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Megathrust earthquakes are a primary geological hazard in subduction zones. In oblique subduction margins,
however, seismic threat must be also considered concerning crustal strike-slip faults driving the parallel-to-the-
trench component of the convergent vector. These faults have proven their capacity to produce moderate-to-large
shallow earthquakes, causing severe damage for surrounding areas. The Southern Chile Subduction Zone (SCSZ)
is characterized by the oblique convergence between the Nazca and the South America plates. Between 37°S and
46°S, slip partitioning is significantly led by intra-arc faults like the Liquine-Ofqui Fault System (LOFS) and
subsidiary NW to NE striking structures. Despite it has been demonstrated that the behavior of these faults is
seismogenic, the inland evidence of Holocene deformation along them is scarce. This has concealed to accurately
define individual active faults, discussing their seismic potential, and addressing their link with the megathrust
earthquake cycle. In this contribution, we first present field evidence for Holocene deformation on intra-arc
faults in the area. Based on this, we define 5 active faults and discuss their seismic capacity. To assess the
link with the megathrust earthquake cycle, we calculate the Coulomb stress changes induced on these faults by
the Mw 9.5 Valdivia Earthquake slip distribution and an interseismic period of 300 years. We conclude that 1)
the identified neotectonic faults have the potential for producing moderate-to-large earthquakes (Mw 5.5 to 6.8)
and 2) their occurrence would be enhanced by the coseismic and the interseismic stages of the subduction cycle.
With this, we propose that the intra-arc faults addressed in this paper, and certainly others in the SCSZ, must be
considered as significant sources of seismic hazard.

1. Introduction 2010). The occurrence of these shallow crustal earthquakes has been

related to triggering by stress perturbations induced by the megathrust

In oblique convergent tectonic settings, slip partitioning between the
megathrust and strike-slip upper-plate fault systems is a common pro-
cess (Allen, 1965; Fitch, 1972). Crustal strike-slip faults in these envi-
ronments, in several cases, have proven their potential for producing
moderate-to-major (Mw 5-7.9) earthquakes (e.g., Nakano et al,

earthquake cycle (Bufe, 2006; McCloskey et al., 2005; Mitogawa and
Nishimura, 2020). Strike-slip fault reactivation in oblique subduction
zones has been reported decades after megathrusts earthquakes, for
instance, in Japan (M 71995 Kobe Earthquake; Pollitz and Sacks, 1997)
and Alaska (M 7.92022 Denali Earthquake; Bufe, 2006). This evidence
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indicates that, in oblique subduction zones, earthquake hazard must not
only be addressed concerning the megathrust but also regarding upper
plate strike-slip faults driving slip partitioning (e.g., Bellier et al., 1997).

At the Southern Chile subduction zone, between 37°S and 46°S, the
dextral-oblique convergence between the Nazca and South America
plates is significantly partitioned (Cembrano et al., 2002). There, the
Liquine-Ofqui Fault System (LOFS), a dextral-transpressive intra-arc
structure (Lavenu and Cembrano, 1999), partially accommodates the
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trench-parallel component of the convergence vector (Rosenau et al.,
2006; Stanton-Yonge et al., 2016; Wang et al., 2007); this is facilitated
by the thermally weakened crust of the volcanic arc (Cembrano et al.,
1996, 2000; Cembrano and Lara, 2009). The instrumental evidence at-
tests for the seismogenic behavior of this structure. Shallow (<15 depth)
microseismicity (Mw < 4) and shallow moderate-to-large (M > 6)
earthquakes have been recorded along the LOFS and spatially related
faults (Legrand et al., 2011; Pérez-Estay et al., 2020; Sielfeld et al.,
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Fig. 1. a) Seismotectonic setting of the Patagonian Andes. Focal mechanisms of major earthquakes along the Liquine-Ofqui Fault System (LOFS) and Lanalhue Fault
(LF) from CMT Catalog, (Pérez-Flores et al., 2016) and (Haberland et al., 2006). Black and grey arrows depict Nazca-South American plate convergence vector
(Angermann et al., 1999) and decomposed components, respectively. Colored stars indicate the epicenter of major megathrust earthquakes within the Valdivia and
Constitucién segments; Green: Valdivia 1960; blue; Maule 2010, red: Melinka 2016. Colored lines correspond to the rupture area of the aforementioned earthquakes
(Moreno et al., 2018; Moreno et al., 2009; Tong et al., 2018). Regional faults from (Melnick et al., 2009). AP: Arauco Peninsula. Million-year scale dextral slip rate for
the LOFS from Rosenau et al. (2006) kinematic model. Grey shaded area corresponds to the area shown in b. b) Map of the studied area. Crustal faults from
Maldonado et al. (2021). Neltume and Huilo isopach contours from Rawson et al. (2015). Crustal seismicity from Sielfeld et al. (2019) and IRIS catalog (https
://www.iris.edu/hq/). (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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2019). Despite this, the reported inland evidence for past (Late Qua-
ternary) earthquakes is scarce, due to a combination of factors such as
preservation issues (related to the action of surface and volcanic pro-
cesses), the dense vegetation cover, and the difficulty to access to remote
areas where LOFS branches run; this has significantly concealed the
accurate identification of individual neotectonic intra-arc faults, dis-
cussing their seismogenic potential, and their link with the megathrust
earthquake cycle.

In this contribution, we present evidence for inland Late Quaternary
deformation produced by faults in the Chilean intra-arc between 39°S
and 40.5°S (Fig. 1b). In general, the evidence consists of deflected
channels and offset markers at the 10-10? m scale; these observations
were carried in four areas (black rectangles in Fig. 1b). Based on the
presented evidence, we define individual neotectonic intra-arc faults
and discuss their earthquake potential. To assess whether the activity
along these faults may be enhanced to slip during the interseismic and/
or coseismic stages of the megathrust earthquake cycle, we use Coulomb
Failure Stress changes (ACFS) models. The aim of this contribution is to
assess the seismic hazard potential in the Chilean intra-arc region be-
tween 39°S and 40.5°S, which is important considering the presence of
several urban areas and strategical facilities that can be severely affected
by moderate-to-large earthquakes on faults located in the area.

2. Geological framework
2.1. Tectonic and seismotectonic setting (38°S—47°S)

The convergence between the South American and Nazca plates is
the leading process regarding the tectonic configuration of Southern
Chile (Fig. 1a). This process has acted at a roughly constant velocity and
oblique to the margin since the Miocene (Quiero et al., 2022), preceded
by a period of orthogonal convergence during the Miocene (Maloney
et al., 2013; Pardo-Casas and Molnar, 1987). Nowadays, convergence
occurs at a rate of 66 mm/yr, with an obliquity of 26° (Angermann et al.,
1999; Jarrard, 1986; Kendrick et al., 2003; Kendrick et al., 1999). In the
study area, the convergence-induced deformation is highly partitioned
between the megathrust, the LOFS, and Andean Transverse Faults (ATFs;
Pérez-Flores et al., 2016).

