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Abstract

Active slip partitioning between the subduction megathrust and the upper plate is
investigated in the oblique-convergence setting of the Nazca-South American plate
boundary between 33° and 47° S. This segment has two major along-strike bends:
the Maipo Orocline (~34° S) and the Arauco Peninsula (~38° S), whereas south of
38° S, lies the intra-arc Liquifie-Ofqui Fault System (LOFS). Here we examine long-
and short-term upper-plate deformation by combining a hagmonized catalog of about
2,300 fault-slip measurements in the forearc and arc regions; from which we derive
P-T axes using kinematic inversions, along with angintegrated seismological
database for upper-plate events (1976-2025)£Including global and local networks.
These data are categorized by forearc, ar€, andéback-arc regions. We identify four
distinct tectonic segments based on ihe“spatialidistribution of P and T axes in the
long-and short-term: (1) 33°-34°“§y, shewing“both ~E-W and ~N-S subhorizontal
shortening in the forearc anddarc areas, suggesting active radial shortening; (2) 34°—
37° S, dominated by mostly“Blind, seismogenic, margin-parallel dextral faults along
with NW- and NE-trefiding structures running at a high angle with respect to the plate
margin (called gransverse“faults here); (3) 37°-41° S, where margin-orthogonal
subhorizontalshortening in the submerged forearc coexists with nearly margin-
parallel shortening“imythe emerged forearc, with contemporaneous dextral slip along
the LOFS and ~E-W shortening accommodated by transverse NE-trending dextral
and NW-trending sinistral seismically active faults; and (4) 41°—47° S, a region
governed mainly by the geometry and kinematics of the LOFS strike-slip duplex.
Kinematic indicators on mesoscopic faults (mostly slickenfibers) and a lack of
pseudotachylytes suggest a considerable aseismic component to upper-plate fault

slip, implying that morphotectonic slip rates may overestimate seismic hazard.
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Future detailed geodetic data may help better constrain the relative contributions of

aseismic and seismic slip on the upper-plate faults in this Andean segment.

Resumen

Explorando la particion del deslizamiento en los Andes del Sur: Nuevas
perspectivas a partir de datos de deslizamiento de fallas y sismicidad cortical.
La particion del vector de convergencia entre la zona de subduccion y la placa
superior es analizada en el contexto de la convergencia oblicua¢éntre las placas de
Nazca y Sudamérica, desde los 33° S hasta los 47° S@Este segmento presenta dos
marcadas curvaturas en el margen continental: el Oro¢lino de Maipo (~34° S) y la
Peninsula de Arauco (~38° S), mientras quefal sur,de 16s§88° S se desarrolla, en el
dominio de intra-arco, el Sistema de Fallas Liguine-Ofgui (SFLO). En este trabajo se
examina la deformacién de lagplaca superior mediante un catalogo de
aproximadamente 2.300 mediciones<de fallas en las regiones del antearco y del
arco, junto con datos sismelogicos de eventos entre 1976 y 2025, procedentes de
redes globales y locales, categerizados como de antearco, arco y trasarco. Se
identifican cuatro segmentos tectonicos con base en la distribucion espacial de los
ejes Py T: (1) 33%-34°"S"eon acortamiento subhorizontal en direcciones ~E-O y ~N-
S, lo que sugiergyacortamiento radial; (2) 34°-37° S, dominado por fallas dextrales,
en su mayoria ciegas, sismogénicas y paralelas a la margen, junto con estructuras
sismogénicas de rumbo NO y NE; (3) 37°—41° S, donde coexiste un acortamiento
ortogonal al margen en el antearco sumergido con otro paralelo al margen en el
antearco emergido. Adicionalmente, ocurren fallas transversales sismicamente
activas, NO y NE, sinistrales y dextrales, respectivamente; y (4) 41°—47°, una region

gobernada principalmente por la geometria y cinematica del SFLO. Indicadores
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cinematicos en fallas mesoscépicas (e.g., fibras de crecimiento) y la ausencia de
pseudotaquilitas sugieren una componente asismica significativa, lo que puede
llevar a sobreestimar el peligro sismico calculado mediante estimaciones
morfotectonicas. Futura informacién geodésica de detalle puede contribuir a
discriminar de mejor manera el deslizamiento sismico del asismico en las fallas de

la placa superior de este segmento de los Andes.

INTRODUCTION

The partitioning of upper plate deformation at obliguely convergent margins has
been studied for over fifty years (e.g., Fitch, 1972;darrard, 1986; Beck, 1991;
McCaffrey, 1992, 1996; Canora et al., 2014; Stanton®¥onge et al., 2016). Early
research by Fitch (1972) proposed that the obligue convergence vector is partitioned
into margin-orthogonal and margin-parallel slip components, with the former mainly
accommodated by the subduction zone and the latter by an intra-arc strike-slip fault
system within the upper plate. Beck (1991)"and McCaffrey (1992) provided important
insights by suggesting that most ebliquely convergent margins only show partial slip
partitioning, where onlyapart of the oblique convergence is absorbed by oblique
displacement at'the plate"boundary, leading to a smaller residual margin-parallel slip
vector than otherwiseassumed in earlier studies. Some years later, de Saint
Blanquat et al. (1998) refined earlier deformation and slip partitioning models by
proposing a conceptual framework for transpressional magmatic arcs as a general
model for obliquely convergent margins (Teyssier et al., 1995). In their model, they
define margin-parallel domains in the upper plate that accommodate not only one
component of the convergence vector but different degrees and combinations of

strike-slip and shortening deformation (Fig. 1). This framework was further improved
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and applied to the specific case of the Southern Andes by Lavenu and Cembrano

(1999).

Recent seismological studies in the Chilean margin have suggested that the
accommodation of the margin-parallel component of the plate convergence vector
within the upper plate is more complex than previously understood (e.g., Sielfeld et
al., 2019a; Pérez-Estay et al., 2020). These studies revealed significant variations in
earthquake focal mechanisms within the brittle crust of thegeontinental plate, in both
kinematics and orientations. Structural geology studies havesindependently reported
similar behavior in the long-term deformation recorded in exhumed faults, suggesting
that the margin-parallel component is accommi©dated by numerous reactivated and
new faults with varying strike, dip, and kin€matics, many of which show evidence of
activity from the Pliocene to the Quatgfnary, (Perez-Flores et al., 2016; Sielfeld et al.,
2017). Numerical models support theése“field observations, highlighting the
importance of fault strike relative t@ thetmargin and showing that a range of fault
kinematics can coexist to‘j)agtommodate the margin-parallel slip component
(Stanton-Yonge et ahk, 2016). Analog models of the Southern Andean oblique
subduction plateginargin “a@re consistent with these observations as well (e.g.,

Eisermann etal,, 2024,).

Overall, evidence from seismology, structural geology, and numerical modeling
suggests that slip complexity involves not only margin-parallel faults but also
transverse faults, which significantly contribute to accommodating fault slip in the
upper plate. In this study, we present a review of the existing published
seismological and field structural data for the Southern Andes between 33° and 47°

S, a segment marked by the end of flat subduction in the north (e.g., Jordan et al.
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1983) and the Chile Triple Junction in the south (e.g., Forsythe and Nelson, 1985).
This continental segment features two sharp inflections of the plate margin, one at
~34° S (Maipo Orocline) and another around 38° S (Arauco Peninsula) (Fig. 2).
Notably, two significant earthquake rupture zones associated with subduction
megathrust earthquakes overlap at the Arauco Peninsula: the 2010 Maule
earthquake and the 1960 Valdivia earthquake (e.g., Moreno et al., 2009, 2012; Vigny
et al., 2011). This latter region therefore represents a critical tectonic element of the
plate margin (e.g., Melnick et al., 2009), marking a slight but_significant change in

plate obliquity (e.g., Stanton-Yonge et al., 2016) (Fig42)-

In this manuscript, we aim to improve our undefstanding of hew deformation and slip
resulting from oblique plate convergence are accommodated in the upper plate. Our
newly integrated structural and seiSmalogicalyevidence strongly suggests the
existence of four consecutive Andeandsegments that have experienced unique
tectonic evolution since the ANeogene. This segmentation offers important insights
into the fundamental mechanisms underlying plate margin deformation and the

seismic hazards (andjpossible riskspassociated with potentially seismogenic faults.

