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Orogenic belts at oblique convergent subduction margins accommodate deformation in several trench-
parallel domains, one of which is the magmatic arc, commonly regarded as taking up the margin-parallel,
strike-slip component. However, the stress state and kinematics of volcanic arcs is more complex than
usually recognized, involving first- and second-order faults with distinctive slip senses and mutual
interaction. These are usually organized into regional scale strike-slip duplexes, associated with both
long-term and short-term heterogeneous deformation and magmatic activity. This is the case of the
1100 km-long Liquifie-Ofqui Fault System in the Southern Andes, made up of two overlapping margin-
parallel master faults joined by several NE-striking second-order faults. We present a finite element
model addressing the nature and spatial distribution of stress across and along the volcanic arc in the
Southern Andes to understand slip partitioning and the connection between tectonics and magmatism,
particularly during the interseismic phase of the subduction earthquake cycle. We correlate the dynamics
of the strike-slip duplex with geological, seismic and magma transport evidence documented by previous
work, showing consistency between the model and the inferred fault system behavior. Our results
show that maximum principal stress orientations are heterogeneously distributed within the continental
margin, ranging from 15° to 25° counter-clockwise (with respect to the convergence vector) in the
master faults and 10-19° clockwise in the forearc and backarc domains. We calculate the stress tensor
ellipticity, indicating simple shearing in the eastern master fault and transpressional stress in the western
master fault. Subsidiary faults undergo transtensional-to-extensional stress states. The eastern master
fault displays slip rates of 5 to 10 mm/yr, whereas the western and subsidiary faults show slips rates
of 1 to 5 mmy/yr. Our results endorse that favorably oriented subsidiary faults serve as magma pathways,
particularly where they are close to the intersection with a master fault. Also, the slip of a fault segment
is enhanced when an adjacent fault kinematics is superimposed on the regional tectonic loading. Hence,
finite element models help to understand coupled tectonics and volcanic processes, demonstrating that
geological and geophysical observations can be accounted for by a small number of key first order
boundary conditions.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

where the variation of stress orientations and relative magnitudes
lead to different mechanisms of seismic faulting and fluid mi-

Regional crustal stress in convergent margins is commonly
compartmentalized as faults with various orientations within the
continental lithosphere. Faults locally disrupt the stress field,
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gration (e.g. Nakamura et al., 1977; Rubin, 1995; Sibson, 1994),
which uses conduits located in not only brittle, but also ductile
shear zones (e.g. Hutton, 1988). Furthermore, brittle faulting oc-
curs near the surface, typically under the Mohr-Coulomb criterion,
whereas thermo-activated crystal-plastic deformation mechanisms
take place as depth and temperature increases (McClay, 1977,
Tullis and Yund, 1987). These mechanisms include, but are not
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limited to, dislocation creep (climb and glide) beneath the brittle-
plastic transition and diffusion creep (e.g. Cobble and Nabarro-
Herring creep, both sensitive to grain-size) in deeper structural
levels. However, the precise relationship between magma transport
and deformation mechanisms in plastic shear zones (i.e. beneath
the seismogenic region) remains speculative. It is established that
a strong dependence on viscosity contrast between host rock and
magma composition should be taken into account of such re-
lationship (Rubin, 1995). While seismic pumping is capable to
transporting large volumes of magma, crystal-plastic mechanisms
in mylonites develop large, low-permeability crack networks that
could serve as magma transport conduits (e.g. Bauer et al., 2000).
Therefore, regardless of the transport mechanism, local extension
must exist (at least down to the intrinsic length scale of plasticity)
for magma to migrate, thus ensuring kinematic compatibility.

In this context, transcurrent fault systems are large-scale shear
zones that cut through the lithosphere, generally driven by oblique
plate convergence. They are composed of a series of anastomosed
faults striking sub-parallel to the plate margin, thus accommodat-
ing a significant part of the convergence margin-parallel compo-
nent (Teyssier et al., 1995). Also, they are commonly arranged in
two or more conjugate sets of opposite-verging faults (e.g. Braun
and Beaumont, 1995), which could be connected by second-order
structures: such is the case of strike-slip duplexes (Woodcock and
Fischer, 1986).

