Gravity data and elastic thickness calculation

To calculate the elastic thickness we used the convolution meth-
od approach (Braitenberg et al., 2002) that has been widely tested in
different areas with different tectonic settings (Braitenberg et al.,
1997; Braitenberg and Drigo, 1997; Zadro and Braitenberg, 1997;
Braitenberg and Zadro, 1999; Ebbing et al., 2007; Braitenberg et al.,



Table 1
Location parameters for 77 South American intraplate seismic events after run GMEL software (Rodi, 2006) and applied different test to the data. Inmagnitude column the “-”means that
there is no a determined magnitude and “*”means that that is local magnitude (NEIC-USGS) instead codamagnitude (only for four earthquakes) symbol m* in The location uncertainties
were obtained from a confidence coefficient of 90%, which are represented in the horizontal (in which the strike angle refers to the azimuth of smax axis) by smax (semi-major axis), smin

(semi-minor axis) and in the vertical by±edepth (error in depth). The residual in time is evaluated by TimeWeighedResidualNorm(TWRN). The resultswere calculated considering that
data errors obey to a Laplace distribution or two-sided exponential.

Seismic events parameters Location uncertainties parameters

Origin Time Location parameters Magnitude TWRN Error ellipse edepth

Year/Month/Day/Hour/Min./Sec. Long. (°) Lat. (°) Depth (km) (Coda) (sec) Strike (°) smajax (km) sminax (km) (km)