2. TECTONIC AND GEOLOGICAL SETTING

2.1. Geology and, crustal structure of the Southern Andes

The Andean mountain range between 33° and 47° S shows a slightly deformed,
rigid, and cold forearc region adjacent to a weaker and hotter magmatic arc domain
(e.g., Tassara and Yanez, 2003; Farias et al., 2006; Cembrano and Lara, 2009;
Gerbault et al., 2009). This segment is characterized by a slightly dextral-oblique
convergence between the Nazca and South American plates, occurring at a rate of

approximately 7 cm/year (e.g., Angermann et al.; 1999; Quiero et al., 2022). Oblique
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convergence has been dominant at the plate margin for the past ~20 Myr (Pardo-
Casas and Molnar, 1987; Somoza, 1998), with slight transient variations in the
obliquity angle (<10°) on timescales of a few Myr (Quiero et al., 2022). The southern
boundary of the study region is defined by the Chile Triple Junction, where the active
Chile Ridge, which separates the Nazca plate from the Antarctic plate, is subducted

beneath the continent (Figs. 2 and 3).

The regional geological units between 33° and 47° S formfbelts roughly parallel to
the margin, from Paleozoic plutonic, volcano-sedimentary, and metameorphic rocks in
the forearc to Meso-Cenozoic plutonic and volcano-sedimentary formations in the
arc and back-arc regions (Fig. 2). In between, scattered outcrops of Oligocene-
Miocene rocks, predominantly obscured by imore recent volcano-sedimentary

deposits, are present (Fig. 2).

Between 33° and 38° S, the basementifock units of the volcanic arc consist primarily
of extensive outcrops of Meso-Cenozoic volcanic and volcano-sedimentary rocks,
locally intruded by Neogene plutens (e.g., Charrier et al., 2002; Farias, et al., 2007,
Piquer et al., 2010; Pearce et al., 2020) (Fig. 2). This setting dramatically changes
south of ~38° Sjiwhere“velcanoes are mostly constructed directly on top of Meso-
Cenozoic plutonig,rocksy(Hervé et al. 1994; Stern et al. 2011) (Fig. 2). Consistently,
Cenozoic regional exhumation rates, determined using both apatite and zircon
fission track data along the main range, show a sharp increase at around 38° S.
There, exhumation rates jump from <0.1 mm/year in the north to >1 mm/year to the

south (e.g., Thompson, 2002; Glodny et al., 2008).

Moreover, the crustal thickness beneath the magmatic arc steadily decreases from

approximately 55 km at 33° S to 35 km at 46° S, paralleled by a decline in the
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average elevation of the Main Cordillera, from 5,000 m to under 2,000 m (Tassara

and Yanez, 2003; Cembrano and Lara, 2009).

2.2. Short-term slip partitioning

To characterize the short-term crustal deformation between 33° and 47° S, we
compiled a comprehensive focal-mechanism catalog of Mw>5.0 earthquakes in the
upper plate, spanning the entire forearc, arc and back-arc regions (Fig. 2). Compiled
from global network sources, the catalog aims to provide @ present-day snapshot of
the state of stress and slip partitioning along and®across the gplate boundary.
Relevant (Mw>7.0) subduction earthquakes were ‘alsogrecorded (Stanton-Yonge et
al., 2016), enabling the calculation of thedmargin-pafallel” component of oblique

subduction and its variation along strike (Fig:“2)¢

The dataset was constructed by{integratingmfeeal-mechanism solutions from the
Global Centroid Moment Tensor (GCMTy, Ekstrom et al., 2012) and the Advanced
National Seismic System Camprehensive Catalog (ANSS-ComCat; U.S. Geological
Survey, 2017), harmg@nizing themato a unified format and retaining events within the
study area from_1976 to32025. Events were filtered, merged, and checked for
duplicates (&:g., Weatherill et al., 2016), and supplemented with relocated
hypocenters whereypavailable (Potin et al., 2025). Using slab interface geometry
(Hayes et al., 2018) and kinematic criteria similar to those applied in the New
Zealand Seismic Hazard Model (e.g., Gerstenberger et al., 2024), we classified
events into forearc, intra-arc, and back-arc domains. The classification criteria and
the full catalog, further divided into intra-slab, outer-rise, and deep earthquakes, are
detailed in figure S1 of the Supplementary Material. The P- and T-axes of

earthquakes for each class are shown in figure S2 of the Supplementary Material.
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More information regarding data processing and accessibility is provided in the Data

and Resources chapter at the end of this manuscript.

The seismicity related to the subduction interface exhibits reverse-slip and involves
~N-S striking nodal planes with P-axes trending nearly E-W (Fig. 2). This indicates
a P-axis direction slightly rotated clockwise (~10-20°) from the plate margin slip

vector (Stanton-Yonge et al., 2016).

In the submerged forearc (west of the coastline), the seismicityfisifocused in the
rupture zones of the Mw 8.8 2010 Maule and Mw 8.0s1985 Valparaiso earthquakes
(Fig. 2). Most of these events (41 out of 49; ~84%)are aftershocks of the 2010
megathrust earthquake, and can be grouped into threedpepulations: (1) 37 reverse-
slip events with nodal planes striking near N=§"and P-axes trending close to E-W,
similar to the subduction-related gvents; (2) nine normal-slip events with nodal
planes striking NW, NS, and NE; and(3) three strike-slip events with margin-oblique

nodal planes and P-axes trgnding NE (Fig. 2).

In the emerged forearc (east of thejeoastline), 23 earthquakes (12 of which occurred
before the 2010_Maule earthquake) can be grouped as follows: (1) 11 with margin-
oblique nodal, planes along the entire margin, either with strike-slip (three),
reverse/strike-slip(six), or normal/strike-slip (two) kinematics, exhibiting margin-
subparallel P-axes trending from N-S to NE; (2) six normal-slip earthquakes with
nodal planes striking near NW and near N-S, five of which are associated with the
Mw 6.9 2010 Pichilemu aftershock sequence (e.g., Aron et al., 2013); and (3) six

reverse-slip events with nodal planes striking mainly N-S (Fig. 2).

Intra-arc seismicity (28 events) is primarily represented by strike-slip events (Fig. 2),

with two exceptions: the normal, dip-slip, Mw 6.1 2007 Aysén earthquake, located at

9
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45.4° S (Legrand et al., 2011), and three reverse-slip earthquakes at 34°, 35°, and
42° S. In the northern part of the study region, between 33° and 34° S, strike-slip
events have a nearly E-W oriented horizontal P-axis, with NW- and NE-striking
nodal planes, exhibiting sinistral or dextral kinematics, respectively. Between 34° and
37° S, earthquakes show strike-slip kinematics with subvertical nodal planes striking
approximately N25°E (dextral) and N65°W (sinistral). South of 37° S, the events
show strike-slip kinematics, with nodal planes striking between, N20°W and N30°E,
mostly oriented from N-S to N10°E. Earthquake kinematics within the, southern part
of the arc maintain a consistent orientation, charactérizeéd by a subhorizontal, NE-
trending P-axes, as also documented by local seismelogical networks (Lange et al.,

2008; Pérez-Estay et al., 2020).