An outstanding case study of a regional-scale transcurrent shear
zone, is the Liquifie-Ofqui Fault System (LOFS) (Fig. 1), which is lo-
cated within the South-Andean margin. It runs over 1100 km from
south of the Ofqui isthmus (48°S) to Alto Bio-bio (37°S) (e.g Mel-
nick et al., 2006). The LOES is described as a long lived intra-arc
structure that has been active - at least - since 6 Ma (Cembrano
et al., 2002). Geological evidence (e.g. Arancibia et al., 1999; Lavenu
and Cembrano, 1999), along with seismic (Lange et al., 2008) and
geodetic observations (Wang et al., 2007) documents its overall
transpressional dextral kinematics.

The LOFS deformation is genetically associated and kinemati-
cally consistent with: (i) NNE and NE alignments of volcanic cen-
ters (Nakamura et al.,, 1977; Cembrano and Lara, 2009); (ii) sharp
geomorphic lineaments, where faulting contributed to the land-
scape evolution by differential erosion since the Pliocene (Cem-
brano et al., 1996; Glasser and Ghiglione, 2009); (iii) high denuda-
tion rates (1 mm/yr) due to the balance between transpressional
surface uplift and high glacial erosion rates (Thomson, 2002);
(iv) shallow seismicity (<10 km) (Cembrano and Lara, 2009; Lange
et al., 2008; Legrand et al., 2011); and (v) active hydrothermal
reservoirs and fault-vein networks associated with paleofluid flow
(e.g. Sanchez et al., 2013). Hence, the importance of studying LOFS
deformation goes from fundamental tectonics to hazard assess-
ment and geothermal potential.

The LOFS present-day interplay between tectonics and magma
transport was clearly documented during the Aysén duplex seismic
swarm in 2007 (Lange et al., 2008; Legrand et al., 2011). Thousands
of earthquakes occurred within the duplex domain, ending in two
large events of magnitudes M,, = 6.1 and M,, = 6.2, see Fig. 1. The
first event was both volcanic and tectonically driven with normal-
extensional focal mechanism, most likely caused by dike upward
propagation. This event subsequently activated a LOFS master fault
in a second seismic event, displaying a well-constrained strike-
slip focal mechanism. However, the stress state and kinematic
regimes at the brittle-plastic transition, right beneath where the
seismic swarm was nucleated (8-10 km), are still poorly under-
stood.

In this work, we examine the stress and deformation fields at
the LOFS strike-slip duplex within the brittle-plastic transition us-
ing numerical simulations. Our main goal is to understand the
interaction between adjacent fault segments of a strike-slip du-

66 mm/yr

Nazca plate

Antartica plate
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8 mm/yr

Liquifie-Ofqui Fault Andean Transverse /\ Volcano
System (LOFS) Faults (ATF)

Dextral strike- &» Sinistral-reverse Subduction
slip fault fault trench
Inferred fault \\\ Inferred fault Aysén duplex

Fig. 1. Tectonic setting showing the main strands of the LOFS within the South-
Andean margin. Andean Transverse Faults [ATF] are shown in red (modified from
Sanchez et al.,, 2013), along with representative stratovolcanoes of the volcanic arc.
The southern Aysén duplex is highlighted in the green frame. Main historical focal
mechanisms of the LOFS are shown (Lange et al., 2008) along with the Aysén swarm
culminating events (A represents the 3/02/2007 M,, = 6.1 extensional earthquake
and B the 3/21/2007 M, = 6.2 strike-slip earthquake) (Legrand et al., 2011). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

plex and suitable tectonic settings for magma upward migration;
particularly, we estimate the steady-state stress-field acting on the
LOFS current geometry, and use it as a basis for detecting favor-
able fluid transport conditions. Further, we calculate the veloc-
ity field within the continental lithosphere and slip rates of the
LOFS duplex segments, to answer open questions such as: How
is slip partitioned along and across the continental margin and
why? What are the LOFS slip rates and their distribution along
strike? To this end, we develop a finite element model (FEM) of
the LOFS duplex that reproduces a horizontal slice of the continen-
tal lithosphere at and beneath the brittle-plastic transition. Using a
continuum-mechanics formulation that considers elastoplastic ma-
terial behavior, we model the LOFS duplex geometry (i.e. structures
are represented as volumes rather than discontinuities) and the
surrounding wallrock. To validate our numerical model, we con-
front our results with seismic and geological data recorded in the
field.
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2. Geotectonic framework