2005/12/01/02/06/47 −69.9689 −33.688 1.96 2.1 0.174 59.87 3.15 1.19 1.39
2005/12/05/12/08/15 −70.1052 −34.3097 5.33 1.5 0.057 271.64 7.68 3.54 4.56
2005/12/16/11/04/06 −69.8134 −33.4219 4 1.5 0.294 47.39 3.41 1.83 2.06
2005/12/17/22/05/42 −70.1138 −34.079 5.36 0.5 0.126 276.84 2.04 1.28 1.56
2005/12/22/03/06/24 −70.0888 −33.8349 2.47 0 0.066 59.39 1.05 0.87 1.75
2005/12/28/02/16/31 −70.2399 −34.9163 0 1.5 0.262 359.11 4.7 2.37 5.22
2006/01/04/18/52/49 −70.3384 −34.0746 1.29 1.1 0.138 339.78 0.97 0.59 1.38
2006/01/05/21/24/46 −70.2652 −33.1359 8.19 2.5 0.287 47.25 1.16 0.71 1.09
2006/01/06/09/25/45 −70.0658 −33.7146 7.07 1.6 0.308 81.6 0.73 0.56 0.61
2006/01/07/16/36/31 −70.0742 −33.7068 2.41 1.2 0.099 36.81 1.75 1.1 1.64
2006/01/07/23/15/19 −70.0784 −33.7037 3.4 – 0.086 25.51 2.73 1.41 1.5
2006/01/08/01/47/12 −70.1354 −34.3185 6.73 0.7 0.364 328.72 2.94 1.19 1.19
2006/01/08/03/08/24 −70.1062 −34.3299 6.62 3.0* 0.427 323.26 1.54 0.74 0.84
2006/01/08/03/46/27 −70.1142 −34.3261 7.94 2.5* 0.382 322.63 1.5 0.76 0.82
2006/01/08/07/31/53 −70.1139 −34.3335 6.29 1.7 0.355 337.03 2.06 0.93 1.03
2006/01/08/08/24/23 −70.1068 −34.329 6.91 2.5* 0.341 316.67 1.8 0.8 0.88
2006/01/08/08/51/34 −70.1107 −34.3158 6.09 – 0.412 328.2 2.79 1.1 1.1
2006/01/08/10/06/04 −70.1217 −34.317 8.26 – 0.369 323.46 3.46 1.2 1.35
2006/01/08/10/23/43 −70.1444 −34.309 6.6 1.5 0.115 330.41 4.3 1.59 1.65
2006/01/08/10/31/28 −70.1604 −34.2873 0 – 0.121 291.36 5.71 5.11 3.09
2006/01/08/23/15/17 −70.1269 −34.3113 5.3 1.4 0.352 327.22 3.02 0.99 1.13
2006/01/09/03/16/12 −70.4221 −34.0428 8.18 – 0.013 355.88 3.33 1.27 2.04
2006/01/09/03/45/43 −70.1189 −34.3288 7.44 2.2 0.066 340.26 4.76 1.76 1.79
2006/01/09/08/24/26 −70.109 −34.3379 8.11 2.8* 0.327 316.84 1.84 0.81 0.82
2006/01/10/03/54/20 −70.1249 −34.3105 6.54 1.8 0.194 329.2 4.67 1.59 2.11
2006/01/10/03/58/48 −70.0302 −34.2827 13.52 1 0.107 345.08 4.73 3.37 3.89
2006/01/10/17/00/27 −70.2414 −33.1149 7.73 2 0.087 14.86 4.57 3.49 2.42
2006/01/18/11/56/49 −70.4797 −33.9537 13.63 1.8 0.183 347.41 0.52 0.51 1.36
2006/01/19/01/04/34 −70.3283 −34.0961 8.55 1.5 0.144 313.61 0.8 0.48 0.74
2006/01/19/03/27/08 −70.5077 −34.2909 12.56 2.2 0.018 27.1 6.3 2.75 4.68
2006/01/19/07/10/57 −70.1055 −34.3208 7.49 1.8 0.069 315.86 3.48 1.31 1.37
2006/01/21/11/13/08 −70.0189 −34.1799 8.21 1.5 0.232 305.4 1.39 0.63 0.69
2006/01/22/01/23/30 −69.868 −33.7644 6.33 – 0.104 337.89 1.39 0.85 1.09
2006/01/26/17/32/57 −70.1196 −34.2976 7.04 1.3 0.092 325.17 3.37 1.1 1.59
2006/01/29/18/37/49 −70.0567 −34.0919 2.17 2 0.024 300.98 3.08 0.98 1.78
2006/02/01/02/11/01 −70.1238 −34.3084 4.54 0.8 0.145 324.35 2.46 0.87 1.58
2006/02/01/13/23/34 −70.475 −33.9529 10.98 1.1 0.163 353.58 1.06 0.85 1.97
2006/02/03/22/23/43 −70.1822 −34.3341 4.45 2 0.177 326.4 2.79 1.06 1.85
2006/02/07/23/12/14 −70.0885 −34.0388 1.13 – 0.071 310.64 1.77 1.15 1.18
2006/02/09/22/15/51 −69.8583 −33.4172 3.16 1.3 0.217 55.95 2.54 1.28 1.41
2006/02/10/22/28/48 −70.221 −33.1476 5.24 1.6 0.08 338.55 6.09 4.03 4.26
2006/02/11/16/44/53 −70.2309 −33.1359 7.9 1.8 0.144 22.19 3.23 1.32 1.4
2006/02/16/04/56/12 −70.5651 −35.0144 6.63 1.8 0.354 352.7 2.7 1.47 4.71
2006/02/16/17/13/27 −69.8105 −33.4336 3.72 2.2 0.119 59.5 4.1 1.54 2.27
2006/02/17/03/42/57 −70.0653 −34.1374 0 1.9 0.171 6.51 6.73 4.24 4.37
2006/02/18/02/16/09 −70.0282 −34.1362 3.49 1.1 0.103 301.82 2.37 0.94 1.75
2006/02/18/18/06/33 −70.2376 −33.1337 8.29 1.4 0.131 62.71 1.6 0.92 1.26
2006/02/19/13/45/56 −70.2726 −34.5943 7.15 – 0.054 347.53 5.97 3.35 2.27
2006/02/21/10/01/10 −70.4758 −33.9472 12.1 0.4 0.067 352.27 1.54 0.75 2.25
2006/02/24/21/47/51 −70.1892 −33.048 7.21 2.4 0.071 12.76 5.68 3.1 1.91
2006/02/28/20/18/01 −70.2732 −34.1219 0.12 1.9 0.058 45.39 5.44 2.67 2.69
2006/03/03/19/10/37 −69.9769 −33.9201 2 0.2 0.107 274.83 1.83 0.76 2.09
2006/03/05/07/23/20 −70.3248 −34.2781 7.24 2.3 0.006 347.94 5.92 5.24 3.94
2006/03/05/12/47/34 −70.0676 −34.0048 5.04 1.5 0.015 299.33 2.36 1.07 2.62
2006/03/09/07/29/57 −70.0745 −34.0095 1.57 1.4 0.143 292 1.48 0.72 0.9
2006/03/10/09/00/50 −70.3295 −34.0886 1.63 1.4 0.078 328.66 1.02 0.64 1.39
2006/03/10/09/25/08 −70.0339 −34.1564 3.7 1.5 0.087 298.87 4.82 1.57 4.72
2006/03/11/05/48/55 −70.2154 −34.5574 3.78 1.9 0.171 351.68 3.86 2.31 2.7
2006/03/12/09/00/51 −70.1941 −34.3176 7.57 1.5 0.202 339.73 2.89 1.14 1.16
2006/03/12/20/30/20 −70.3467 −34.08 1.82 1.6 0.166 327.82 0.83 0.56 1.21
2006/03/13/05/10/21 −70.0365 −33.9419 3.67 1.9 0.034 302.81 2.41 1.35 4.24
2006/03/14/04/55/50 −70.3267 −34.0877 2 1.9 0.228 332 2.13 0.8 2.61
2006/03/14/06/00/55 −70.0476 −34.0446 1.39 0.8 0.034 302.04 2.67 1.05 1.49
2006/03/16/09/10/18 −70.3313 −34.0796 2 1.9 0.136 339.23 1.38 0.63 1.75
2006/03/18/23/47/07 −70.0419 −34.1812 0.99 1.8 0.162 306.64 2.49 0.71 1.3
2006/03/19/00/10/44 −70.2866 −34.6076 8.31 1.1 0.487 322.06 2.49 1.14 1.53
2006/03/19/09/14/40 −70.0416 −34.0384 6.07 1.4 0.162 292.7 1.67 0.7 0.96