2.3. Long-term slip partitioning

The long-term regional-scale structure of the intra-arc and back-arc domains
between 33° and 35° S is defined/by east-verging, margin-parallel folds and thrusts
of Cenozoic age, representing the, westernmost part of the Aconcagua and Malargue
foreland fold-and-thrustibelts (e.g., Giambiagi and Ramos, 2002). Major regional
reverse faults affect the"Meso-Cenozoic volcano-sedimentary units, accommodating
a limited degree of shortening compared to the Andes of northern Chile (Giambiagi
et al., 2012). A similar intra-arc compression regime has been seismically recorded

in the 33°-34° S latitude range (Ammirati et al., 2022).

Available fault-slip data document the long-term stress and strain state of the forearc
and intra-arc regions since the Pliocene, revealing a local margin-parallel shortening
in the forearc and a NE-trending, subhorizontal maximum compression axis (01)

across the volcanic arc, the latter prevalent from 37° to 46° S (e.g., Arancibia et al.,

10
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1999; Lavenu and Cembrano, 1999; Cembrano et al., 2000; Lara et al., 2006). In the
arc domain, the main compressional stress axis aligns with many volcanic features
and dike trends (Cembrano and Lara, 2009; Sielfeld et al., 2017), a pattern that is

also consistent with contemporaneous margin-parallel dextral strike-slip deformation.

Although margin-parallel reverse faults dominate, there is evidence of conjugate NE-
striking dextral and NW-striking sinistral strike-slip faults in the forearc (Aron et al.,
2013; Santibanez et al., 2019), the magmatic arc (e.g., Rivegra and Cembrano, 2000;
Piquer et al., 2015, 2021), and the foreland (Mescua et al.,"2019; Olivar et al., 2022).
The major earthquakes recorded between 34-372'S (Mw>6), namely the Mw 6.5
2004 Teno and the Mw 6.0 2012 El Melad@;”have strike-slip focal mechanisms,
confirming the seismogenic nature of the(NE- and NW-trending faults in this area
(e.g., Sielfeld et al., 2019b). Moreover,“these are-oblique fault systems have been
proposed as structural controls on“tagmatism and mineralization (e.g., Piquer et al.,

2015).

Between 36° and 38° S, the ‘Argentine foreland is characterized by the Neogene
Chos-Malal and El Agriexfold-and-thrust belts (e.g., Folguera et al., 2004, 2007), with
active back-arc velcanism-eoeval with E-W compression along the El Agrio belt (e.g.,
Galland et al.,"2007)."In, contrast, the arc region, which lies within a fairly similar
latitude range, has ‘undergone arc-orthogonal extension during the Quaternary,
accompanied by a minor component of dextral strike-slip displacement (Melnick et

al., 2006).

West of the El Agrio lies the Antifiir-Copahue fault zone, an east-vergent, high-angle
fault system characterized by dextral transpressive and dextral transtensive faults,

which forms the orogenic front at these latitudes (Folguera et al., 2004). This fault

11
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zone merges southwestwards with the 1200 km-long Liquifie-Ofqui Fault System
(LOFS), a major intra-arc fault system that extends from 38° to 47° S (Herve, M.,
1976; Herveé et al., 1979; Hervé, 1994; Cembrano et al., 1996; Folguera et al., 2002;
Rosenau et al., 2006; Pérez-Flores et al., 2016; Sielfeld et al., 2019a). Evidence
from ductile-to-brittle shear zones suggests that the LOFS has been active as a
transpressional dextral strike-slip structure for at least the past 6 Myr (Arancibia et
al., 1999; Cembrano et al., 2002), and that it may have actedsas a leaky transform
fault ~25 Ma ago (Hervé et al., 1995). This fault was believedfto be spatially and
genetically linked to sedimentation, local magma ascént,"and concemitant pillow lava
formation under a deep-rooted transtensional regimé (Hervé et al., 1995). The
shortening component of Pliocene-to-recent intra-arc defermation increases to the
south as the LOFS approaches the_Chile¥ TriplegJunction (e.g., Lavenu and

Cembrano, 1999; Cembrano et al., 2002; Thompson, 2002; Rosenau et al., 2006).

In the study area, a landmark paper providing an overview of different stress states
associated with individual volean©es is that of Pérez-Estay et al. (2023). The study
used available fault-slip. data and earthquake focal mechanisms to classify volcanoes
by their stress states. A key conclusion is that the stress regime along the arc is
neither uniform, nor<ef a single type; instead, it exhibits a spatial and/or temporal
coexistence of distinet and even opposing stress regimes, a pattern also recognized
in previous studies, albeit at more local scales (e.g. Pérez-Flores et al., 2016). The
most frequently observed regime corresponds to the one initially identified at the
regional scale: a strike-slip regime with o1 and o3 orientated NE and NW,
respectively. Additionally, a localized stress regime with a vertical o1 has been
systematically observed in several large volcanoes, likely resulting from transient

stress rotation driven by magma pressure (Pérez-Estay et al., 2023).
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3. METHODS AND RESULTS
3.1. Long-term deformation: fault slip data from crustal faults, a harmonized

new compilation.

Over the past 15 years, the quantity and quality of fault-slip data collected in the
field, particularly in the volcanic arc region, have significantly improved, yielding new
insights into Pliocene and younger slip partitioning and the regional and local
strain/stress states (Sanchez et al., 2013; Pérez-Flores etfal., 2016; Sielfeld et al.,
2019a, b; Ruz-Ginouves et al., 2020; Mura et al., 2028)f"Figure’ 3 presents a
summary of all the data collected from structural sités mapped, by our research group
since the early 1990s (see the Data and Résources chapter at the end of this
manuscript for the complete dataset). We delibegately included only results from our
group because the conceptual approachiand field shethodology have been applied
consistently, using the same geological and“structural criteria to define the geometry
and kinematics of mesoscopi€ faults (seegfor instance, Pérez-Flores et al., 2016). In

the Discussion section these'tesults are placed into a broader literature context.

Our compilation includes, around 2,300 mesoscopic fault surfaces, for which we
recorded the strike, dip,“and'rake of the striae. These faults affect Cretaceous to
recent rock unitspalthough only those that are clearly post-Miocene were considered
in the analysis of current slip partitioning because the plate convergence vector, as
stated earlier, has remained nearly constant in magnitude and direction over the past
20 Myr. Faults affecting Cretaceous and Paleogene rock units in the forearc are
presented to account for earlier deformation patterns expected to differ from those of

neotectonic activity.
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Faults were identified and measured along the master and subsidiary faults of the
LOFS, along NW- and WNW-striking transverse faults in the intra-arc, and at five
sites in the forearc (Fig. 3). Fault displacement sense was determined by examining
key features on the fault planes, including secondary fractures, mineral
crystallization, and tension cracks, among other kinematic indicators (e.g., Petit,
1987). The orientations of the maximum shortening (P) and maximum stretching (T)
instantaneous axes for each fault plane were obtained threugh FaultKin v.7.4.1
(Marrett and Allmendinger, 1990; Allmendinger et al., 2012)4based on the fault
plane's orientation and the resolved displacemént” vectas, (slickenline). The
representative orientations of the P and T axes for @ayfadlt population were calculated
under the assumption of small single displacements and“a consistent deformation
field, by assuming a statistical Bingham_distrigdtion. Non-clustered P- and/or T-axes
suggest kinematic heterogeneity in faulting, which may be caused by factors such as
triaxial deformation or reactivatien, of ‘anisotropies. Neighboring sites with consistent
P—T results were grouped' to make the data easier to understand and visualize,
obtaining 18 clusters (Fig. 3). Infeight of these (Farellones, Maipo, Teniente, Teno,
Maule, Lonquimay, Range, and Puyuhuapi), more than one solution was identified,
resulting in two tofeur P—T axis stereoplots (Fig. 3). As we focus on deformation and
slip partitioning rather than stress fields, we chose to present the data in a manner
that reflects observations with minimal interpretation, consciously avoiding stress
inversion programs. For the interested reader, stress field analyses conducted for
the study area can be found in Arancibia et al. (1999), Cembrano and Lara (2009),
Pérez-Flores et al. (2016), Sielfeld et al. (2019b), and Pérez-Estay et al. (2023),

among others.
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Overall, regional-scale analysis of the P-T axes from fault slip data in the volcanic
arc indicates two primary maximum shortening axes: one oriented N60°E and the
other trending ~E-W. In both cases, the minimum shortening axis is predominantly

horizontal. When analyzed in greater detalil, the following is recognized (Fig. 3):