The tectonics of the Andes Southern Volcanic Zone is controlled
by convergence and subduction between the Nazca and South-
American plates. The Peru-Chile trench trends N10°E, whereas the
convergence velocity vector trends N8O°E at 66 mm/yr (Anger-
mann et al., 1999) (Fig. 1). This obliquity angle (= 20° counter-
clockwise) has remained roughly the same for the last 10 Ma
(Kendrick et al., 2003; Argus et al., 2010) and is sufficient for slip
partitioning to partially occur within the Southern Andes intra-arc
(Arancibia et al., 1999; Lavenu and Cembrano, 1999; Stanton-Yonge
et al., 2016). However, south of the Chilean Triple Junction (be-
tween Nazca, South-America and Antarctica plates at 46° latitude),
convergence between Antarctica and South America is mainly or-
thogonal to the trench (DeMets et al., 2010).

Several oblique-to-the-arc faults are found along the LOFS
(Cembrano and Lara, 2009). They consist either of secondary struc-
tures splaying off the LOFS or ancient basement inherited faults
(e.g. Stanton-Yonge et al., 2016, and references therein). The lat-
ter have been grouped into the so-called Andean Transverse Faults
[ATF] (shown in red in Fig. 1). Most of them are cut and/or dis-
placed by the LOFS master faults. In the northern end of the
LOFS, a horse-tail structure is displayed (Melnick et al.,, 2006;
Pérez-Flores et al., 2016), whereas in the south, two large NNE-
trending master faults form a strike-slip duplex at a right step-over
(Cembrano et al., 1996) (Fig. 1). The latter is located within the
Aysén fjord (44-46°S), where quartz-feldspathic mylonitic rocks
and upper crustal faults have been exhumed from depths of a few
kilometers. Both document compressional to transpressional defor-
mation events (Arancibia et al., 1999; Lavenu and Cembrano, 1999;
Vargas et al., 2013).

The LOFS duplex runs mostly through the North Patagonian
batholith, consisting of Late Cenozoic granitoids, which intrude Pa-
leozoic metamorphic complexes (Hervé, 1993) and Early Cenozoic
volcano-sedimentary rocks (Hervé et al., 1995). Within the LOFS
domain, plastic deformation localizes in discrete anastomosed my-
lonitic rock bands, with widths ranging from 1 cm to 1 m. They
are distributed within large encompassing fault zones, whose total
width may reach up to 4 km (Cembrano et al., 1996). The du-
plex consists of two master faults that dip towards each other at a
right step-over, thus suggesting a palm-tree geometry (Thomson,
2002). Similar steep dips documented on brittle-faults and my-
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et al., 2013) suggest the continuity of this geometry, at least down
to the brittle-plastic transition (Fig. 2). However, the distance be-
tween both master faults at the surface (= 40 km), along with
their steep dips, implies that the master faults should not coalesce
at the brittle-plastic transition (8-11 km depth), in opposition to
what was suggested by Thomson (2002). Therefore, constraints set
by the duplex geometry at the surface, the observed fault dip and
crustal seismicity could only be attainable if the coalescing point
were well underneath the brittle-plastic transition. One signifi-
cant, independent evidence for the LOFS master faults depth is
provided by a series of monogenetic volcanic cones built on top
of surface fault traces (Lara et al.,, 2008). The mantelic geochemi-
cal signature of the magmas suggests they were transported at a
geologically instantaneous rate along sub-vertical paths from the
underlying asthenosphere (Cembrano and Lara, 2009). Moreover,
numerical simulations of strain partitioning across transpressional
plate boundaries in transcurrent shear zones (Braun and Beau-
mont, 1995) suggest such master faults should coalesce close to
the asthenospheric wedge.

3. Methodology

To address the mechanics of the LOFS, we consider an elasto-
plastic continuum formulation, which is solved using a finite-
element numerical scheme, as is detailed next.