The south-central Chilean subduction margin has been struck by
several moderate-to-great earthquakes during the last centuries, allow-
ing the delineation of two major seismotectonic segments: the Con-
stitucion and Valdivia segments (Lomnitz, 2004). The Valdivia segment
was breached by the Mw 9.5 Valdivia 1960 earthquake, the largest
recorded seismic event. This earthquake ruptured ~1000 km, roughly
encompassing the length of the LOFS (Fig. 1); it slipped the shallower
portion of the interplate contact, involving an average slip of 17 m and a
local maximum slip of 44 m (Barrientos and Ward, 1990; Fujii and
Satake, 2013; Moreno et al., 2009). During the decades after the
earthquake, a protracted postseismic rebound of the mantle dominated
the 1960s rupture region (Khazaradze et al., 2002). According to Mel-
nick et al. (2018), the Valdivia segment was seismically quiet after the
1960 earthquake; since then, the interseismic interplate locking has
been heterogeneous, with highly locked patches separated by creeping
areas. In 2016, the Mw 7.6 Melinka earthquake broke the deeper portion
of a single highly locked patch of the seismogenic zone beneath the
southern coast of Chiloé Island, at the southern extent of the Valdivia
rupture zone (Fig. 1a; Melnick et al., 2018). Slip solutions for this event
suggest a single rupture with a maximum slip of 2.9 m, which represents
~80% of the slip deficit accumulated between 1960 and 2016 (Moreno
et al., 2018). The Melinka earthquake is the first event on the Valdivia
segment after the 1960 Valdivia earthquake, suggesting the seismic
reactivation of this portion of the Chilean megathrust (Lange et al.,
2018).
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2.2. Structural synthesis

The LOFS (Fig. 1a) is the main structural feature of the intra-arc in
the Southern Volcanic Zone (SVZ); it corresponds to a 1200 km-long
dextral-transpressive fault system with secondary NE-ENE-trending
structures (Cembrano et al., 1996, 2000). This structure favors the
decoupling and northward translation of a forearc sliver, the Chiloé
Block (Forsythe and Nelson, 1985). At a regional scale, the LOFS consists
of NNE-striking dextral strike-slip faults strands; NE-striking normal-
dextral faults splay off the main NNE strands, defining duplexes and
horsetails at the northern and southern tips of the system (Fig. 1a). The
LOFS is spatially associated with major stratovolcanoes, ENE-oriented
volcanic lineaments, subparallel diking, and hydrothermal centers
(Cembrano et al., 2000; Cembrano and Lara, 2009; Lara et al., 2008;
Melnick et al., 2006a, Melnick et al., 2006b; Pérez-Flores et al., 2016,
2017; Rosenau et al., 2006; Sanchez et al., 2013; Sielfeld et al., 2017).

Between 6 and 3 Ma, the LOFS has accommodated dextral ductile
deformation (e.g., Cembrano et al., 2000); then, since 1.6 Ma, this
structure has led dextral brittle deformation (e.g., Lavenu and Cem-
brano, 1999). Deformation rates for the LOFS have been constrained
both for the long-term and instantaneous timespans. Based on kinematic
models, Rosenau et al. (2006) obtain mean shear rates decreasing
northwards from 32 £ 6 mm/yr to 13 £ 3 mm/yr for the last 4 Ma
(Fig. 1a). Present-day GPS velocities show northward motion of the
Chiloé Block, driven by dextral shear along the LOFS at northward
decreasing rates of 6.5 mm/yr (Wang et al., 2007). Further, boundary
element models suggest a 3.5 mm/yr slip rate for the LOFS Eastern
Master Fault and a 5 mm/yr slip rate for the Western Master Fault
(Stanton-Yonge et al., 2016). In turn, finite element models propose a
northward increasing from 7 to 10 mm/yr slip rates for the Eastern
Master Fault and a northward decreasing from 1 to 4 mm/yr slip rates
for the Western Master Fault (Iturrieta et al., 2017). Despite the docu-
mentation of Late Quaternary deformation evidence (subaerial and
subaqueous) for the LOFS (Melnick et al., 2006a, Melnick et al., 2006b;
Vargas Easton et al., 2013; Villalobos et al., 2020; Wils et al., 2018,
2020), the estimation of millennial slip rates has remained elusive.
Recently, Astudillo-Sotomayor et al. (2021) estimated a dextral slip-rate
of 18.8 + 2.0 mm/yr for an individual major branch of the LOFS for the
last 9 ky, by considering deformed fluvial terraces near the Liquine
village. The authors also suggest that, at the millennial timescale, slip
partitioning between the megathrust and the LOFS is high, and that
strain concentrates on a single LOFS strand during this time span.
Further south, near the Huemules River (~45.83°S), De Pascale et al.
(2021) suggest a Quaternary 11 to 24 mm/yr dextral slip rate for a LOFS
master fault, based on displaced glacial landforms. However, these
glacial landforms have not been yet dated and therefore these rates
remain speculative.

Seismic activity has been recognized throughout the LOFS (Fig. 1).
Instrumental data shows the occurrence of clusters of shallow micro-
seismicity reaching depths up to 12 km, which are regarded as the
seismogenic layer bottom (Fig. 1b; Pérez-Estay et al., 2020; Sielfeld
et al., 2019). The oldest Mw > 5 recorded event within the LOFS is the
Mw 6.21964 Hudson earthquake; this event occurred at 11 km depth
along a NE-striking fault (Chinn and Isacks, 1983). In 1989, a Mw 5.3
earthquake took place shortly after an eruption of the Lonquimay Vol-
cano; this event occurred at 15 km depth and involved dextral-oblique
slip on a NNE-striking fault (Fig. 1a; Barrientos et al., 1992). In 2006,
a Mw 5.5 earthquake at 18 km depth occurred at the northern end of the
LOFS, nearby the Callaqui Volcano; the constrained focal mechanism
suggests either dextral slip on a NNE-striking fault or sinistral slip on a
NW-striking fault; both fault styles occur in the area (Fig. la; Pérez-
Flores et al., 2016). In 2007, a seismic swarm occurred along the LOFS at
the Aysén fjord, ending with an Mw 6.2 earthquake at 12 km depth; the
focal mechanism for this event was right-lateral with slip on a NS-
striking plane (Fig. 1a; Legrand et al., 2011).

The intra-arc area is also characterized by a system of NW-striking
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faults defined as Andean Transverse Faults (ATFs), which are regarded
as pre-Andean inherited structures (Haberland et al., 2006; Lange et al.,
2008; Lara et al., 2006; Melnick et al., 2006a, Melnick et al., 2006b;
Melnick and Echtler, 2006). These faults have been considered as lith-
ospheric deep-rooted structures based on geophysical evidence, field
observations, and remote sensing (Sanchez et al., 2013). The ATFs are
spatially related to the development of Cenozoic basins (Radic, 2010),
the segmentation of the megathrust rupture zones (Melnick et al., 2009),
and the Quaternary volcanism in the Southern Volcanic Zone (SVZ;
Cembrano and Lara, 2009). In addition, the ATFs partially control fluid
circulation and have been associated to shallow seismicity (Cembrano
and Lara, 2009; Lara et al., 2006; Melnick et al., 2006a, Melnick et al.,
2006b; Pérez-Flores et al., 2016; Sielfeld et al., 2017; Tardani et al.,
2016).

3. Methods
3.1. Characterization of the neotectonic evidence

Four areas with neotectonic evidence are herein reported for the
Southern Chile intra-arc between 39°S and 40.5°S. These areas, from
north to south, were named Caburgua, Palguin, Las Pampas and Maihue
(areas in Fig. 1b). The definition of these areas was primarily led by a
detailed literature review including published and unpublished studies.
For each area, key sites were then confirmed after a first field survey.
The evidence preserved in these specific sites corresponds to offset
landforms and faulted Quaternary deposits. Then, specific sites were
characterized based on high-resolution satellite imagery (Landsat/
Copernicus data from Google Earth) and ALOS-PALSAR Digital Eleva-
tion Models (DEMs) with 12.5 m spatial resolution analysis. During a
second field survey, work focused on mapping, describing, and
analyzing neotectonic evidence of fault activity in each site from
geomorphic, stratigraphical, and structural standpoints. These tasks
pointed to interpret the evidence in terms of fault kinematics and its
neotectonic significance. The description of most of the sites was sup-
ported by drone imagery and high-resolution topography derived from
photogrammetry. For those sites where the first-order evidence is given
by deformed channels, offset estimations were undertaken on high-
resolution DEMs considering the approach of Zielke and Arrowsmith
(2012).