(continued on next page)
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Table 1 (continued)

Seismic events parameters Location uncertainties parameters

Origin Time Location parameters Magnitude TWRN Error ellipse edepth

Year/Month/Day/Hour/Min./Sec. Long. (°) Lat. (°) Depth (km) (Coda) (sec) Strike (°) smajax (km) sminax (km) (km)

2006/03/19/09/41/36 −70.0056 −34.0249 5.53 0.6 0.127 299.81 3.25 1.17 3.24
2006/03/19/17/49/00 −70.0576 −34.1066 2.14 1.2 0.215 299.62 1.81 0.73 1.34
2006/03/19/18/16/06 −70.1972 −33.1257 6 2 0.221 350.26 4.95 2.94 3.65
2006/03/21/02/27/58 −70.0649 −34.1183 0.98 1.9 0.053 304.49 2.61 0.94 2.36
2006/03/22/03/16/08 −70.0656 −34.1133 2.45 1.8 0.012 288.81 7.2 1.71 2.19
2006/03/22/06/25/18 −69.9629 −33.5624 7.7 2.1 0.106 69.22 1.69 0.84 1.24
2006/03/22/15/28/21 −70.1188 −34.0169 1.7 2.4 0.036 290.12 1.81 0.98 1.5
2006/03/27/02/19/25 −70.1229 −33.9216 7.29 1 0.322 278.78 1.1 0.63 0.72
2006/03/27/04/31/31 −70.343 −34.0949 5.5 2.5 0.041 293.45 3.7 2.28 5.68
2006/03/28/00/15/53 −70.2128 −34.3283 5.91 1.7 0.256 328.92 2.62 0.98 1.65
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2002; Wienecke et al., 2007; Gimenez et al., 2009; Alvarez et al.,
2015a, 2015b). This method involves the solution of the fourth
order differential equation that describes the flexion of a thin plate
(a concept introduced by Vening-Meinesz, 1939). This procedure
allows the analytical calculation of the deflection of a plate with an
irregular topographic load (Wienecke, 2006). Additionally, it calcu-
lates the flexural parameters between the crust-mantle interface ob-
tained by gravity inversion (observed Moho) and the crust-mantle
interface provoked by the deflection of the topographic load (flexure
model). In order to calculate the elastic thickness (Te) the Lithoflex
software was used (Braitenberg et al., 2007; Wienecke et al., 2007).
To calculate the crust-mantle discontinuity produced by the topo-
graphic load, we used the digital elevation model ETOPO1 (Amante
and Eakins, 2008). From the gravity model EGM2008, up to degree
and order 2159 (Pavlis et al., 2008, 2012), we estimated the undula-
tion of the gravimetric discontinuity between the crust and upper
mantle by gravimetric inversion. This method is based on an iterative
algorithm that alternates downward continuation with direct for-
ward modeling (Braitenberg and Zadro, 1999) and is somewhat
analogous to the Oldenburg – Parker inversion approach (Parker,
1972; Oldenburg, 1974; Braitenberg et al., 2007).
Fig. 5. Depth error analysis for the 77 earthquakes which are shown in Fig. 4 and Table 1. Blue
plotted against the numbers of stations used for each earthquake location. The horizontal c
references to colour in this figure legend, the reader is referred to the web version of this artic
Calculation of the elastic thickness requires as input parameters den-
sity contrast andmean reference depth. The contrast between the crust
and the upper mantle was assumed as a constant value of −0.4 g/cm3
and for the normal crust thickness the standard value used is 35 km.
The densities adopted are standard values previously used by
Introcaso et al. (2000), Gimenez et al. (2000) and Miranda and Robles
(2002) for nearby regions. The range of values inwhich the elastic thick-
ness varies must be limited. For this study we considered a range be-
tween 1 b Te b 50 km, in moving windows of 40 km × 40 km for the
study area. In order to avoid border effects, the area of analysis was ex-
tended 20 km away from the study area.