3.1. Continuum governing equations

We consider the crust and LOFS domain as a continuum solid,
which must satisfy the linear-momentum balance principle. As-
suming a quasi-static problem, we neglect inertial terms, and the
balance equations reduce to the differential equilibrium equation

V.0 +pg=0, (M

where bold fonts are used to represent vectors and tensors and
normal fonts to represent scalars, o is the Cauchy stress tensor,
V - () represents the divergence operator, p is the rock density, and
g is the gravity vector field. Let u(x) be the displacement field,
then the strain tensor is € = 1/2(Vu + Vu'), where V() is the
gradient operator. To account for elastic-plastic behavior, we de-
compose the strain tensor into its elastic strain and plastic strain
components, represented by &€° and &P, respectively, and write

lonitic bands (Arancibia et al., 1999; Cembrano et al., 2002; Vargas e=¢°4¢gP. (2)
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Fig. 2. Schematic vertical section of the continental lithosphere in orientation A-A. Previous work data and field mapping are projected in a representative LOFS section.
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Then, the stress is defined in terms of the elastic strain:
o=C:e° (3)

where the operator : denotes a tensor contraction and C is the
fourth-order elasticity tensor, assumed to be isotropic. It is use-
ful to refer to the plastic behavior by defining the effective plastic
strain

eP = EEP . ep (4)
- 3

Throughout this work, which addresses the mechanical state in the
brittle-plastic transition, we consider a yield criterion and flow law
dependent of plastic strain (¢P) and pressure-independent (p). The
implications of this particular choice will be further discussed in
Section 5.1. We define the deviatoric stress tensor by s =0 — pl
and the effective deviatoric stress as

o=,/=-S:s. (5)

Plastic behavior onset in the solid media is determined by the yield
function ¢(o, P), which for a von-Mises yield criterion takes the
form

p(o,eP)=0 —1y(eP) <0, (6)

where 7, represents the critical shear strength, which evolves ac-
cording to the exponential hardening law (Voce, 1955).

Ty(eP) = Too + (To — Too) €Xp(—pEP). (7)

Here, 7o represents the initial shear strength, and 7., the satu-
ration shear strength, whereas g is a hardening exponential rate.
Although this is a general approximation, it is commonly used to
describe the strain-hardening stage of geomaterials, through the
homogenization of a fractured rock mass (e.g. Pouya and Ghorey-
chi, 2001). Summarizing, equations (1), (2), (3), (6) and (7) repre-
sent a set of partial differential equations, which along boundary
conditions for the displacements and tractions constitute an initial
boundary value problem.

3.2. Finite element model

To numerically solve the governing initial boundary value prob-
lem, we propose to use the finite element method for an elastic—
plastic material formulation (de Souza Neto et al., 2011), where a
Lagrangian framework is assumed. For a complete treatment of fi-
nite element formulations in solid mechanics the reader is referred
to Zienkiewicz and Taylor (2000). As a first step, a 3D discretization
of the domain was generated to obtain a tetrahedral mesh. It rep-
resents a horizontal 1 km-thick slice of the continental lithosphere,
in which we included the LOFS geometry at the brittle-plastic
transition. Two different setups were considered: one at 10 km
depth and the other at 15 km. Fig. 3 shows the model representa-
tion of the continental lithosphere encompassing the LOFS duplex
400 km east of the trench, with a 400 km length along the NS
axis. Dimensions of the model were extended away of the strike-
slip duplex, to minimize the influence of boundary conditions on
the distribution of deformation in and around the fault duplex. The
model was built by first meshing the domain with coarse elements.
The mesh was adaptively refined towards the fault system, where a
finer mesh is required to better reflect the geometry and increase
the numerical accuracy of the FE solution. The mesh-generation
process was performed using ANSYS Meshing 15.0, creating a total
of 1.3-10°% elements with a mean and maximum of 1.14 and 3.96
radius ratio, respectively.

Three regions with different material properties were consid-
ered within the model domain: host rock, pop-up blocks and fault

Boundary Conditions

Model Domains

LOFS, . / Lithostatic pressure
(Elastic-Plastic)

- Host rock Nazca-South America
(Elastic - 101 GPa) / convergence ~ 66 mm/yr

Pop-up blocks / Antartica-South America

(Elastic - 50 GPa) convergence ~ 8 mm/yr
Linear springs of
- high rigidity

Fig. 3. Domains spatial distribution and boundary conditions used in the models.
Model (a) represents the LOFS at 10 and 15 km depth and its boundary conditions.
Model (b) is an equivalent single-fault model, using the same material properties
and boundary conditions than model (a).