(1) Sites in the forearc between 33° and 34° S were mapped in Cretaceous rock
units (Colliguay), while those in Rapel and San Antonio affect Neogene
sedimentary rocks. Although these sites exhibit a highf'dispersion in kinematic
axis solutions, both P and T axes are predominantly subherizontal, with roughly
E-W shortening in clusters Colliguay and Rapel. Nerth, of 34° S, sites San
Antonio, Farellones, and Maipo display afmargin-parallel shortening. Sites at
Farellones cut Miocene rock units, whereasdthose ,at Maipo affect Quaternary
strata (Lavenu and Cembrano, 2008).“€lusters, Pélequén and Los Andes show a
higher dispersion in the kinematic @axis“solutions, but a general NE-trending
horizontal P-axis and a NW-trending“subhorizontal T-axis. Faults at these sites

affect Cretaceous to Miocenefrock units.

(2) In the volcanic arg,north of 34.5° S, a subhorizontal, roughly E-W shortening
is also present, as documented at sites Farellones and Maipo. At these sites,
extension axes are) predominantly subhorizontal to horizontal, whereas at
Teniente, just west of the volcanic arc, horizontal N-S shortening is documented.

Faults at Teniente cut Pliocene rock units.

(3) Farther south, in the Main Cordillera at the Teno site (~35°S), the P-axis
solution remains ~E-W, with both P and T subhorizontal. This solution is

compatible with the dominant NE-dextral and NW-sinistral strike-slip faults

15



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

observed in the field. Most of these faults are no older than Oligocene or

Miocene.

(4) At around 36° S, sites within the intra-arc area (Maule site) were mainly
mapped in Oligocene to Pleistocene volcano-sedimentary rocks. Fault-slip
analysis reveals three distinct orientations of the P-T axis. The first features a
horizontal NE-trending P-axis that aligns with the regional ~NG60°E maximum
shortening direction. The second displays a horizontal P-axis rotated to N60O°W.
However, the most prevalent orientation is characterizediby a nearly vertical P-
axis and a N-S trending T-axis, compatible” withglE-W "striking Pliocene—

Pleistocene normal faults.

(5) In the forearc at 38° S (Esperanzajsite), faults that displace Quaternary
sedimentary rocks (Lavenu ap@ Cembrano,©1999) show a horizontal N-S

trending P-axis with a near-verticaliT-axis.

(6) Between 38° and 42%, Sgall clusters within the intra-arc domain exhibit a
horizontal to slightly plunging@NE-trending P-axis and a horizontal to slightly
inclined NW_to NNW-trending T-axis. Some individual sites at Lonquimay and
Ralco sh@w a slight clockwise rotation of both P- and T-axes towards E-W and

N-S trends, respectively. The maximum age of the mapped faults is Miocene.

(7) Near the southern end of the study area (~44.5° S), the Puyuhuapi cluster
represents faults affecting Miocene and Pliocene rock units. Fault-slip analysis
indicates two main kinematic axis solutions: one with a horizontal-to-
subhorizontal NE-trending P-axis and a horizontal-to-subhorizontal NW-trending
T-axis, and another showing clockwise rotation of both P- and T-axes toward E-

W and N-S, respectively.
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3.2 Short-term deformation: integrated seismological data from crustal

earthquakes from local networks

The availability of seismological data from crustal faults in the southern Andes has
significantly increased both in quantity and quality over the past two decades (e.g.,
Lange et al., 2008; Mora et al., 2010; Legrand et al., 2011; Agurto et al., 2012;
Sielfeld et al., 2019a). This has been possible thanks to the deployment of local
networks focused on current deformation processes and stress state, particularly for
the arc and forearc regions (e.g., Farias et al., 2011; Ammirati‘et al., 2019; Pearce et
al., 2020; Pérez-Estay et al., 2020; Stanton-Yongegmet al., 2025). These
developments have also enabled the identification of seismogenic faults within
known regional-scale fault systems and. thegpotential discovery of unknown
concealed faults. Previously, seismicdataywereimostly accessible only through the
U.S. Geological Survey global seismological"network, with a few exceptions noted in

local studies (Barrientos and Acevedo, 1992).

We compiled focal mechanisms, of seismic activity detected by temporary local
networks in and nextt@ythe volcanic arc domain (Fig. 4), reported on previously
published studies, (Lange“et’al., 2008; Mora et al., 2010; Agurto et al., 2014,
Ammirati et al.,"2019; Sielfeld et al., 2019a; Pérez-Estay et al., 2020; Montenegro et
al., 2021; Mura et al., 2025; Stanton-Yonge et al., 2025) to examine the current
deformation processes occurring in the overriding plate. Due to variability in
magnitudes, azimuthal gaps, and the number of observations at each source, all
mechanisms were included, as each dataset comes from a previously validated and

published study.
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Figure 4d displays the distribution of P—T axes of focal mechanisms identified, along
with the number of mechanisms per network. We selected three regions covered by
one or more local networks to examine the spatial distribution of microseismicity and
crustal faults: Maipo (Ammirati et al., 2019; Fig. 4A), Araucania (Sielfeld et al., 2019;
Montenegro et al., 2021) (Fig. 4B), and Aysén (Mora et al., 2010; Agurto et al., 2014;
Pérez-Estay et al., 2020) (Fig. 4C). The seismicity detected by the local networks is
shown as green dots and ranked by depth, along with a representative subset of
focal mechanisms from each network (full focal mechanisms database available in
the original references or in the Data and Resourcegfchapter). A.detailed discussion
about seismicity rates in each region is beyond theiseope of this work. Instead, the
figures highlight the overall deformation pattern of the upper plate, as reflected in the

orientations and distributions of the P and T axes.

The reported seismicity generallyeovefs-relatively short time windows (typically
between 1 and 3 years of observation) and, includes only events with Mw<5.0. Thus,
it provides only a partial viewyof the ongoing processes and does not necessarily
represent the activityy,of major fawlts. Nevertheless, this information is valuable
because: (1) ilgallows sSpatial comparison between mapped faults and small
earthquakes’iand (2)ithe high density of local stations makes it possible to estimate
focal mechanisms™afysmall events that are not included in global catalogs. As our
results focus on seismic network deployments within and around the volcanic arc
domain, there is an inherent bias toward detecting higher seismicity rates in the arc
than in the forearc. However, the global compilation presented in figure 2 partly

compensates for this gap.
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In figure 4, the current kinematics in the forearc and arc regions are evidenced by
numerous shallow crustal earthquakes of relatively small magnitude. The
orientations of P-T axes from focal mechanisms indicate a variety of fault kinematics.

The main observations are:

(1) Strike-slip focal mechanism solutions primarily characterize the arc region
between 34° and 47° S, with isolated normal events and even fewer reverse
events (e.g., Chinn and Isacks, 1983; Lange et al.; 2009; Sielfeld et al.,
2019a; Pérez-Estay et al., 2020). This aligns with the“global /catalog results
shown earlier (Fig. 2). Conversely, the coexistencegof,reverse and strike-slip
focal mechanisms has been recorded only within the Main Cordillera between
33° and 34° S (e.g., Farias et al., 2006; Ammirati et al., 2019) (Fig. 4A). This
transition from radial shortening observedynofth of 34° S (non-partitioned) to
partitioned deformation southy,of 34°°S,"¢6incides with a marked increase in
convergence obliquity gouthief 34%S, related to a significant change in trench
orientation from nearlyiN-S'to NNE.