To constrain the timing of deformation, we have first considered the
age of the deposits presented in published geological charts of the area;
these mostly correspond to lacustrine, fluvial, pyroclastic, glacial, and
undifferentiated deposits (Campos et al., 1998; Moreno Roa and Lara,
2008; Rawson et al., 2015). Then, when possible, charcoal fragments
were collected from buried soils to obtain radiocarbon ages. Further,
pumice samples were collected at some sites to perform correlations
with a tephrochronological database for the Chilean lake district
(Rawson et al., 2015); the major oxide composition of the glassy matrix
of the pumice samples was analyzed by using a JEOL JXA-8200 wave-
length dispersive electron microprobe equipped with five spectrometers
at the Institute of Geosciences, Potsdam University.

At the Palguin Area, a GPR profile was carried out with a GSSI
UtilityScan equipment (https://www.geophysical.com/products/utilit
yscan). The obtained data were later processed using the RADAN 7
software (https://www.geophysical.com/software). This allowed im-
aging strata and structures at depth (Fig. 6g-i). Unfortunately, due to
access difficulties and water oversaturation of the deposits, this tech-
nique was not employed in the other 3 areas.

3.2. ACFS models

The static Coulomb Failure Stress change (ACFS) analysis has been
widely implemented to quantitatively evaluate the influence of the
megathrust earthquake cycle on crustal faults (e.g., Aron et al., 2013;
Farias et al., 2011; Loveless et al., 2010; Sgambato et al., 2020). The
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ACFS is defined as:

Ao, = A+l Ao,

where A, is the shear stress change (positive in the direction of receiver
fault slip), Aopnis normal stress change (positive when the receiver fault is
unclamped), and p' is the effective fault friction coefficient on the
receiver fault (considering pore pressure).

For our modeling, we have employed the Coulomb 3.4 software
(Toda et al., 2011). We calculated ACFS for “Optimally Oriented Faults”
(OOFs) — thrust (rake 90°), normal (rake —90°), and dextral strike-slip
faults (rake 180) - considering a grid of 5 by 5 km. The OOFs are
those faults along which the ACFS is maximum, thus the more likely to
slip. The dipping angle for the dip slip faults is controlled by the coef-
ficient of friction () as follows:

-t ()

with p being the dip angle for reverse faults and the (90-p) the dip of the
normal faults. Strike-slip faults are considered as vertical structures
(Toda et al., 2011).

For our modeling approach, we have considered two interplate sce-
narios; first, we model the ACFS induced by the coseismic slip of the Mw
9.51960 Valdivia Earthquake considering the slip distribution of Fujii
and Satake (2013) (Fig. S4a). Second, we model the ACFS induced by the
“backslip” (e.g., Savage, 1983) — considering the modern interseismic
locking from Moreno et al. (2011) (Fig. S4b) - for simulating the
interseismic slip deficit accumulated during 300 yr (Fig. S4c), which is
the proposed recurrence time for Valdivia type earthquakes (Cisternas
et al., 2005). To discuss in which degree the herein characterized neo-
tectonic faults mimic the orientation of the respective modeled OOFs
faults, we calculated the angular misfit following Aron et al. (2013),
where a misfit <22.5° is accepted to consider the mapped faults as the
OOFs conveniently oriented to be reactivated. Our models were per-
formed considering an isotropic and elastic half-space with an effective
coefficient of friction of 0.4, a Poisson’s ratio of 0.25 and, a Young’s
modulus of E = 80 GPa, which have been adopted for previous ACFS
analyses along the Chilean Andes (Bonali et al., 2013; Cortés-Aranda
et al., 2015; Lupi and Miller, 2014). One of the limitations of our
approach is that the postseismic viscoelastic relaxation of the upper
plate was not modeled; however, the effects of this process are discussed
in Section 5.2.

4. Results
4.1. Field data

4.1.1. Maihue area

Three sites with evidence of neotectonic deformation have been
found at the southern border of the Maihue Lake and nearby the Mirador
volcano (MiV; Fig. 2); these have been named, from north to south, MA1,
MAZ2, and MA3 (Fig. 2a).

Site MA1 (Fig. 2a) consists of two outcrops at the southern border of
the Maihue Lake: MAla and MA1b (inset Fig. 2a and b). At the outcrop
MAla (Fig. 2), a 183/83 oriented fault yuxtaposes Late Quaternary
lacustrine varves with Holocene moraine deposits (Campos et al., 1998).
This site was affected by a landslide following the 1960 Valdivia
Earthquake (Fig. 2b). The fault at this outcrop has produced a defor-
mation zone of 1.4 m width (Fig. 2c and d); within this zone, the varves
are affected by sub-vertical fractures (yellow dashed lines in Fig. 2¢) and
the moraines show aligned clasts (Fig. 2d). By projecting this fault to the
SE, a 30 m height scarp at the surface of the positive topography sur-
rounding the lake can be observed (Fig. 2b). The outcrop MAI1D is
located 10 m westward MAla (Fig. 2b); at this outcrop, a 025/84 fault
drives 2 m of dextral offset of a channel-like feature in an abandoned
lake terrace (Fig. 3a); this fault also produces a negative flower structure
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Fig. 2. Maihue area. a) Map of the Maihue area with crustal seismicity from IRIS, OVDAS, and Sielfeld et al. (2019). Major crustal faults from (FILLIN ""Maldonado
et al., 2021). Yellow stars indicate the location of the MA1, MA2, and MAS3 sites. LGF: Los Guindos Fault, CLV: Carran-Los Venados Volcano; MiV: Mirador Volcano;
CLVG: Carran-Los Venados Volcanic Group (Bucchi et al., 2015). b) Southern border of the Maihue Lake. Dash-dotted white line indicates the LGF trace following the
orientation measured at the MAla outcrop. The white dashed line encloses the 1960 landslide. c) MAla outcrop: The LGF puts in contact Holocene moraine deposits
with Late Quaternary lacustrine varves. The person is 1.8 m tall. d) detail view of outcrop in C showing aligned clasts on the moraine along the fault damage zone.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in varve deposits internally limiting this terrace (inset Fig. 3a and b).

At the southern flank of the Mirador Volcano (MiV in Fig. 2a), we
have found evidence of deformation in two sites (MA2 and MA3 in
Fig. 2a); both expose Holocene pyroclastic deposits related to the
Carran-Los Venados Volcanic Group (CLVG; Bucchi et al., 2015). At site
MA2 (Fig. 2a), a 032/78 oriented normal fault deforms laminated py-
roclastic beds (Fig. 3e). At the base of the outcrop, layer deposits are
offset 0.25 m along this fault; upwards, the same fault produces offsets of
0.1 m in these layer deposits. At site MA3 (Fig. 2a), a 315/60 oriented
reverse fault has produced an offset of ca. 0.3 m in layers of the exposed
pyroclastic deposits (Fig. 3f).

4.1.2. Las Pampas area

At the periphery of the Las Pampas Lake, ca. 15 km northwards the
Liquine village (Fig. 4a), a bedrock channel draining from the lake to-
wards the Liquine River exhibits a sharp dextral deflection (Fig. 4b). At
the southern channel bend, a 2.5 m thick heavily weathered pyroclastic
layer (Fig. 4g) was identified; this layer may be correlated with the
Neltume pumice, an orange-pumice horizon with inferred ages of
12.4-10.3 ka (Rawson et al., 2015), the only pyroclastic deposit that has
been recognized in the area (isopach contour in Fig. 4a). A well-
developed soil horizon is located atop of this pumice (Fig. 4g). At this
site, a fault-oriented 187/83 developed in tonalitic rocks of Mesozoic
age (Lara et al., 2004), with sub-horizontal slickensides (Fig. 4f), is
spatially consistent with the channel deflection; ~65 m upstream the
deflection zone, a ca. 7 m high knickpoint occurs (Fig. 4d). By means of a
high-resolution DSM, derived from photogrammetry, and using the
present-day river channel as a marker of displacement, we estimate a
Holocene cumulative offset of 162.8 + 4.2/—2.4 m (Fig. 4e and f).