3. Results

3.1. Seismic experiment and earthquake processing results

Before obtaining the final results (Fig. 4 and Table 1), we chose a
subset of events for the relocation process with the most
constraining results and lowest weighted residual norm (wrn). The
selection criterion was semi-major axis of error ellipse b20 km (hor-
izontal error), semi-confidence interval b 20 km (vertical error) and
crosses constitute the different earthquakes. The horizontal a) and b) vertical errors are
) and d) vertical errors are plotted against the azimutal GAP. (For interpretation of the
le.)



Table 2
Preliminar focal mechanism solutions obtained from P first motion using HASH software. Equal area projection of inferior hemisphere was used. IN: Identification Number. The two nodal
planes are indicated by strikeN, dipN and rakeN parameters. The solutions that are shown in this work (strike, dip and rake of each nodal plane) represent a preferred solution which was
obtained by theHASHafter a set of acceptable solutions for each eventwere averaged. The uncertainties in the strike anddip (nodal plane 1) are given by strikeNP1 and dipNP1, respectively.
The quality (Qual.) criterion is from Hash et al. 2005. The percent of real mechanisms “close” to average mechanism is given by PMNS.

IN Seismic events parameters Focal mechanism solutions

Origin Time Long. Lat. Depth Nodal plane 1 (°) Nodal plane 2 (°) Uncertainties (°) N° Qual. PMNS

Year/Month/Day/Hour (°) (°) (km) Strike Dip Rake Strike Dip Rake Strikenp1 Dipnp1 Pol

1 2006/01/06/09/25/47 −70,0658 −33,7147 7,07 103 35 29 349 74 121 26 29 23 B 69
2 2006/01/08/03/08/25 −70,1062 −34,3298 6,62 113 41 −40 235 65 −123 42 42 26 D 33
3 2006/01/08/03/46/28 −70,1142 −34,3262 7,94 43 48 −120 264 50 −61 47 45 21 D 26
4 2006/01/08/08/24/24 −70,1068 −34,329 6,91 35 41 −107 237 51 76 43 41 20 D 32
5 2006/01/18/11/56/51 −70,4797 −33,9537 13,63 190 72 87 20 18 99 33 34 21 B 60
6 2006/01/19/01/04/35 −70,3283 −34,0962 8,55 264 18 −38 31 79 −104 48 57 16 D 23
7 2006/01/21/11/13/10 −70,0188 −34,1798 8,21 46 65 −147 301 60 −29 49 45 17 D 25
8 2006/02/01/13/23/36 −70,475 −33,9528 10,98 195 87 125 289 35 5 50 55 10 D 22
9 2006/02/21/10/01/12 −70,4758 −33,9472 12,1 151 81 86 355 10 114 49 50 10 D 22
10 2006/03/19/09/14/40 −70,0417 −34,0383 6,07 11 76 −172 279 82 −14 49 51 14 D 26
11 2006/03/19/17/49/01 −70,0577 −34,1067 2,14 7 52 −103 208 40 −74 46 43 12 D 31
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wrn b 0.5 s. From these relocated earthquakes, 12 seismic events
which presented horizontal and/or vertical errors higher than
±8 km were rejected. When the number of stations became higher
than 8, horizontal and vertical errors decreased noticeably (Fig. 5a
and b). The best results according to the weighted residual norm
were obtained considering that data errors follow the Laplace distri-
bution (two-sided exponential). Otherwise higher errors appeared
when the azimuthal gap was N275° (Fig. 5c and d). The final results
showed 77 intraplate events with less scattered solutions that locat-
ed mainly in the first 10 km of the upper crust. The magnitudes of
these earthquakes go from 0.2 to 3.0.