(2) In the Maipo€area (Fig. 4A), the P-T axes exhibit high dispersion, likely
related teglocal stress perturbations around faults, but reverse kinematics
predominate:“Bhe nodal plane covers a wide range of orientations, but nearly
N-S and E=W, trending P-axis solutions are prevalent. Strike-slip kinematics
are consistent with predominant E-W shortening.

(3) Farther south, in the Araucania and Aysén regions (Fig. 4B, C), margin-
parallel, strike-slip kinematics predominate, with NE-trending shortening
consistent with either dextral slip in subvertical N-to-NNE striking faults, or

sinistral slip in WNW-striking faults. Local observations of extensional
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kinematics are detected, with nodal fault planes consistent with ENE-striking
normal faults.

(4) Strike-slip deformation in the arc domain, coherent with ~N—S striking mapped
dextral faults, suggests a northward motion of the forearc sliver, accompanied
by margin-parallel shortening at its leading edge, i.e., a buttress effect (Beck

et al., 1993; Lavenu and Cembrano, 1999; Farias et al., 2006).

4. DISCUSSION

4.1. Exploring the role of margin-parallel versusgtransverse/faults on slip

partitioning

Subtle but sharp along-strike variations infthe continental margin trend affect the
magnitude of the strike-slip componeniderivedfrom the oblique convergence vector.
(e.g., Stanton-Yonge et al., 2016;4Fig. 2)¢ lngthe,end-member scenario of complete
slip partitioning (Fig. 1A), wheré"slip, at the plate interface exclusively accommodates
the margin-normal component oféeonvergence, the total margin-parallel component
that should be accommodated byiintra-arc faulting is estimated to be ~35 mm/year

between 33° and 38° S and,~24 mm/year between 38° and 47° S.

Under a complete partitioning scenario, the slip vectors of subduction earthquakes
would be oriented“erthogonal to the margin (Beck, 1991; McCaffrey, 1992).
However, Stanton-Yonge et al. (2016) obtained an average slip direction of N89°E
by analyzing 20 subduction earthquakes for the 33-39° S region. This indicates that
slip at the plate interface accommodates only part of the oblique convergence,
suggesting partial partitioning in this segment (Fig. 1B). The difference between the
convergence vector and the thrust earthquake slip vectors leads to a residual slip
vector of 13.5 mm/year of margin-parallel displacement, which should be
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accommodated in the upper plate between 33° and 38° S, and 12.1 mm/year

between 38° and 47° S (Fig. 2).

Applying the same analysis to a more recent subduction earthquake that occurred at
43° S (December 2016; Mw 7.6), the slip vector has a trend of N93°E, which is close
to the margin-orthogonal orientation (~N100°E). This indicates a more complete
partitioning toward the southern end of the study area and, consequently, a larger
margin-parallel slip component that must be accommodated within the upper plate

(~17 mmlyear).

Fault slip estimates at the northern end of the LOES, mihether seismic or aseismic,
can reach as high as 18 mm/year (AstudilloéSotomayorietfal., 2021). However, this
finding poses a potential inconsistency: ‘even if the single fault examined by
Astudillo-Sotomayor et al. (2021) aecounted for all'margin-parallel slip vectors, the
slip rate should be only ~13 mm/yearpwhich is the expected end-member of partial
partitioning (Stanton-Yongefet al.,/2016). Furthermore, because the LOFS consists
of multiple subparallel strands;“the overall potential slip should be accommodated
across multiple faults.“ltis also important to note that in situ block rotation and
permanent distributed strain” across the upper plate have been documented,
deformation components that also contribute to accommodating the oblique
convergence at the plate margin (Garcia et al., 1988; Rojas et al., 1994; Cembrano
et al., 2002; Hernandez et al., 2014, 2016). A plausible explanation for the unusually
high slip rate observed by Astudillo-Sotomayor et al. (2021) is that the northward
displacement of the forearc sliver, driven by the Chile Ridge subduction at 46° S,
may significantly amplify dextral strike-slip along margin-parallel faults (e.g., Forsythe

and Nelson, 1985; Cande and Leslie, 1986; Cembrano et al., 2002). On the other
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hand, at the southernmost segment of the LOFS (~46° S), De Pascale et al. (2021)
suggested a Quaternary dextral slip rate of 11 to 24 mm/year based on displaced
glacial landforms, calculations that however should be interpreted with caution, as

the dates of the glacial landforms are not sufficiently well-constrained.

Regarding the role of margin-parallel versus margin-oblique faults in slip partitioning,
transverse faults can effectively accommodate part of the margin-orthogonal
component of oblique convergence across the submerged férearc, arc, and back-arc
regions (e.g., Sielfeld et al. 2019b). This observation ‘supports the concept of
kinematic partitioning of overall transpressional /deformatien at all scales, from
regional to local (Fig. 1C). Transverse faults may also accommodate different long-
and short-term, along-strike shortening€ whenf acting as transfer faults (e.g.,
Arriagada et al. 2000), where faults can“switch“displacement sense at various time

scales.

4.2. The seismic versus aseismic hature“of long-term fault slip

While there is a significant spatial*€errelation between long-term faulting and current
crustal earthquakes, the extent to which slip is accommodated through seismic and
aseismic progessesiremains elusive. This uncertainty has important implications for
our understanding“ef.fault mechanics in the upper crust and for estimates of a fault's

seismic potential.

In the study area, mesoscopic fault surfaces with striae (slickensides) typically show
one or more of the following features: ridge-and-groove striae, mineral fibers, mineral
precipitation behind fault steps, breccia patches, and gouge (Fig. 5). The widespread
presence of mineral fibers behind fault steps rather than bladed calcite (believed to

be representative of seismic slip), along with the apparent lack of pseudotachylytes
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(friction-induced melts), suggests that most of the mapped mesoscopic faults

represent aseismic slip.

The debate surrounding whether fault surfaces and their kinematic indicators, as
observed in the field, represent seismic slip or slow slip has persisted for decades
(Rowe and Giriffith, 2015, and references therein). One interpretation of aseismic
creep involves mineral fibers and the pressure solution process. Pressure solution is
an effective mechanism that dissolves asperities that hindegrfault slip and promotes
the growth of mineral fibers within fault slip zones (e.g., Gratier and Gamond, 1990;
Gratier et al., 2011). It includes successive stages: dissolution, transfer, and
deposition, indicating a slow displacement that is not relevant to the dynamic
movement of large earthquakes (e.g., Rutterg1983). However, recent studies
suggest that creep processes may nat'relieve teetonic stress sufficiently to prevent
earthquake rupture, and some hdve,even“proposed that a creeping fault could still
produce large-magnitude earthquakes (exg., Noda and Lapusta, 2013; Chen and

Bdrgmann, 2017).

The lack of evidence famseismic slip in an exhumed fault zone does not exclude a
seismogenic history. For“example, pseudotachylytes are among the most reliable
indicators of paleo-seismic slip (Rowe and Griffith, 2015). Experimental research
indicates that they can form after only millimeters of seismic slip (e.g., Niemeijer et
al., 2011), suggesting that they should be common in seismogenic faults.
Pseudotachylytes are, however, rarely reported in the literature, possibly due to the
difficulty in identifying them (e.g., Kirkpatrick and Rowe, 2013) and their rapid
removal from the geological record through hydrothermal alteration (e.g., Fondriest

et al., 2020). To our knowledge, with very local exceptions (see bladed calcite in
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figure 5D), no conclusive seismic markers of any type have been documented along
the exhumed outcrops associated with the LOFS. This lack of field evidence,
however, does not preclude the LOFS from being seismogenic. In fact, the historic
seismicity linked to this fault (Fig. 2) provides clear evidence of its current
seismogenic nature, even though seismicity at the LOFS appears scattered and
relatively infrequent for a fault that likely accommodates long-term slip rates of up to
20 mm/yr. The apparent mismatch between the fault’s activity.and its estimated long-
term slip rates, combined with evidence in favor of paleo-aseismi€ slipy suggests that
part of the slip may occur without earthquakes (€.9.; Astudillofet al. 2023). A
thorough characterization and quantification of theydivision [between seismic and
aseismic slip along the LOFS is beyond the scope, of this"study and would require

detailed, long-term geodetic measurements.