4.1.3. Palguin area

The Palguin Area is located at 39.43°S, at the periphery of the Pal-
guin River (Fig. 5). There, a roadcut exhibits a sequence of deformed
pyroclastic layers whose age ranges between 14 and 0.05 ka (Fig. 6a;
Moreno Roa and Lara, 2008). The exposed section consists, from bottom
to top, of an orange heavily weathered pumice horizon (SE1 in Fig. 6b)
overlayed by a ca. 1.5 m thick laminated darkish and whitish sequence
of pyroclastic deposits (SE2 in Fig. 6b). This latter level (SE2) is covered
by a set of pumice layers interbedded with well-developed soil horizons
(SE3 in Fig. 6b). The modern soil horizon develops atop of the section
(SH in Fig. 6b). Charcoal samples from the SE3 unit (PA1-2 in Fig. 6b)
and a pumice sample from the SE1 unit (PA3 in Fig. 6b) were collected to
constrain the timing of deformation. The charcoal samples yield cali-
brated ages between ca. 8.8 and 8.4 ka BP (Figs. 6b, S1 and S2). In turn,
the pumice analysis suggests that the PA3 sample can be correlated with
the Neltume Pumice, dated in 12.4 to 10.3 ky by (Figs. 6b and S3 and
Table S1; Rawson et al., 2015). At this outcrop, deformation concen-
trates at its southwestern part where south-dipping NE-striking faults
accommodate reverse slip defining a fault zone of ca. 1.5 m width
(Fig. 6b-d); the main fault has displaced 0.5 m the Neltume pumice layer
(thick yellow line in Fig. 6¢). Subparallel secondary faults accommodate
minor reverse slip at the southwestern end of the outcrop (Fig. 6d). At
the same outcrop, 5 m to the NNE of the main fault zone, folded layers
were identified (Fig. 6e). The projection of the fault observed at this site
towards the Palguin River is consistent with a notorious ca. 15 m high
knickpoint (Fig. 6f). The GPR profile undertaken at this site (Fig. 6g)
allowed observing the beds of the pyroclastic sequence at depth. This
profile shows that the layers dip decreases towards the NNE (Fig. 6h and
i). In addition, lateral discontinuities of the pyroclastic beds are
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Fig. 3. Maihue area. a) Site MA1b: Stream-like feature dextrally displaced by the LGF trace. Inset shows the projection of this trace to the wall presented in b. b)
Negative flower-structure developed on lacustrine deposits conducting centimetric scale deformation. ¢) Outcrop MA2: Holocene pyroclastic deposits affected by a
NE-oriented normal fault. d) Outcrop MA3: The same pyroclastic deposits from C affected by a NW-striking reverse fault.

observed in the GPR profile (Fig. 6i), directly beneath the faults visible at
the outcrop of Fig. 6b.

4.1.4. Caburgua area

The Caburgua Lake is an intra montane lake of the Villarrica lake
Basin. In this area, we have identified three sites (CA1, CA2, and CA3
inset in Fig. 7a) exhibiting deformed Late Holocene pyroclastic deposits
ranging in age between 14 and 0.05 ka (Moreno Roa and Lara, 2008). All
the sites are located at the southeastern border of Caburgua Lake
(Fig. 7a). Formerly, Hernandez-Moreno et al. (2014) reported evidence
for normal and reverse faults affecting these deposits near the Caburgua
Area.

In site CA1 (inset Fig. 7a), well-laminated pyroclastic deposits are
deformed by an ESE-dipping normal fault (Fig. 7b). This fault cuts the
entire sequence and has conducted displacements up to 8 cm along the
fault plane, the layers exhibit drag folds towards the fault plane, sup-
porting the inferred fault kinematics (inset in Fig. 7b). In site CA2
(Fig. 7c), well-laminated pyroclastic deposits are deformed by a set of
NW-striking southwest dipping normal faults (123/35); these faults
seem to converge at depth and led normal offsets ranging between 0.05
m and 0.5 m of well-identified markers (Fig. 7c). At site CA3 (Fig. 7a), a
pyroclastic sequence is affected by a 019/33 oriented fault (Fig. 8a). The
fault exhibits a minimum observed normal displacement of 4.2 m along
the fault plane. Minor secondary faults splay from the main structure
towards the hanging wall exhibiting both normal and reverse displace-
ments (Fig. 8b-d).

4.1.5. Analysis of the reported evidence

The herein documented evidence indicates that the Late Quaternary
kinematics of the intra-arc faults in the study area (39-40.5°S) is com-
plex and variable along its trend.

Evidence from the Maihue Area (sites MAla-b; Figs. 2 and 3) sug-
gests dextral displacements along NNE-striking faults; for that area, the

Los Guindos Fault (LGF; Figs. 2 and 3), a ca. 65 km long dextral fault has
been formerly mapped (Astudillo-Sotomayor et al., 2021; Guzman-
Marin et al., 2015). We thus consider that the herein reported evidence
has been produced by the LGF during the Late Quaternary. Despite this
area was affected by a landslide following the 1960 Valdivia Earth-
quake, it must be noted that deformed deposits are well-consolidated,
thus unlikely perturbed by this mass-wasting event. Moreover, the
scarp related to this landslide is oriented N45E, notably differing from
the NNE orientation of the herein reported faults. In addition, the evi-
dence at the outcrop scale is coherent, in terms of its orientation, with
the regional strike of the LGF. These observations confirm that the evi-
dence found in sites MAla—d has been caused by tectonic faulting. Sites
MA2 y MA3 indicate, respectively, normal faulting on a NE-striking fault
and reverse faulting on an EW-striking fault. These faults do not seem to
correspond to any former mapped structure or lineament in the pe-
riphery, so we interpret them as secondary structures of the LGF.

At the Las Pampas Area, the fault driving the dextral offset of the
studied bedrock channel corresponds, according to its orientation and
geographical position, to the Liquine Fault (LiF in Fig. 4). This fault was
defined by Astudillo-Sotomayor et al. (2021) 15 km southwards; the
Liquine Fault is a 185/85 oriented fault that has promoted a dextral
inflection — by ca. 170 m — on the Liquine River bedrock channel. From
the age of deformed fluvial and pyroclastic deposits, a slip rate of 18.8
m/ka has been proposed for the last 9 ky (Astudillo-Sotomayor et al.,
2021). Given the similarity between these two offset estimations, it is
likely that the deformation observed at Las Pampas is contemporary
with the Liquine Site from Astudillo-Sotomayor et al. (2021).