The HASH quality indicator found only 2 with good quality for the
11 solutions (for details see quality table in Hardebeck and Shearer,
2005). The focal mechanisms with quality D exhibit large uncer-
tainties in nodal plane determinations and low probability to find
the real mechanism near the solution. Otherwise events 2, 3 and 4
(Table 2) with quality D correspond to a set of main shock and
their aftershocks. So considering that the azimuthal distribution of
the first motions is not enough to construct a single focal mechanism
for these three earthquakes, we computed the composite focal
mechanisms solution (67 P-wave polarities data) achieving a more
reliable solution (Sbar et al., 1972). In order to solve the composite
focal mechanism one major assumption is taken in which the used
aftershocks need to share the same focal mechanism (the same radi-
ation pattern) as the main shock. We run HASH code in SEISAN plat-
form to find the composite focal mechanism solution for these three
events and consequently the uncertainties in nodal plane determina-
tion notably diminished. Table 3 and Fig. 6 show the final focal mech-
anism solutions.
Table 3
Final focal mechanism solutions considering that the total of solution show in Table 2 have a low
solution using the polarities data for a Ml 3.0 principal shock (2006/01/08/03/08/25) and two

IN Seismic events parameters Focal mechanism

Origin Time Long. Lat. Depth Nodal Plane 1 (°

Year/Month/Day/Hour (°) (°) (km) Strike Dip

1 2006/01/06/09/25/47 −70,0658 −33,7147 7,07 103 35
2 2006/01/08/03/08/25 −70,1062 −34,3298 6,62 65 23

2006/01/08/03/46/28 −70,1142 −34,3262 7,94
2006/01/08/08/24/24 −70,1068 −34,329 6,91

3 2006/01/18/11/56/51 −70,4797 −33,9537 13,63 190 72
3.2. Elastic thickness results and relation to crustal seismicity

When interpreting the computed Te values, representative of crustal
rigidity, these highlight the increase of rigidity in the back-arc over the
flat-slab region, as noted in previous works (Stewart and Watts, 1997;
Tassara, 2005; Alvarez et al., 2015a). Perez-Gussinyé et al. (2008) pro-
posed that flat slabs are characterized by high Te values, high shear
wave velocity, thick thermal lithosphere and low heat flow. In this set-
ting, the subducted slab flattens, traveling subhorizontally and repelling
the asthenospheric wedge hundreds of kilometers to the east. Intraplate
seismicity (Fig. 7) is well correlated with high Te values in the back-arc
region over theflat slab, this high Te value is explained by the absence of
a magmatic arc since the Late Miocene. Similar results were found by
Alvarez et al. (2015a).

Alvarez et al. (2015b) also found a close correspondence between
the contours of the subducted Nazca slab (plate morphology) and Te
variations (higher than 5 km) along the southern region of the flat
slab. Low Te values along the Main Andean axis indicate that the
plate has no strength (classical Airy model for local compensation).
Te results are consistent with previous isostatic analyses for the An-
dean region at these latitudes (Stewart andWatts, 1997; Tassara and
Yáñez, 2003; Tassara et al., 2007; Perez-Gussinyé et al., 2008; Sacek
and Ussami, 2009).

South of 33°S, where the oceanic plate gets progressively
steeper acquiring a ‘normal’ dip angle, the back-arc region is char-
acterized by broad volcanic fields associated with deep astheno-
spheric anomalies (Burd et al., 2014). Low Te values estimated in
this area reflect a weakened upper plate in the back-arc as
shown in Fig. 7, in coincidence with the low and scarce seismicity
percent of real mechanisms “close” to average mechanism. The solution 2 is a composite
of their aftershocks (2006/01/08/03/46/28 and 2006/01/08/08/24/24).