zone rocks; see Fig. 3. The elastic modulus E and Poisson’s ra-
tio v of the host rock were set to 101 GPa and 0.25 respectively,
calculated using a density of p = 2800 km/m? and P-wave veloc-
ity of V, =6.6 km/s. These values were obtained from a regional
gravity survey (Introcaso et al., 1992) and seismic refraction (Bar-
rientos et al., 2004) performed in the southern Andes continental
margin. The domain encompassed by the LOFS master faults is re-
ferred to as pop-up blocks, which is distinguished from the forearc
and backarc host rock by decreasing its Young modulus to 50 GPa.
The latter is an attempt to represent its more fractured state due
to recurrent faulting, while still behaving elastically at a macro-
scopic scale. The increased thermal gradient in the volcanic arc,
where the pop-up blocks are located, also supports this elastic
stiffness reduction, since the value of E diminishes with temper-
ature. We modeled the fault zone using an elastic-plastic consti-
tutive relation, following a von-Mises yield criteria as defined in
Equation (6) and Equation (7). Similar approaches can be found in
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Regenauer-Lieb and Yuen (1998), Hardacre and Cowie (2003). Its
elastic properties are equal to those of the pop-up blocks. The val-
ues of tp and 7, were set to 20 MPa and 8 MPa respectively, to
represent the range of experimentally deformed mylonites (White
et al,, 1980). The hardening exponential rate 8 was set to 100, in-
tended to modulate the quick asymptotic behavior of 7, between
&P =0 and 0.05.

Steady-state loading was employed to represent the long-term
deformation of the LOFS. This assumption is supported by the fact
that we include in the geometry a developed shear zone, with-
out considering its genesis. The model’s boundary conditions were
represented by an imposed velocity on its western surface simulat-
ing plate convergence. Linear springs of high stiffness were placed
as a lateral constraint, reproducing the roughly null velocity con-
dition caused by the entire South-American plate weight to the
west, but neglecting stress concentration on the model’s edges.
The overburden pressure was simulated by weight body forces in
each element and an uniform pressure on the model’s top sur-
face. Linear springs were attached to the bottom of the model to
simulate the buoyancy effect of the underlying lower crust and
mantle. Northern and southern free edges were laterally loaded
according to the overburden pressure at the modeled depth. Since
this is a 3D model, uplifting of the pop-up blocks should natu-
rally occur in the interior of the analyzed domain. Whereas vertical
stress and infinitesimal strain are modeled properly, fault dip-slip
may be overestimated. This is because strain should be integrated
through depth of the entire fault system geometry (e.g. splay faults
in the brittle domain (Fig. 2)), which is beyond the scope of this
work.

The model constructed here is intended to represent the inter-
seismic phase of the subduction seismic cycle, when most of the
permanent long-term geological deformation is achieved. One ob-
vious limitation of this approach is that the region under study is
currently in the post-seismic phase of the 1960 M,, = 9.5 Valdivia
earthquake (Wang et al., 2007; Moreno et al., 2011). However, with
our model we do not intend to reproduce the short-term current
state of stress of the upper plate following any given earthquake,
but instead we address the long-term state of stress in an obliquely
converging continental margin in general.

The model setup also implies full inter-plate coupling through-
out the subduction boundary. Again, this is a strong assumption as
it is well known that current plate coupling is not only partial, but
heterogeneously distributed across and along the plate interface
(Moreno et al., 2011; Métois et al., 2012). Consistently with what
we stated in the paragraph above, our model does not seek to re-
produce the state of stress arising from the current nature of plate
coupling, but for the more general, simple case, of homogeneous
full plate coupling. One consequence of this is that our model
will not necessarily reproduce the present-day state of stress at
any given point, nor the exact slip-rate magnitudes, but rather the
long-term general nature and spatial distribution of stresses along
and across the continental margin.

After the mesh was generated, and the boundary conditions
and loads were defined, we solved the set of nonlinear equa-
tions that depend on the nodal displacement values deforming the
mesh grid. To this end, we used an enhanced version of FEAP
8.4.1.d, which uses iterative non-linear solvers to compute the
nodal displacements. Post-processing data to generate stress and
strain fields was performed using Paraview 4.0.1.