4.3. The role of hot fluids in intra=arc brittle'’deformation

Records of crustal seismicity show more concentrated, intense activity in the intra-
arc domain than in the adjacentyforearc and back-arc regions (e.g., Weller, 2012).
Additionally, whereas crustal seismicity in these latter two regions can reach depths
of ~30 km, the typical"depth of the crustal seismogenic zone in the intra-arc is ~10
km. The inversenelationship between brittle crustal thickness and the geothermal
gradient supports the idea that active magmatic regions experience higher strain
rates, promoting feedback between fracturing, increased permeability, and fluid flow
(e.g., Rowland and Simmons, 2012). Rock strength decreases when fluids are
present within the rock-mass porosity, leading to greater damage under a given far-
field differential stress (Lockner, 1995). Conversely, the absence of fluids results in

less strain under the same stress regime. Therefore, the combined effect of a thin,
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brittle volume containing fluid will cause concentrated damage and larger slip
magnitudes than those otherwise predicted from mechanical strain partitioning alone.
Although no quantitative studies have yet shown the exact amount of slip contributed
by these combined factors, we expect it to be on the order of a few millimeters per

year.

4.4. Significance of long- and short-term kinematics in the along- and across-

strike segmentation of the Southern Andes

Our new and revised compilation of fault slip datagaleng with crustal earthquake
focal mechanisms from global and local networks, provides an improved
understanding of the nature of slip partitionifig betweefn88® and 47° S. Four main

segments are proposed (Fig. 6):

1. 33-34° S, characterized by{a very smallgoblique convergence angle and no
margin-parallel intra-agé faulting-“E-W shortening is accommodated by ENE
dextral and WNW shistral strike-slip faults within the arc domain, and by
margin-paralleh reverse faults in the back-arc (e.g., Ammirati et al., 2022).
Deformation in this'segment is also characterized by several local Quaternary
faultsdn,the forearc and arc regions, consistent with ~N-S shortening (Lavenu
and Cembrano, 2008, 2009). These faults are kinematically consistent with
present-day earthquake focal mechanisms (Figs. 2 and 4). The coexistence of
~E-W and ~N-S shortening in this segment can be explained by a radial
compression strain/stress field, particularly along the WNW boundary zone
(here named the Maipo deformation zone) between segments 1 and 2. The
Maipo deformation zone occurs at the Maipo Orocline, and coincides with a

regional WNW magnetic anomaly and surface faults (Wall et al., 1996; Yarez
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et al.,, 1998, 2024; Arriagada et al., 2013; Piquer et al., 2021). Radial
compression at the southern boundary of this segment was suggested by
Allmendinger et al. (2006) based on independent GPS and geological data.
The Maipo boundary also marks a sharp transition in rock exhumation and an
elevation drop of about 2 km in the Main Cordillera (Figs. 2 and 6), also
coinciding with a key geological discontinuity where the Frontal Cordillera

ends (e.g., Ramos et al., 1986).

. 34-37° S, characterized by a more pronounced aobligque) convergence,

partitioned into margin-parallel dextral faultsgand” margin-oblique transverse
faults. The first ones are mostly blind, i.e., doeumented almost exclusively by
earthquake focal mechanisms, yet with' a few exceptions (e.g., the El Melado
Fault; Cardona et al., 2018; Sielfeld et'al., 2019b). At around 35.5° S, a set of
ENE-striking dextral transtensional faults is spatially associated with a marked
shift in the location of thegpresent-day volcanic arc front (e.g., Sielfeld et al.,
2019b; Ruz-Ginouves et al4 2020). In this segment, a portion of the margin-
orthogonal shortening co@mponent is accommodated by WNW sinistral
transpressional faults and NE dextral faults, of which the former appears to be
seismically“active (Stanton-Yonge et al., 2016, 2025; Vigide et al., 2025). The
boundary“between segments 2 and 3 corresponds to a set of NW-striking
faults, of which the most prominent is the Lanalhue Fault (e.g., Melnick et al.,
2009). This boundary also coincides with significant latitudinal changes in
exhumation levels, especially in the forearc region. We propose that this
boundary is a crustal-scale, steeply dipping, south-verging reverse fault, in

accordance with the work by Melnick et al. (2009).

26



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

3. 37-41°S. This segment features a well-documented margin-parallel slip

component, accommodated by the LOFS and by seismically active NW and
NE strike-slip faults. The emerged forearc region is characterized by margin-
parallel shortening active since at least the late Pliocene epoch, as suggested
by fault slip data and current focal mechanisms. The ~N-S shortening is
probably a consequence of a buttress effect acting on the leading edge of the
northward-moving forearc sliver (e.g., Beck et al., 1993;,Melnick et al., 2009;
Astudillo et al., 2023). The southern boundary of this segment is marked by
the WNW-striking Chacao Fault System nerthvof ChiloéfIsland. Surface
geology reveals, in this southern end, ateentrast In exhumation levels,
particularly along the volcanic arc, where mylonitesto the north give way to
brittle faults to the south (e.g., Cembrane et al. 2000).

The LOFS ends as an extengional imbricate fan (horsetail structure) at around
38° S and connects withgthe ‘Antifir-Copahue Fault System in the back-arc
(Folguera et al., 2004; Mehick et al., 2006; Pérez-Flores et al., 2016).
Regardless of how dextralistrike-slip motion is accommodated at the northern
end of the LOFS8y, the northward movement of the forearc sliver should
decrease to, nearly “zero at the same latitude. This is because fault
displacement should be maximum at the central or trailing segments of any
strike-slip fault, naturally tapering off approaching their leading edge,
especially when they are buttressed (e.g., Beck et al. 1993). This creates a
latitudinal displacement gradient, resulting in margin-parallel shortening of the
forearc accompanied by counterclockwise tectonic rotation (e.g., Hernandez-
Moreno, 2014, 2016). Margin-parallel shortening has also been observed in

the forearc of northern Chile (Gonzalez et al., 2008; Allmendinger and
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Gonzalez, 2010), where conspicuous E-W faults are currently active. A
similar pattern of margin-parallel shortening and block rotation has been found
in the forearc of Cascadia (e.g., Johnson et al. 2004). In Cascadia, as well as
in the Southern Andes, roughly E-W margin-normal compression dominates
the forearc region near the trench, where the plates appear to be locked. In
contrast, when slow slip and tectonic tremors dominate the subduction
interface, and the plates are less strongly coupled, the forearc begins to
accommodate the margin-parallel shortening through strike-slip and thrust at
transverse crustal faults (e.g., Balfour et al., 204).

4. 41-47° S. This segment accommodates mostef the upper plate deformation
through a transtensional strike-slip duplexgeonipesed of two right-stepping
margin-parallel dextral strike-slip_faultst joinedf’ by NE-trending normal and
dextral-normal faults (Cembgano et/al., 1996). Fault-slip data and earthquake
focal mechanisms are internally consistent with the long-term kinematics of
the LOFS (Arancibia'et al., 4999; Lavenu and Cembrano, 1999; Cembrano et
al., 2002; Pérez-Estay et'alk, 2020). The northward, margin-parallel motion of
the forearc sliver is strongly supported by geological, geodetic,
paleomagnetic, and seismological data (Beck et al., 1993; Rojas et al., 1994;
Cembranojet al.;*2000; Wang et al., 2007; Melnick et al., 2009; Moreno et al.,

2016; Sielfeld et al., 2019a).