solutions

) Nodal Plane 2 (°) Uncertainties (°) N° Qual. PMNS

Rake Strike Dip Rake Strike Dip Pol

29 349 74 121 26 29 23 B 69
−65 218 69 −100 18 16 67 – –

87 20 18 99 33 34 21 B 60



Fig. 6. Focal mechanism solutions from P-first motion using HASH code. Only epicenters near eachmechanism are shown with blue circles. The southernmost mechanism is shownwith
the main shock (Ml = 3) and its aftershocks in violet circles. With blue colour and white colour the compressional and dilatational area are shown, respectively. Near each mechanism
there is a number which correspond to the identification number in Table 3. In the three profiles there is a noticeable hypocenter alignment with one of the nodal planes. In profile 3
the seismic events used to obtain the composite solution are indicated with black line. Additionally the violet circle of the principal shock is distinguished from the other with a black
line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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registered in this work. Along the volcanic arc (33° to 34.5°S) the
cluster of shallow depth seismicity (blue circles in Fig. 7) is nucle-
ated close to high Te values which spans along the entire fore-arc.
To the south of 34.5°S shallow depth seismicity decreases as Te di-
minishes up to 35°S, where high Te values moves away towards
the coast. South of this latitude almost all seismicity vanishes as
volcanic intensity increases.
4. Discussion

Using a dense network between ~33°S to 34.5°S, and appropriate lo-
cation software, we determined that most of the located crustal earth-
quakes appear on the western Andean slope. These data have been
located with horizontal and vertical errors lesser than ±4 and ±3 km
respectively, allowing assigning them to the western flank of the



Fig. 7. Elastic thicknesses on the Andes and crustal seismicity. Note that higher earthquake
density occurs at the edges of areas of relatively higher Te. North of 33.5°S crustal
seismicity hosted in the back-arc nucleated in areas of high Te. Between 33.5° and 35°S
seismicity concentrates in the fore-and intra-arc zones and nucleates on the edges of a
rigid block associated with Paleozoic rocks outcropping in the Coastal Cordillera. Low
elastic thicknesses in the transition zone from ~33°S to 39°S are explained by
asthenospheric upwellings associated with slab tearing processes at ~38°S described in
Pesicek et al. (2012) and plume activity between 35° and 37°S (Burd et al., 2014; see
Rojas Vera et al., 2014 and Folguera et al., 2015 for a discussion). This could explain how
low elastic thicknesses towards Patagonia would inhibit the development of crustal
seismicity in the fore-arc and arc regions.
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Principal Cordillera. Even though most of these events were located on
this western flank showing an important concentration of seismic activ-
ity that is absent to the north, their number diminishes considerably to
the south across the fore-arc zone. Only three reliable focal mechanisms
solutions were obtained in this group (Table 3 and Fig. 6). The mecha-
nism 1 and 3 presented thrust mechanism solutions with high and
small strike-slip components, respectively. The focalmechanism2 is ob-
tained from a composite of three earthquakes and.

represents a normal solution with small strike-slip component.
For the focal mechanism 1, we interpreted that its north-south
nodal plane (although considering its dip uncertainty the dip could
be smaller) corresponds to the fault plane and could be related to
the activity of Laguna Negra fault described in field studies by Fock
(2005). This fault was identified like a west-vergent back-thrust
fault which affects Cenozoic sections (Cornejo and Mahood, 1997).
So considering the focal mechanism depth, the Laguna Negra fault
could be extended at deeper level. Focal mechanism 2 is interpreted
as a local extensional reactivation of de El Fierro fault, which is a
plausible mechanism for this sector of the Andes that has suffered
since 3 Ma an extensional reactivation (Folguera and Ramos, 2009;
Ramos et al., 2002). Finally, focal mechanism 3 located at a depth of
~14 km is not directly related to outcropping structures and is most
likely reflecting the activity of a basal decollement. If we considered
its near horizontal nodal plane (with dip uncertainty) as the fault
plane, its focal mechanism could be related to the main decollement
proposed by Giambiagi et al. (2014).

When plotting seismic events from southern South American from
the EHB catalog with the earthquakes located in this work, a rapid
change between an active back-arc north of 34°S to an almost inactive
retro-arc sector in the south is seen (Fig. 8). This change coincides
with a strong precipitation rate gradient through the fore-arc zone.
While north of 34°S precipitation rates are below 500 mm/yr, south of
these latitudes these rates rapidly increase to 700 and then above
1000 mm/yr (Fig. 9) (Carretier et al., 2014).

Besides this, there is a correspondence between the seismogenic
zone implanted south of 34°S and the catchment average rates of decad-
al erosion from suspended sediments and millennial erosion from 10Be
in river sands (Fig. 9 and Fig. 10) (Pepin et al., 2010; Carretier et al.,
2013, 2014).We propose as a hypothesis that precipitation and erosion-
al rates could be determining sub-critical conditions on this region (pro-
wedge of the subduction system in the fore- and arc-zones) triggering
shallow seismicity as a need to restore the critical tape angle through
out-of-sequence thrusts. Sediment trench fill south of 35°S could also
play a roleweakening plate coupling and hence inhibiting back-arc seis-
mic activity.