In the Palguin Area, the neotectonic evidence suggests Holocene
reverse slip along a SE-dipping structure. Despite no faults with this
orientation and kinematics have been formerly mapped in the area, a
NE-striking lineament defining the SW border of the Villarrica Volcano
(Sanchez et al., 2013) is coherent with the herein reported evidence, the
occurrence of thermal springs, and shallow seismic events reported by
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Fig. 4. Las Pampas area. a) Map of the Las Pampas area. Isopach contours for pumice deposits from (FILLIN ""Rawson et al., 2015). Black thick line corresponds to the
Liquine Fault from (FILLIN ""Astudillo-Sotomayor et al., 2021). Scattered shallow crustal seismicity from IRIS database, and Sielfeld et al. (2019). b) Aerial view of
Las Pampas Outcrop. Location of sites for f and g are shown with white circles. c¢) Hillshade showing the location of the offset markers (dashed/continued yellow
lines) and fault trace (thick red line). d) Longitudinal profile of the stream; note the ca. 7 m high knick point along the profile. e) Offset pdf for the river canyon;
orange circle marks the mean value. f) Outcrop of a fault plane developed over tonalitic rocks with sub-horizontal slickensides (red line). g) Outcrop at the southern
border of the stream. (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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Fig. 5. Map of the Palguin area. Red segment line is
the isopach contour (thickness in cm) for the Neltume
Pumice from Rawson et al. (2015). Crustal seismicity
from IRIS database and (FILLIN "'Sielfeld et al.,
2019). Focal mechanism from Sielfeld et al. (2019).
The thick blue line represents profile trace in 6 f. PAF:
Palguin Fault. Vi: Villarrica volcano. Que.:
Quetrupillan volcano. (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Palguin site. a) Holocene pyroclastic sequence
deformed by the Palguin Fault. Note the change in the
dip of the layers and the deformed lower portion of
the sequence. b) Diagram of the outcrop situation
depicting mapped fault traces and sampling points
(white for charcoal and green for pumice). SE1, SE2,
SE3 and SH are referred in the text. ¢) Main fault zone
at the outcrop; thick yellow line corresponds the
major fault, and thin lines depict secondary faults
splaying from the major one. Red lines indicate the
top of the Neltume pumice layer. d) Minor secondary
faults with reverse kinematics. €) Monoclinal fold of
the pyroclastic sequence. f) Longitudinal river profile
of a segment of the Palguin river (see Fig. 5 for profile
trace), the location of the Palguin Fault is spatially
consistent with a knickpoint of ca. 15 m high. g)
Google Earth view of the GPR profile trace (white
line), the white circle depicts the location of the
outcrop showed in a. h) GPR profile processed data. i)
Interpretation of the GPR profile data. Yellow dashed-
lines correspond to the interpreted layers of the py-
roclastic sequence, and the red solid-lines correspond
to the interpreted faults. (For interpretation of the

Elevation (m)

references to colour in this figure legend, the reader is
referred to the web version of this article.)

GPRprofile

Sielfeld et al. (2019)(focal mechanism in Fig. 5). With these data, we
herein define the Palguin Fault (PaF), a 25 km long fault producing
reverse slip during the Holocene. The kinematics and geometry of the
PaF are inconsistent with the overall orientation of the volcanic arc of
the Patagonian Andes. Nevertheless, at the latitude of the Palguin Site,
the LOFS is crossed by the Mocha-Villarrica Fault Zone (MVFZ in
Fig. 1b), a crustal-scale sinistral transpressive fault with NW orientation
(Rosenau et al., 2006). The deformation induced by the MVFZ could
alter the geometric and kinematic pattern of the volcanic arc, thus
allowing the occurrence of structures such as the PaF.

The Caburgua Area exhibits evidence for normal faulting both on a
NNE-striking fault and on a NW-striking fault. The first one, because of
its orientation and geographical position, would correspond to the 21
km length NS-striking fault mapped in the area by Moreno Roa and Lara
(2008); according to Sanchez et al. (2013), Holocene volcanic cones
align with this fault (Fig. 7). Since no names have been formerly pro-
posed for this fault, we refer to this structure as Northern Caburgua Fault
(NCF in Fig. 7a). With our data, we demonstrate that this fault has
experienced normal slip during the Holocene. In turn, deformation
visible at the outcrop in site CA2 can be related to a 7 km length line-
ament of thermal springs and microseismicity (Sielfeld et al., 2019)
eastwards the Caburgua lake. Based on these antecedents, we propose

the occurrence of the Eastern Caburgua Fault (ECF in Fig. 7a); its strike is
parallel to another seismic lineament documented 7.5 km northwards by
Sielfeld et al. (2019) (Fig. 7a). Our field evidence allows proposing that
this fault has driven normal slip during the Holocene.

4.2. Coulomb failure stress change (ACFS)

In the former section, based on field evidence, we have proposed the
occurrence of 5 active faults of different orientations and kinematics at
the northern LOFS. Herein, we present the ACFS results — induced by the
1960 Valdivia Earthquake and the former interseismic period — onto
dextral, reverse, and normal Optimally Oriented Faults (OOFs) in the
study area; based on this, we then discuss the possible influence of the
modeled stages of the subduction cycle in triggering the herein defined
neotectonic faults. Table 1 presents a summary of the ACFS values
induced along the studied faults and the angular misfit between them
and the modeled OOFs.

4.2.1. ACFS induced by the Mw 9.5 Valdivia 1960 earthquake

For dextral OOFs, the ACFS induced by the 1960 Valdivia earthquake
varies between 2.42 and 11.22 bar; this ACFS field exhibits a smooth W-
E decreasing gradient (Fig. 9a). Dextral OOFs (black lines in Fig. 9a) are
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Fig. 7. Caburgua area. A) Map of Caburgua area. Fault traces from Maldonado et al. (2021). Seismicity from Sielfeld et al. (2019). Inset shows the location of the
three different outcrops identified in this area. ECF: Eastern Caburgua Fault. B) Site CAl exposing a E-ESE dipping fault plane affecting postglacial pyroclastic
deposits. Centimeter scale offsets along the sequence attest for normal displacements along the fault. C) Site CA2 exposing a SSW-dipping fault zone affecting deposits
of the same pyroclastic sequence than in CAl. Displaced layers suggest normal kinematics for these faults.

dominantly SSE striking (mean value 163°; see rose diagram in Fig. 9a).
The modeled dextral OOFs show an intermediate misfit (<22°; see misfit
scale in Fig. 9d and Table 1) with respect to the strike of the LGF, the LiF,
and the NCF (Fig. 9d). In turn, the modeled dextral OOFs present high
misfit values (>48°; see misfit scale in Fig. 9d and Table 1) with respect

ong 15

&

Ult plang*

Fig. 8. Site CA3. A) Holocene pyroclastic sequence
deformed by an ESE dipping normal fault. The major
fault has conducted displacements of ca. 4.2 m along
the fault plane; minor secondary normal, and reverse
faults splay from the major trace and exhibit
centimeter-scale offsets. B) Detail of the eastern lower
portion of the fault zone with several splay faults
developed on the hanging wall. C) Detail of the upper
western upper section of the outcrop whit more sec-
ondary faults developed on the hanging wall of the
fault.

to the orientation of the PaF and the ECF (Fig. 10d). All the mapped
faults (LGF, LiF, PaF, NCF and ECF) lie in zones with positive ACFS
values varying between 3.73 and 7.32 bar (Table 1 and Fig. 9a).

The ACFS values for OOFs of reverse kinematics range between

—1.74 and —0.44 bar, showing a smooth increasing trend (Fig. 9b).
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Table 1

Coseismic and interseismic ACFS values at each studied fault, and angular misfit
between them and the modeled OOFs. Angular misfit classes: low (misfit<20°);
moderate (mod; 20° < misfit<40°); and high: misfit>40°. LGF: Los Guindos
Fault; LiF: Liquine Fault; PaF: Palguin Fault; NCF: Northern Caburgua Fault;
ECF: Eastern Caburgua Fault.