4. Results

The maximum and minimum compressional principal-stress
axes orientation, oy and o3, respectively, are shown as crosses
in Fig. 4. An overall transpressional-compressional regime is gen-
erated within the domain of analysis, with horizontal o1 trend-

ing from ESE-WNW to NE-SW. The principal orientations are
heterogeneously oriented across and along the continental mar-
gin, having a strong dependence upon the rheological domain. In
general, oq orientations are not parallel to the convergence vec-
tor, but clockwise rotated outside the duplex faults and counter-
clockwise rotated within them. Clockwise rotation attains 5° to
19° in the forearc and backarc domains, with an average value
of 12°. Counter-clockwise rotations can attain as much as 25° in
the master faults. The eastern master fault displays a more oblique
orientation of o7 than that of its western counterpart. Secondary
faults exhibit a o orientation of 0° to —12° with respect to the
convergence vector.

As with o1, o3 axis orientations are mostly horizontal in the
duplex faults (with the exception of the western master fault,
where it becomes oblique as it extends to the north). This in-
dicates an overall strike-slip stress state. In contrast, o3 orienta-
tions are mostly vertical in the forearc and pop-up blocks, in-
dicating a compressional regime. Comparatively, o3 orientations
become horizontal in the foreland, up to 50 km east from the
duplex, beyond which its orientation progressively returns to the
vertical. No significant differences in o1 and o3 axes orientations
spatial distribution are yielded in the equivalent 15 km-depth
model.

We characterize stress relative magnitudes using the stress
shape ratio, which is an adimensional parameter defined as

02 — 03

(8)

- 01—03

where o; denotes the i-th principal stress (i = 1,2,3) of the
Cauchy stress tensor. The stress shape ratio enables contrast of dif-
ferent stress styles, such as the transtensional and transpressional
states in a strike-slip context. A schematic representation of ¢ is
shown in Fig. 5, explaining its associated stress states using the
Mohr’s circle.

The modeled stress shape ratio ¢, at two depths of 10 km and
15 km, is shown in Fig. 6. In the 10 km-depth model, transpres-
sional stress dominates the western master fault (with average
values of ¢ =0.2), whereas pure strike-slip is shown in the eastern
master fault (with ranging values of 0.5). A transtensional-to-
extensional regime is produced in secondary NE striking faults,
with a tendency towards strike-slip from south to north. In
the 15 km-depth model the eastern master fault becomes more
transpressional, whereas the western master fault becomes com-
pressional. Secondary NE-striking faults transtensional domains
become smaller than those of the 10 km-depth model. Their
general stress state at the 15 km-depth model is strike-slip-to-
transpressional.

The modeled slip rate within the different faults making up
the duplex is calculated using the relative velocities of two small
parallel segments, which face each other from both sides of the
duplex fault under consideration. The slip rate field in [mm/yr] of
the LOFS is plotted in Fig. 7. Fault segments display markedly dif-
ferent slip rates: The single southernmost segment has significant
greater slip rate than the rest. It is followed in decreasing order of
slip rate, by the eastern master fault and the secondary faults, and
then the western master fault segment. The slip rate of the east-
ern master fault slightly increases northward, whereas the western
master fault and secondary faults decrease in slip rate towards the
north. In contrast, the single fault model displays an uniform slip
rate of 16.6 mm/yr.
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Fig. 4. Maximum (o) and minimum (o3 ) principal stress orientations are projected as crosses to an horizontal plane at 10 km depth, where the large lines represents o
and the small line represents o3. Given that o3 is not always horizontal, a strike-slip stress regime is exhibited when the full cross is plotted and a compressional regime is
attained when only oy is displayed. An oblique orientation (between the horizontal plane and the vertical axis) is attained where o3 is partially displayed. Red and yellow
crosses represent the stress orientations within the fault system and over the outer/inner blocks, respectively. Segmented white line transects are displayed on the map, on
which the obliquity of o7 orientation is plotted with respect to the convergence vector (N80°E). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
5. Discussion
5.1. Geological scope of the model

To model the deformation mechanisms within the entire fault
zone, we make an effort to constrain the internal bulk plastic-
ity of the rock volume rather than considering each individual
shear band as a surface of discontinuity, such as in dislocation
type models (e.g. Stanton-Yonge et al., 2016; Provost et al., 2003).
Approaches similar to ours can be found in models of fabric de-
velopment with prescribed plastic shear bands, using a von-Mises
yield criterion to simulate dislocation glide (e.g. Schmalholz and
Maeder, 2012), which is pressure independent. Furthermore, our

approach gives the outstanding advantage to account for the com-
partmentalization of stress and strain within the fault zone, rather
than its localization in a discrete fault plane, which is not geo-
logically accurate when representing the brittle-plastic transition.
Another approach to model a fault zone consists in defining elastic
volumes with reduced Young’s modulus, which neglect permanent
deformation produced by plastic flow (Karaoglu et al., 2016). Since
no yield stress limit is imposed in this method, it overestimates
the stress field magnitude as it ignores the stress release when
the fault zone slips (i.e. the stress strongly depends on the time of
loading).