Tectonic boundaries between segments 1-2 and 2-3 are interpreted in this work as
major, deep-seated south-verging reverse faults. The boundary between segments
3-4 is also a crustal-scale fault, although there is no clear evidence of vergence.
Based on geological mapping and geophysical evidence, Yafiez et al. (2024)

identified these features as first-order, long-lived tectonic structures, likely active
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since at least the Permo-Triassic. During the Neogene-Quaternary, these faults have
influenced the location of volcanic alignments and ore deposits in the arc domain

(e.g., Lara et al., 2004; Cembrano and Lara, 2009; Piquer et al., 2015).

4.5. Implications for seismic hazard

Local paleo-seismological, geophysical, and morphological studies focused on
specific fault strands have provided estimates of their geometry, kinematics, and
recurrence intervals for the studied area Notable examples include the works of
Vargas et al. (2014) and Yafiez et al. (2020) on thepwest-verging, reverse San
Ramon Fault in the Andean foothills of Santiago (33.524S), with slip rates estimated
between 0.3-0.5 mm/year. At around 36° S, Vega-Ruizget al. (2025) investigated
Quaternary deformation along the western ‘'margin of ghe Main Cordillera driven by
west-verging reverse faults, obtaining slip rates of up to 0.58 mm/year and estimated
a maximum Mw of 7.0. Further southiin'the LOFS domain, morphotectonic analyses
of well-exposed master and splayfaults have revealed slip rates of 10-22 mm/year
(Astudillo et al., 2018, 2021, 2028, De Pascale et al. 2021), significantly higher when
compared to estimatestin, the north. However, smaller slip-rate values are obtained
from numerical medeling= 40’7 mm/year for the margin-parallel LOFS, ~1 mm/year
for the Andeantransverse faults, and 5-10 mm/year along the southern master faults

of the LOFS (e.g., Stanton-Yonge et al., 2016; lturrieta et al., 2017).

While these studies have greatly enhanced our understanding of seismic hazards in
Chile, there has been a lack of systematic efforts to contextualize the fault systems
within a broader tectonic framework. Specifically, there has been insufficient
discussion of their role in plate margin partitioning and of the interplay between the

seismic and aseismic components of the reported fault displacements. Moreover,
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long-term evidence of fault slip for many of these potentially hazardous faults has not
been critically integrated into the discussion surrounding the primary geological
processes involved, complicating comparisons with short-term deformation
observations. However, compilations focused on the nature and spatial distribution of
Quaternary crustal faults in the studied region (e.g., Lavenu et al., 2000; Santibafnez
et al., 2019; Maldonado et al., 2021) are available, while Costa et al. (2020)
presented a compilation of Quaternary faults for South Amesica and provided an

estimation of the regional-scale seismic hazard.

In terms of seismic hazard, our synthesis of crustal Seismigitypand fong-term fault-slip

data suggests the following:

1. Aseismic slip should be considered when interpreting data from
morphotectonic analyses andgfault) separation of markers in potentially
seismogenic faults (e.g., LOFS)adn fact, Astudillo et al. (2023) observed a
discrepancy between their estimated “Slip rates and the recurrence times of
historical earthquakes in the LOFS, with aseismic slip required to reconcile the
two. This observation,is consistent with long-term evidence of displacement in
mesoscopic faults “within“the same fault systems where Holocene fault slip
estimates hawe been made, indicating that these faults exhibit a significant
amount of aseismic slip, as demonstrated by the presence of slickenfibers on
fault surfaces and shear bands, which are commonly used as kinematic
indicators (e.g., Pérez-Flores et al. 2016). Evidence for seismic slip in fossil faults
is often elusive (e.g., Rowe and Griffith, 2015), and only specific microstructures
indicate dynamic rupturing. The primary implication of the above points is that

many morphotectonic and paleo-seismological studies may significantly
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overestimate seismic fault-slip rates, thereby exaggerating deterministic
estimates of earthquake magnitudes (e.g., Burgmann, 2018).

The tectonic transitions between the proposed segments identified in
this study are likely to play (and have played) a crucial role in the seismo-tectonic
segmentation of the margin. For instance, Yanez et al. (2024) suggested that
trans-lithospheric faults have acted as regions of weak coupling, functioning as
long-term, geologically controlled seismic barriers. The release of fluids from the
Wadati-Benioff zone could be the driving force behind this creep-like mechanism.
Ample evidence of reverse faulting in these boundary zones. s a key factor in
understanding these potential seismic barriers.

In probabilistic seismic hazardéanalysis (PSHA; e.g., Gerstenberger et
al., 2020), the contribution of crustal fault§ shoul@ be evaluated alongside the
dominant subduction interface ftazard: In addition, because crustal sources are
typically shallow and near the,sites of analysis, they can locally elevate seismic
hazard within a narrow spatial range. In the near-fault region, the long-return-
period tail of the hazard curvey,can be controlled by the fault itself, even when its
occurrence rates arellow (e.g., Youngs and Coppersmith, 1985; Baker, 2013). In
our compiledtinstrumental catalog, the maximum documented magnitudes for
intra-arc events are)Mw 6.5 in the north and Mw 6.2 in the south. Traditional
PSHA studies complement seismicity observations by constraining the maximum
magnitude and the magnitude-frequency distribution using mapped fault
geometries and slip rates (e.g., Gerstenberger et al., 2020). Despite notable
efforts to characterize faults in Chile (e.g., Santibafez et al., 2019; Maldonado et
al., 2021), further work is needed to determine slip rates across all seismogenic

faults in a harmonized, systematic manner (e.g., Seebeck et al., 2023; Basili et
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al., 2024). Future PSHA would certainly benefit from more accurate estimates on
interseismic slip rates from geodesic and remote sensing data (e.g., Chaussard
et al., 2016), along with physics-based rupture models, to explore the seismic
potential of crustal faults, including the contribution of slow slip to the earthquake
cycle (e.g., Burgmann, 2018). For instance, dense, near-fault Global Navigation
Satellite System surveys could geodetically constrain interseismic strain, steady
creep, and/or transient slow-slip events (e.g., Rousset,»2019), thereby better

constraining the seismic slip deficit relevant for hazard{@ssessment.

5. CONCLUSIONS

The combination of new and unpublished fault-slip. dataggand of regional and local
crustal seismicity, enables an updated “umnderstanding of the geometry and
kinematics of slip partitioning alongdand agross the South American plate boundary
between 33° and 47° S. This partitigning proves to be much more complex than
previously thought, with implications for “plate-margin tectonics, the spatial and
temporal distribution of fault slip, and interactions with other processes such as

active faulting and volcanism.

Slight variations in“the along-strike orientation of the continental margin influence
different stress andystrain distributions. Radial shortening (constriction) dominates
the Maipo Orocline region between 33° and 34° S, as margin-orthogonal and margin-
parallel shortening spatially coincide in a zone where there is a transition from non-
partitioned to partitioned deformation. Another important change occurs at around
37° S, where the strike-slip component of the convergence vector is reduced, and
the transcurrent margin-parallel slip is absorbed by a major, continuous intra-arc fault

system, the LOFS, between 37° and 46° S. Region-wide, the predominantly E-W
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shortening documented in the submarine forearc contrasts with the margin-parallel
shortening observed from seismicity and fault slip data along the emerged forearc
region. In the arc domain, a combination of E-W shortening and NE-SW shortening,
the latter accommodated by a mostly hidden dextral fault between 34° and 37° S, is
then replaced to the south by a continuous surface expression of dextral faulting and

transverse, seismically active NE and NW dextral and sinistral faults.