Slip Fault  Coseismic CFS Interseismic CFS
Misfit ACFS (bar) Misfit (deg) ACFS (bar)
min max min max
LGF 21-22 6.76 7.32 16 1.29 2.15
LiF 20 5.83 6.42 14-15 1.45 2.06
Dextral PaF 65 4.95 5.42 60 1.73 2.71
NCF 22 3.73 4.77 17 1.95 3
ECF 48 3.88 4.12 53 1.35 2.02
LGF 77 -0.9 -0.67 71 2.85 3.30
LiF 76 -0.66 —0.64 70 3.18 3.44
Reverse PaF 59 -0.72 -0.76 64 3.48 3.71
NCF 78 -0.89 -0.79 73 3.62 3.85
ECF 8 -0.84 —-0.80 3 3.46 3.69
LGF 12 7.38 8.17 18 -1.66 -0.89
LiF 14 6.49 7.03 20 -1.65 -1.22
Normal PaF 31 5.68 6.17 25-26 -1.59 -1.07
NCF 11 4.67 5.65 17 -1.72  -0.99
ECF 81 4.70 5.0 87 -2.16 —1.61

Reverse OOFs (black lines in Fig. 9b) are dominantly SSE striking (mean
value 107°, see rose diagram in Fig. 9b). These modeled reverse faults
show a high misfit (48°-78°; see misfit scale in Fig. 9e and Table 1) with
respect to the orientation of the LGF, the LiF, the PaF, and the NCF
(Fig. 9e). Reverse OOFs exhibit a low misfit (8°; see misfit scale in Fig. 9e
and Table 1) with respect to the strike of the ECF (Fig. 9e). All the
mapped faults lie in zones with negative ACFS values, ranging between
—0.90 and —0.64 bar (Table 1 and Fig. 9b).

In the case of normal OOFs, ACFS range between 3.14 and 12.14 bar,
with the highest values concentrated at the NW domain of the area
(Fig. 9¢). The modeled normal OOFs (black lines in Fig. 9¢) are mostly
NNE-oriented (mean value 17°, see rose diagram in Fig. 9c). The
modeled normal OOFs have low misfit (9°-12°; see misfit scale in Fig. 9f
and Table 1) with respect to the strike of the LGF, the LiF, and the NCF
(Fig. 9f). In turn, normal OOFs present, respectively, intermediate (33°;
see misfit scale in Fig. 9f and Table 1) and high (79°; see misfit scale in
Fig. 9f and Table 1) misfit with respect to the orientation of the PaF and
the ECF (Fig. 9f). The mapped faults lie in zones where the ACFS is
positive and ranging between 4.70 and 8.17 bar (Table 1 and Fig. 9¢).

4.2.2. ACFS for the interseismic scenario

The ACFS induced for dextral OOFs is in the range between —2.34
and 12.51 bar (Fig. 10a). Dextral OOFs show a marked SSE orientation
within the entire study area (mean 168°, see rose diagram in Fig. 10a)
and the ACFS values show a northwestward increasing trend (Fig. 10a).
Dextral OOFs have a low misfit (14°-17°; see misfit scale in Fig. 10d and
Table 1) with respect to the orientation of the LGF, the LiF and the NCF
(Fig. 10d). Modeled dextral OOFs exhibit high misfit (53°-60°; see misfit
scale in Fig. 10d and Table 1) relative to the strike of the PaF and the
ECF.

(Fig. 10d). The mapped faults lie in areas where the ACFS is positive,
ranging between 1.29 and 2.71 bar (Table 1 and Fig. 10a).

The obtained ACFS for reverse OOFs is within the range between
1.32 and 6.70 bar, defining a WNW increasing trend (Fig. 10b). The
modeled OOFs show a marked SE orientation (median 112°; see rose
diagram in Fig. 10b). These reverse OOFs have a high misfit (64° to 73°;
see misfit scale in Fig. 10e and Table 1) with respect to the strike of the
LGF, the LiF, the NCF, and the PaF (Fig. 10e). In turn, reverse OOFs
exhibit a low misfit (3°; see misfit scale in Fig. 10e and Table 1) relative
to the orientation of the ECF (Fig. 10e). All the studied faults are in zones
with ACFS values ranging from 2.85 to 3.30 bar (Table 1 and Fig. 10b).

For normal OOFs, the ACFS values are between —4.91 and 5.57 bar
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(Fig. 10c). These modeled faults are dominantly ENE oriented (mean
22°, see rose diagram in Fig. 10c). Modeled normal OOFs have a low
misfit (<18°, see misfit scale in Fig. 10f and Table 1) with respect to the
strike of the LGF and the NCF (Fig. 10f). In turn, normal OOFs present
intermediate misfit (20°-26°; see misfit scale in Fig. 10f and Table 1)
with respect to the orientation of the LiF and the PaF (Fig. 10f); a high
misfit (87°; see misfit scale in Fig. 10f and Table 1) was determined
between the orientations of the normal OOFs and the mapped ECF
(Fig. 10f). The ACFS values for all the mapped faults are in the range
—2.16 to —0.89 bar (Table 1 and Fig. 10f).

5. Discussion
5.1. On the nature of the reported evidence

In this paper, we have interpreted that the reported deformation is
related to tectonic processes (e.g., faulting or folding). Nevertheless, at
least for those cases where the evidence corresponds to offset pyroclastic
layers (e.g., Palguin and Caburgua areas), one may argue that defor-
mation is due to non-tectonic factors like syn-eruptive and/or gravita-
tional processes; these processes can involve faulting of different
kinematics. Syn-eruptive deformation can be driven by processes like
shearing between flows, gravity, ballistic impacts, etc.; the developed
structures can be similar to those originated by tectonic faulting and/or
folding in fold and thrust belts (Douillet et al., 2015). Evidence of this
kind has been documented, for instance, in the Ubehebe craters in Death
Valley California (Douillet et al., 2015; Valentine et al., 2021), and in the
Laach Lake, in Germany (Douillet et al., 2015). Given its origin, syn-
eruptive deformational processes tend to affect only a discrete portion
of the sedimentary sequence. On the other side, normal faulting of non-
tectonic origin could be related to gravitational processes like grav-
iquakes or mega-landslides (Douillet et al., 2015). Despite its non-
tectonic origin, when the fault plane penetrates deep in the crust may
produce Mw > 5.5 earthquakes, like the Mw 7.2 earthquake in 1975
along the Kalapana Fault, on the Island of Hawai, or the faults located at
the eastern flank of Mount Etna, Sicily (McCalpin, 2009). This kind of
structures occur at the flanks of very large volcanoes and exhibits a
curve profile in plan view (McCalpin, 2009). In our case, it is very un-
likely that the deformation observed at the Palguin area was generated
by gravitational processes, given the reverse kinematics of the PaF. A
syn-eruptive origin it is also unlikely, because the PaF cuts pyroclastic
layers of different ages, thus suggesting that it formed long time after the
causative eruptions. These conditions, besides the fact that even deeper
portions of the pyroclastic sequence are deformed by this fault (Fig. 6i
and j), led us to consider that the evidence at the Palguin Site is primarily
led by tectonic forces. For the faults observed at the Caburgua area, we
consider unlikely a syn-eruptive origin, given the distance between the
outcrops and the major volcanoes in the area (e.g., Villarrica,
Quetrupillan volcanoes). On the other hand, we cannot completely rule
out a gravitational origin for the deformation within this area, consid-
ering the kinematics of the causative faults (Figs. 7 and 8). Nevertheless,
the mapped trace of the related structures on the CHAF database (Mal-
donado et al., 2021) are very straight, suggesting that the origin of these
structures is not related to gravitational processes. These facts led us to
infer that tectonic faulting is the first order process behind the evidence
at the Caburgua Site. For both areas, Palguin and Caburgua, the inter-
pretation of tectonic faulting as the main factor producing the reported
deformation is supported by the clear spatial link between the faults
observed at the outcrops and regional faults/lineaments, some of these
related to instrumental seismicity (e.g., Sielfeld et al., 2019).