Permanent deformation in a fault zone is possible due to
crystal-plastic slip systems, which is the main deformation mech-
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i

Fig. 5. Graphical representation of the stress shape ratio in an overall strike-slip
regime. Values of ¢ =0 indicate uniaxial compression, ¢ = 0.5 pure strike slip and
¢ =1 implies uniaxial extension. Transpression and transtension are located be-
tween those values, respectively.
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anism in the brittle-plastic transition for quartz-rich rocks (Hirsch
and Roberts, 1997; Hirth and Tullis, 1992), coexisting with micro-
fracturing and pressure solution. We use a continuum approxima-
tion and a distributed plastic material model, characterized by a
von-Mises criterion with isotropic strain-hardening. This is gen-
erally a common approach to model the brittle-plastic transition
deformation mechanisms in shear zones, as suggested by Manck-
telow (2006) and Regenauer-Lieb and Yuen (2003). However, there
is a current uncertainty in the precise geometry of mylonitic shear
bands throughout the fault system, along with the spatial distri-
bution of its thermodynamic state (e.g. horizontal distribution of
temperature, which activates plastic mechanisms). Therefore, we
propose that the use of Von-Mises continuum plasticity approach
is reasonable, given that it is able to reflect the average behav-
ior of the fault zone. Its associated flow law allows strain to lo-
calize in the maximum shear stress direction, in contrast to a
Mohr-Coulomb criterion. More complex constitutive relations can
be used in future efforts, such as multi-scale plasticity models em-
bedded in FE simulations (Hurtado and Ortiz, 2013), to account
for dislocation, micro-fracturing and grain boundary deformation

Single fault reference model
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Fig. 6. Spatial distribution of the stress shape ratio throughout the fault system at 10 km depth and 15 km depth. It is also plotted for the single fault reference model.
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LOFS model at 10km depth
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Fig. 7. Fault slip rate at master and subsidiary LOFS duplex faults. Slip rates within
the duplex structures range from 1 to 10 mm per yr. The maximum slip rate is
located in the southernmost single segment. The single fault model displays an
uniform slip rate of 16.6 mm per yr. The overall kinematics of the duplex fault
segments is displayed alongside.

mechanisms, with the aim of achieving a more complete under-

standing of the fault zone behavior (Kohlstedt et al., 1995).
Previous efforts to study the LOFS stress field, such as in Is-

lam (2009), considered fault zones as individual lines in 2D mod-

Fig. 8. Sites (1), (2) and (3) are representative sites of fault-slip stress inversions per-
formed by Arancibia et al. (1999) along the LOFS eastern master fault. Sites A and
B correspond to epicentral location of the main events (My, = 6.1 and My, =6.2
respectively) of the Aysén seismic swarm (Legrand et al., 2011), the largest seismic
events ever recorded for the LOFS. Site C represents the Hudson M,, = 6.0 event,
documented by Lange et al. (2008) and references therein.

els by using a Mohr-Coulomb yield criterion. Therefore, it pro-
duces a highly discontinuous stress and strain fields throughout
the fault zone vicinity. However, mylonitic shear bands are dis-
tributed within a large width in contrast to a discrete plane, as
can be seen in Cembrano et al. (2002). Also, in numerical simu-
lations of obliquely convergent plate boundaries (e.g. Braun and
Beaumont, 1995), deformation localizes in wide shear zones within
a transpressional tectonic regime.