The forearc sliver between 33° and 47° S is divided into four'main blocks, separated
by prominent WNW- to NW-striking fault zones that may orimay not extend into the
volcanic arc region. At the Maipo Orocline zone,fa WNWagtransverse deformation
zone/fault places deeper crustal levels in the ngrth over shallgwer levels in the south,
indicating a predominantly south-verging réverseffault or deformation zone. Surface
faults, such as Melipilla, Piuquencillefand Pichilemu, are believed to be surface
expressions of this WNW deformationd boundary. Farther south, at the Arauco
Peninsula region, where the continental, margin shifts from a NNE to a ~N-S
orientation, another major “N\V\/=striking boundary separates Silurian-to-Permian
metamorphic rocks and intrusives™t® the north from mostly Paleozoic metamorphic
rocks to the south.As noted,in previous works, this boundary is represented at the
surface by the, NW=striking, south-verging Lanalhue reverse fault, which tends to
fade toward the veleanic arc. The fourth and last crustal block lies south of the
WNW-striking, mostly reverse, south-verging Chacao Fault, and is dominated by the
LOFS strike-slip duplex as the main tectonic element, which mostly accommodates

dextral strike-slip deformation.

Finally, in the LOFS, evidence for mostly slow slip (observed on exhumed striated

fault surfaces from where instantaneous shortening and extension axes were
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derived) challenges the idea that these mesoscopic faults are fossil earthquake sites
and raises questions about whether seismic events are always the source of the
morphological and stratigraphic evidence of slip. It is therefore very likely that
calculated slip rates overestimate the seismic slip budget, thereby affecting seismic

hazard assessments.
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7. Data and Resources

The GCMT (https://www.globalemt.org/; Ekstrom et al., 2012) and ANSS-ComCat

(https://earthquake.us@sigov/; U.S. Geological Survey, 2017) catalogs were last

accessed on August™im2025. Local-network hypocenters and focal mechanisms
were compilediftom “the published studies cited in the text. Slab geometry was
obtained from the Slab2 model (Hayes et al., 2018). Data processing and catalog
merging/classification were performed in Python, with the assistance of the obspy
(Beyreuther et al.,, 2010), pycsep (Savran et al., 2022), mplstereonet

(https://pypi.org/project/mplstereonet/), and FMC (Alvarez-Gomez, 2019) packages.

Fault-slip kinematic summaries and stereonets were generated with FaultKin
(Allmendinger et al.,, 2012). The final maps were prepared in QGIS

(https://www.qgis.org). All collected catalogs, fault kinematic measurements, and the
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Figure Captions
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® Fig. 1. Schematic diagram illustr ion of the slip partitioning concept
over the past five decades. rtitioning of the convergence slip

(e.g., Beck, 1991; McCaffrey, 1992). C.

Blanquat et al., 1
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Fig. 2. Tectonic, geological, cal setting of the Chilean Andes

between 33° and 47° S, on Sernageomin (2003), Cembrano and
Lara (2009), Tapia et 5), Stanton-Yonge et al. (2016), Sielfeld et al.

(2019a), and Oili et al. ( ). Main Quaternary crustal faults (data from

Santibanez nd Costa et al.,, 2020), and Holocene volcanoes are

included ce. Crustal seismicity in the overriding plate is shown for
earthquakes Mw>5.0 based on data from global networks. Selection
subduction interface events (Stanton-Yonge et al., 2016) are displayed alongside
crustal seismicity. The segmented blue line indicates the rupture zone of the Mw
9.5 1960 Valdivia earthquake (Moreno et al., 2009), the red segmented line
marks the Mw 8.8 2010 Maule earthquake (Moreno et al., 2012), and the yellow

segmented line shows the Mw 8.0 1985 Valparaiso earthquake (Bravo et al.,

2019). The partitioning of the convergence vector (N78°E, black arrow) into its
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1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

margin-parallel and margin-orthogonal (grey arrows) components is depicted for
the regions between 34° and 38° S (where the margin trends N20°E), and
between 38° and 47° S (where the margin trends N10°E). The average slip vector
of subduction earthquakes (N89°E; Stanton-Yonge et al., 2016) is also shown
(white arrow in between the convergence vector and the orthogonal to the
trench), illustrating the partial partitioning of convergence along the margin. The

residual margin-parallel component to be accommodat ithin the overriding

plate is indicated for both regions (white arrows parall margin; 13.5

mm/year for 34°-38° S and 12.1 mml/year for, full classified
catalog and the P- and T-axes for each earthq ss are shown respectively

in figures S1 and S2 in the Supplement atesial. e Data and Resources

chapter for more information on data sou ompilation and processing.

53



74° W 72°W 70°W

Colliguay San Antonio [

SoCE

n=128

Farellones

34°S
%

Teniente
@

Maipo

(ii)

B n=30 n=6

36°S

38°S

=119

Esperanza

[P]Ranco

@®

wv
[R] Puyuhuapi

0]

n=40 n=89

74° W 72°W 70°W

Fault kinematics Kinematic axes
/ Normal / Dextral MW P-axis A Volcano
/ Reverse / Sinistral B T-axis —> Convergence vector
1428 B Null-axis A Subduction trench

54



1429 @ Fig. 3. Compilation and analysis of both published (e.g., Arancibia et al., 1999;

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

Lavenu and Cembrano,1999; Pérez-Flores et al., 2016; Roquer et al., 2022) and
new (this study) fault slip data. Structural sites, or combinations of them, are
grouped in clusters in case of consistent P-T results (labelled A to R). On the
map, each structural site is shown as a circle, colored by cluster group. Clusters
with more than one distinct solution are displayed with multiple lower-hemisphere

equal-area stereonets, labeled i to iv, depending on th mber of additional

solutions. All clusters show both the distribution of P and T4 aneous strain
axis orientations for all individual faults (blue red s well as the
kinematic axes for the fault population, calculat g the methods established

er et al. (2012). The

represent active volcanoes
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1446
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Fig. 4. Compilation and analysis of published crustal seismicity and a subset of
focal mechanisms from local seismic networks, including events with Mw<5.0.

Black and gray squares mark seismic stations from temporary local network
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1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

deployments in previous studies, from which the data were compiled. Panels (A),
(B), and (C) show insets with previously published seismicity for the Maipo,
Araucania, and Aysén regions, respectively. The Maipo region includes
seismicity and focal mechanisms from Ammirati et al. (2019). The Araucania
region exhibits seismicity reported by Sielfeld et al. (2019a), along with focal
mechanisms from the same authors and from Montenegro et al. (2021). The
Aysén region shows seismicity reported by Agurto et al. (2014) and Pérez-Estay
et al. (2020), accompanied by focal mechanisms from Mora et al. (2010) and
Pérez-Estay et al. (2020), the latter referring to thé"initial staie of'the 2007 Aysén
crisis. Panel (D) shows a regional map with thegzecations of individual seismic
events (colored circles) for which focal mechanism Selutions were obtained from
different local seismic networks. Each local network is represented by a distinct
color. Background geology and structures are as shown in figure 2. The stereonet
plots summarize the P- andgl-axis @rientations of all mechanisms recovered by
each local network, with blue and red squares indicating the average P- and T-
axis directions for each netwark, respectively. For more information, the reader is
referred to the literature cited in this study and to the Data and Resources

chapter.

57



Striae
Bleided-

1465 @

1466 ® Fig. 5. Typical examples of mese urfaces with striae (slickensides) in
1467 the study area. These s e or more of the following features: (A)

1468 dextral Riedel-type fractures'and mineral fibers; (B) calcite precipitation behind

1469 fault steps; (C) lite slickenfibers; and (D) bladed-like calcite inside a

1470 dilatational j vided for spatial context).
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1472 o Fig. 6. Summary cartoon illustrating the along- and across-strike segmentation in

1473

1474

1475

1476

the geometry and kinematics of slip and deformation partitioning in the Southern
Andes. All segments are bounded by south-verging, WNW- to NW-striking
reverse faults/deformation zones, namely Maipo, Lanalhue, and Chacao. Black

arrows roughly indicate approximate P directions (T axes are not shown for
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1477

1478

1479

1480

simplicity). The dotted patterns around the major segment boundary faults
represent their approximate widths as deformation zones. The striped pattern
associated with the LOFS marks the approximate region containing both master

and subsidiary faults. See text for details.
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