The reported neotectonic deformation is accommodated by N-S ori-
ented normal faults (NCF; Figs. 7 and 8), NNE dextral faults (LGF and
LiF; Figs. 2 and 4), NW normal faults (ECF; Fig. 7), and the NE reverse
Palguin Fault (PaF; Fig. 6). Despite the great variability in kinematics
and fault orientation, all the structures seem to have been active during
the same time span (Late Quaternary) and are coherent with the
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Fig. 9. ACFS induced by the coseismic slip of the
Valdivia 1960 earthquake. Thick black lines depict
the trace of our studied faults, thin black lines
correspond to the strike of the OOFs at each grid cell.
NCF: Northern Caburgua Fault, ECF: Eastern Cabur-
gua Fault; PaF: Palguin Fault; LiF: Liquine Fault; LGF:
Los Guindos Fault; Vi: Villarrica; Que: Quetrupilléan;
Lan: Lanin; MCh: Mocho-Choshuenco; CLV: Carran-
Los Venados; MiV: Mirador Volcano; PCC: Pullehue-
Cordoén Caulle. A to C) ACFS induced by the coseismic
slip of the Valdivia earthquake for dextral, reverse,
and normal OOFs, respectively; rose diagrams show
the strike of the OOFs in each case. D to F) Misfit
angle between OOFs and the studied faults. The inset
map depicts the misfit angle for the ECF. (For inter-
pretation of the references to colour in this figure

legend, the reader is referred to the web version of
this article.)
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Fig. 10. ACFS induced by the interseismic scenario.
In each case, thick black lines depict the trace of our
studied faults, while thin black lines correspond to the
strike of the OOFs at each grid cell. NCF: Northern
Caburgua Fault, ECF: Eastern Caburgua Fault; PaF:
Palguin Fault; LiF: Liquine Fault; LGF: Los Guindos
Fault; Vi: Villarrica; Que: Quetrupillan; Lan: Lanin;
MCh: Mocho-Choshuenco; CLV: Carran-Los Venados;
MiV: Mirador Volcano; PCC: Pullehue-Cordén Caulle.
A to C) ACFS induced by the coseismic slip of the
Valdivia earthquake for dextral, reverse, and normal
OOFs, respectively; rose diagrams show the strike of
the OOFs. D to F) Misfit angle between OOFs and the
studied faults. The inset map depicts the misfit angle
for the ECF. (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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structural grain that characterizes this part of the intra-arc (Cembrano
etal., 1996; Lavenu and Cembrano, 1999; Pena et al., 2021; Pérez-Flores
etal., 2016; Rosenau et al., 2006). North of our study area, several works
have reported evidence of Late Quaternary deformation related to
dextral transpression along the northern end of the LOFS (Melnick et al.,
2006a, Melnick et al., 2006b), and along the Antinir-Copahue Fault
System, at the eastern slope of the Andes (Colavitto et al., 2020; Fol-
guera et al., 2004; Jagoe et al., 2021). This evidence suggests that, north
of 40.5°S, most of the LOFS segments have been active during the Late
Quaternary.

The main challenge when dealing with neotectonic evidence is
unraveling its origin in terms of the mechanics — aseismic and/or seismic
- of the causative processes. Up to date, no data attesting for an aseismic
behavior of the LOFS, and related faults have been acquired; devoted
GPS experiments should be carried out to shed light on this topic. On the
other hand, the available data suggest that these faults can produce
moderate to large earthquakes (Lange et al., 2008; Pérez-Estay et al.,
2020; Sielfeld et al., 2019). The clearest evidence in this sense is given by
the occurrence of the Aysén Seismic Crisis in 2007 (Legrand et al.,
2011). Russo et al. (2011), based on the study of the triggered seismic
activity during this crisis, reinforces the LOFS seismogenic behavior.
They base this suggestion on the idea that the LOFS was close to failure
by at least 4 months during the crisis, and that the accumulated stress
was released by five Mw 5.2-6.2 earthquakes instead of a cascading
rupture ending with a larger seismic event. Considering this evidence, it
may be reasonable to attribute the herein reported field evidence to past
earthquakes. Under this assumption, an interesting point to discuss is the
magnitude of the causative paleoearthquakes. For the study area, a
convex seismogenic bottom layer is defined by Sielfeld et al. (2019);
beneath the volcanic chain of the intra-arc, this layer is situated at ca. 12
km depth. We consider this depth as the seismogenic extent for the
studied faults; this, besides the mapped length in each case, allowed
approaching the rupture area for the studied faults (Table 2 and
Fig. 11a). The rupture area was then considered to estimate the Mw of
the earthquakes that can be produced by each fault following the
empirical relations of Thingbaijam et al. (2017). The obtained Mw range
between 5.5 and 6.8 for the different faults (Fig. 11a and Table 2). Based
on the same relations, we then estimated the coseismic average slip
associated with each earthquake (Table 2 and Fig. 11b). The obtained
values range between 0.08 and 0.6 m; these values suggest that only the
offset produced by the PaF in Holocene pyroclastic deposits (0.5 m;
Fig. 6¢) may be related to one single thrust event of Mw 6.3. For the
remaining cases, the measured offsets would represent the cumulative
effect of repeated paleoearthquakes.

Late Quaternary and Holocene slip rates for individual LOFS
branches have been recently determined (De Pascale et al., 2021 and
Astudillo-Sotomayor et al., 2021, respectively). These rates vary be-
tween 11 and 24 mm/y and have been estimated for first-order NNE-
striking LOFS branches. If the Late Quaternary slip rates for the herein
studied faults range into this interval, the recurrence for Mw 5.5 to 6.8
earthquakes would be on the order of 7 to 50 years. This figure is not in
agreement with what the historical record for crustal seismicity along
the LOFS and spatially related faults shows. Further, this is two orders of
magnitude shorter than the 2 ky recurrence time suggested for

Table 2

Parameters considered for the Mw and average slip estimates obtained for each
fault considering the empirical relationships from (FILLIN "'Thingbaijam et al.,
2017).

Fault LGF LiF PaF NCF ECF
Slip Dextral Dextral Reverse Normal Normal
Length (km) 65 35 25 21 7.5
Rupture area (km?) 780 420 300 252 900
Mw 6.8 6.5 6.5 6.1 5.5
Average Slip (m) 0.58 0.39 0.60 0.21 0.08
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earthquakes along the LOFS from the stratigraphic analysis of a core
drilled in the Aysén Fjord (Wils et al., 2018). This discrepancy insinuates
that fault creep may have a preponderant role in explaining the herein
reported deformation. Overall, this suggests that crustal intra-arc faults
in Southern Chile may behave both as aseismic and seismic structures.

Even if aseismic slip on the herein studied faults — and other struc-
tures in the Southern Chile intra-arc — may be significant, we consider
that their seismic capacity must not be neglected. In general, crustal
faults remain quiet for long periods, from decades to thousands of years
(Slemmons and dePolo, 1986), before producing an earthquake. Other
faults, however, accommodate aseismic slip during long periods, but
generate also microseismicity (e.g., Harris, 2017) and even moderate-to-
large earthquakes (e.g., Oppenheimer et al., 2010). It is the case, for
instance, of faults in California. There, the Parkfield segment of the San
Andreas Fault system regularly produces M6 earthquakes (Bakun et al.,
2005) but experiences also shallow creep (e.g., Johanson, 2006). Like-
wise, the Hayward Fault has been able to produce M6.8 earthquakes
(Bakun, 1999) and also creeps regularly both at shallow and deep por-
tions of the crust (e.g., Chaussard et al., 2015). This seismic/aseismic
behavior has been also determined for trench-parallel strike slip faults in
active volcanic arcs; it is the case, for example, of the Great Sumatran
Fault (GSF) in Indonesia. At its northern end, the Aceh segment of this
fault is characterized by producing shallow (<16 km) microseismicity
(ML < 4) and Mw > 6 earthquakes as those of 2013 and 2016 (Muksin
et al., 2019). However, aseismic slip has been also determined for this
fault segment up to 10 km depth (Ito et al., 2012; Tong et al., 2018). The
mechanisms behind this dual behavior would be related to a complex
depth-dependent layering of the crust, involving velocity strengthening
(aseismic) and velocity-weakening (seismic) levels (Scholz, 1998).
Based on this, (Harris, 2017) infers that even dominant creeping faults
present dispersed locked zones, which would be able to produce earth-
quakes. Even though the herein presented data do not allow for accu-
rately discussing the mechanics of the studied faults, we hypothesize
that this structure may behave similarly to other strike-slip faults
experiencing both creep and seismic behaviors. This reinforces the idea
of considering the herein defined neotectonic faults — and in general the
intra-arc faults in the area — for seismic hazard appraisals.