Besides this, gradual change to higher degrees in subduction angle
could also inhibit mountain building far from the Chilean trench
(Nacif et al., 2015). On the fore-arc and intra-arc, crustal seismicity is al-
most non-existent north of 33°S implying a rigid block that is
transported eastwardly at expenses of back-arc structures that accom-
modate shortening. Additionally, this rigid fore-arc coincides with an
area of low precipitation and erosion rates. To the south, between
33.5°and 35°S, the fore-arc and intra-arc become seismically active in
relation to the activity of structures in the fore-arc and intra-arc coincid-
ing with the latitudes of higher erosion rates (Figs. 9 and 10c). Even
though crustal earthquake distribution persists to the south over the
back-arc sector, it develops with a marked fall in activity that could be
explained by low elastic thicknesses on this region related to thermal
anomalies potentially associated with asthenospheric anomalies and
slab tearing processes.

(Fig. 7) (Pesicek et al., 2012; Burd et al., 2014; Sagripanti et al.,
2015; Rojas Vera et al., 2014) and those processes could be affecting
the fore-arc and intra-arc region. Also at the fore-arc and intra-arc
region south of ~35°S there is a noticeable shallow seismicity de-
creases which could be associated with the increases in volcanic in-
tensity and reflected by the moves away towards the coast of the
high Te values.

5. Conclusions

From a high density-seismic network installed between ~33°S to
34.5°S over the Chilean fore-arc and axial Andean sector, the record-
ed shallow seismic activity is located mainly at depths shallower
than 10 km on the western Principal Cordillera. This implies a strong
segmentation of crustal seismicity in the Southern Central Andes
from a seismically active eastern topographic break, from the
Subandean system bordering the Altiplano to the Precordillera in
the Chilean-Pampean flat slab to the fore-arc and intra-arc south of
34°S. Additionally, a nearly inactive back-arc at these latitudes coin-
cides with the establishment of seismic activity on the fore-arc and
intra-arc region.

This seismically active westward verging system coincides with
a change in precipitation and erosion rates across the Andes as



Fig. 8. Two cross sections throughout the southern Central Andes, one at the Pampean-Chilean flat subduction zone and the other over the 27°E dipping subduction zone to the south,
showing structures associated with crustal seismicity and others with Neogene activity. Moho inverted from gravity data is indicated as a reference. The hypocenters from EHB
Bulletin Catalog are shown with red circles (interplate seismic events) and with green circles (South American intraplate seismic events). The hypocenters located in this work are
shown with blue circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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determined in previous studies. This relation could be explained by
subcritical states of the orogenic wedge south of 34°S. Decoupling of
the subduction interface due to a thicker trench-sediment infill
could also play a role inhibiting back-arc activity. However, this
cannot explain the lack of seismicity in the fore-arc and intra-arc
zone north of these latitudes where the trench is nearly starving. In-
homogeneous distribution of seismic activity through the fore-arc
and intra-arc south of 34°S is explained by the volcanic intensity in-
creases (along the intra-arc south of ~35°S) and by mantle anoma-
lies associated with shallow plume activity and tearings on the
Nazca plate feeding the Payenia volcanic field inferred from com-
puted elastic thicknesses.
Fig. 9. Detail of the epicenters determined in this work over the western Andean slope south o
erosive rates determined in Carretier et al. (2014) in this zone (see Fig. 10).
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Fig. 10. a) Intraplate shallow seismicity in the transition zone from the Southern Central to the northern Patagonian Andes. Blue and green circles are epicenters located in this work and from
EHB bulletin, respectively. b) Precipitation rates from Carretier et al. (2014). c) Red arrows: decadal catchment erosion rates from suspended sediment from Pepin et al. (2010) and Carretier et
al. (2014) andviolet arrows:millennial catchment-meanerosion rates from 10Be concentration in river sand (Carretier et al., 2013, 2014, Pepin et al., 2010). The scale is indicated by the segment
in the lower inset. Catchment areas are not shownhere, for detail see Fig. 2 in Carretier et al. (2014). e) Volume of sediments in the trench. Only the sediment thickness scale is shown here, the
topography scale is the same than in a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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