5.2. Megathrust earthquake cycle and intra-arc fault reactivation

According to our results, both the Valdivia 1960 Earthquake and the
interseismic period promote favorable conditions to reactivate intra-arc
faults in the study area. Two of the neotectonic faults herein defined —
the dextral LGF and the dextral LiF (Figs. 9a and 10a) — were moved to
failure (positive ACFS; misfit <22.5°) by the two modeled scenarios
(Fig. 9a and c; Table 1). One — the normal NCF - was exclusively favored
coseismically (Fig. 9c and d; Table 1). In turn, two of the defined faults,
the PaF and the ECF, are not favored (negative ACFS and/or misfit
<22.5°) to slip neither in the coseismic nor in the interseismic model
(Table 1; Figs. 9 and 10).

Former works have discussed the significance of a gradual (as rep-
resented by our interseismic scenario) versus a sudden (as represented
by our coseismic scenario) stress augmentation along receiver faults to
trigger seismicity (Dieterich, 1994; Toda and Stein, 2003). Due to a
gradual stress increase, seismicity along the receiver faults tends to
equal the background seismicity and is assumed constant (Toda and
Stein, 2003). On the other hand, it has been proposed that when a
sudden stress perturbation occurs, a ACFS increment may augment the
seismicity rate along the receiver faults (Dieterich, 1994; Toda and
Stein, 2003). Thus, it can be suggested that crustal fault reactivation is
more likely to occur due to stress perturbations induced by megathrust
earthquakes. This is consistent with studies suggesting a greater total
moment released by crustal seismicity during of the coseismic interplate
stage (Hardebeck, 2012; Hasegawa et al., 2012; Yoshida et al., 2012).
Further, this is in agreement with the findings of Gomberg et al. (2014),
who conclude, from the analysis of the global CMT catalog (Dziewonski
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et al., 1981; Ekstrom et al., 2012) and published reports for the 1960
MO9.5 Valdivia and 1964 M9.2 Alaska earthquakes, that the rate of
crustal earthquakes in the overriding plate increases days after M > 8.6
megathrust earthquakes, in an area encompassing +/— 10° of latitude
and longitude with respect to the triggering event centroid. On the
contrary, the evidence for crustal fault reactivation during the inter-
seismic stage is much less abundant. A possible explanation for this
scarce evidence deals with the fact that the instrumental record covers
only a narrow time span for the interseismic stage; thus, only a small
fraction of the crustal earthquakes occurring during this period may be
detected (Aron et al., 2014).

For the LOFS, no moderate-to-large earthquakes have been
confirmed shortly after the 1960 Valdivia Earthquake. Although this can
be explained by the lack of data, it is important to highlight that strike-
slip faults in other oblique margins have neither be triggered shortly
after (weeks) great megathrust earthquakes. Indeed, these faults have
been reactivated decades after the precedent megathrust mainshock. For
instance, Pollitz and Sacks (1997), by calculating Coulomb failure stress
on the causative Nojima Fault — a branch of the Median Tectonic Line
(MTL) in Japan - conclude that the M 6.91995 Kobe Earthquake was
enhanced by the occurrence of M > 8 megathrust earthquakes along the
Nankai subduction zone during the 1940s. Likewise, Bufe (2006) sug-
gests that the M 7.92022 Denali Earthquake, which occurred on the
Denali Fault (DF), was partially triggered by stress perturbations due to
the 1964 M 9.2 Alaska. Similarly, McCloskey et al. (2005) propose that
the GSF in Indonesia — a fault that has produced >20 Mw > 6.5 earth-
quakes in the last 110 years (Hurukawa et al., 2014) — was strengthened
to experience a M 7-7.5 earthquake due to the stress increments pro-
duced by the megathrust M 9.32004 Sumatra-Andaman Island Earth-
quake. Although no earthquakes of the proposed magnitudes have yet
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occurred on the GSF, a M 6.2 earthquake took place on this structure on
February 25th, 2022. With these data, we propose that LOFS and sec-
ondary fault strands, although significantly affected by coseismic ACFS,
do not necessarily slip during megathrust earthquakes. Interseismic
ACFS, although of less magnitude, may represent the perturbations
required to trigger intra-arc faults in the area.

The fact that some of the studied faults (PaF and ECF) are not favored
(ACFS < +0.1 bar; misfit >22.5°) to be reactivated by any of the two
modeled scenarios opens three possibilities. First, their reactivation
would be due to ACFS rises induced by megathrust earthquakes with slip
distributions different from that of the Valdivia Earthquake. Second,
their reactivation may be caused by postseismic stress changes. Even if
they were not modeled in this paper, Ding and Lin (2014) propose that
postseismic ACFS associated to the 1960 Valdivia Earthquake signifi-
cantly increased in the rupture area and nearby regions. Indeed, these
authors suggest that the subsequent 2010 Maule Earthquake was, at
least partially, triggered by the 1960 Valdivia postseismic ACFS. Third,
their reactivation is controlled by major crustal structures in the area,
rather than the megathrust seismic cycle. For instance, an alternative
source of deformation for the PaF could be the Mocha-Villarrica Fault
Zone (MVFZ in Fig. 1b), a major crustal-scale sinestral transpressive
structure oblique to the andean chain (Melnick and Echtler, 2006)
which, according to Cembrano and Lara (2009), is not coupled with the
dextral-transpressive stress field of the arc.

Despite the limitations of our ACFS modeling approach, it allows
shedding light onto the interaction between the megathrust earthquake
cycle and the potential occurrence of moderate-to-large earthquake on
intra-arc faults in the Southern Chile subduction zone. Future studies
may address the interaction between megathrust ruptures different from
the Valdivia 1960 earthquake — for instance with stochastic modeling —
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and intra-arc faults. Another step in this sense may consider the 1960
postseismic ACFS on the LOFS and spatially related faults.

6. Conclusions

We have reported and characterized field evidence of deformation in
four areas of the Southern Chile intra-arc between 39°S and 40.5°S.
Evidence consists in deflected channels and offset markers at the
107!-10% m scale. Age constraints suggest that this evidence is younger
than 14 ka. The characterized evidence allows considering five faults in
the area as neotectonic structures; these are, from south to north, the
NNE-striking dextral Los Guindos Fault (LGF), the NNE-striking dextral
Liquine Fault (LiF), the NE-striking reverse Palguin Fault (PaF), the
NNE-striking normal Northern Caburgua Fault (NCF), and the NW-
striking Eastern Caburgua Fault (ECF).

The general seismogenic behavior of the LOFS allows considering
that the herein characterized deformed markers are, at least partially,
due to shallow earthquake ruptures. Considering the length of each of
the neotectonic faults reported in this paper, besides the seismogenic
depth for the area (12 km depth), we conclude that they can produce Mw
5.5 to Mw 6.8 earthquakes with coseismic slip ranging between 0.08 m
to 0.58 m.

Stress perturbations induced both by the 1960 Valdivia Earthquake
and the modeled interseismic period increase the ACFS on the herein
reported faults. These stress changes may have augmented the possi-
bility of having crustal earthquakes on faults of the study area and, in
general, within the entire southern Chile intra-arc in the future.

We propose that the intra-arc faults addressed in this paper, and
certainly others in the Southern Chile intra-arc, must be considered as
significant sources of seismic hazard. Shallow earthquakes on them
could result in severe damage for urban areas and industrial facilities
located in the periphery of these faults.
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