5.2. Consistency between the model and geological/seismic
observations

To assess the validity, advantages and limitations of the pro-
posed model, we compare our results with field data found in
the literature (Fig. 8). Specifically, we confront our results with
fault slip data inversions and crustal seismicity obtained from local
and/or regional networks (Arancibia et al., 1999; Lange et al., 2008;
Legrand et al., 2011). We highlight that both data sources are re-
stricted to the brittle portion of the lithosphere. However, the brit-
tle domain of a fault zone should slip as a response to the flow of
the stronger brittle-plastic transition domain (Mancktelow, 2006),
where the localization or distribution of brittle fracturing strongly
depend on the underlying lithosphere low or high viscosity, re-
spectively (Schueller et al., 2005). Therefore, if we consider long-
term deformation, comparing the model stress state with fault slip
data and crustal seismicity should be valid as a first order approxi-
mation, given that individual faults respond to the fault zone stress
calculated in this model.

To confront our model with available seismic data, we project
the 10 km-depth modeled stress tensor on the nodal plane solu-
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Table 1
Comparison between seismic data (Lange et al., 2008; Legrand et al., 2011) and
model results. Vectors are given in azimuth/plunge degrees.

Site Seismic data Model results Missfit
(s) (1) (°)

A 129/45 145/43 12

B 179/09 173/18 94

C 191/22 189/19 4

tion evaluated for three representative seismic events. To this end,
we compute the modeled shear stress vector T

T=o0on— (n-on)n. 9)

where ¢ is the modeled stress tensor and n is the nodal plane so-
lution in the seismic events. Projecting T onto the slip s recorded
in an earthquake at the location of its nucleation, we calculate the
misfit angle between both vectors (Table 1). A small misfit of 4° to
12° is confirmed for the three seismic events studied.

Following this, we compare the 10 km-depth modeled stresses
with the paleostress inversion from structural field measurements.
It is important to remark that both our model and fault slip in-
versions describe the long-term averaged stress during a certain
tectonic period. We calculate the misfit between paleostress in-
version and modeled o orientations and ¢ values (Table 2). The
similar values observed indicate that the bulk stressing on the
fault zone calculated in this model is capable and sufficient to ap-
proximately reproduce the state of stress ellipticity on shallower
portions of the crust. Moreover, it also suggests that the stress
regime has not changed much since the brittle deformation took
place, that is from 1.6 Ma (Lavenu and Cembrano, 1999).

Although earthquakes represent an instantaneous event of de-
formation, we remark that these events (and particularly the Aysén
2007 seismic swarm) nucleated upward from the brittle-plastic
transition. Furthermore, there is a low misfit angle (4°-12°) be-
tween modeled and seismic slip vectors. This indicates that the
model is sufficiently accurate in predicting the deformation and
stress styles at the fault zone, regardless of the rheological differ-
ence between these structural levels. However, a different stress
shape ratio distribution can be observed in the 15 km-depth
model (Fig. 6). Secondary faults exhibit a less extensional-to-
transtensional behavior than the 10 km-depth model, being loaded
mostly in transtensional-to-strike-slip in the 15 km-depth model.
This indicates that the mode of fracturing (and therefore, focal
mechanism of earthquakes if they are generated) varies in higher
depths of the brittle-plastic transition.

5.3. Tectonic insights

As shown in Fig. 4, the predicted maximum principal stress
orientation within the forearc and foreland is not parallel to the
convergence vector, but it is clockwise rotated from the conver-
gence vector by 5° to 19°, whereas at the fault zone it is rotated
up to 25° counter-clockwise. The results in the fault zone are con-
sistent with analytical solutions for the velocity fields in oblique
convergence margins (Teyssier et al., 1995) and geological studies

Table 2

in the northern end of the LOFS (Pérez-Flores et al., 2016), which
implies that the oblique component of convergence is mostly ac-
commodated by a margin parallel fault system. In fact, Teyssier et
al. (1995) propose that this partitioning is likely due to the conver-
gence velocity and its obliquity rather than the mechanical proper-
ties of the lithosphere. However, modeling shear zones without any
contrast in elasticity modulus or yield stress would produce a fully
non-partitioned stress field. Thus, we conclude that both the spa-
tial distribution of rheological heterogeneities and the convergence
velocity/obliquity determine the stress distribution within the con-
tinental margin.

Stress states are heterogeneous within different fault segments
of the duplex (Fig. 6), whereas the single fault model under the
same boundary conditions and rheological properties displays only
a pure strike-slip shearing mode (¢ =~ 0.5). Therefore, the orien-
tation of the plastic shear zone plays a key role in how the fault
is loaded. The eastern master fault displays stresses close to pure
strike-slip shearing mode (¢ = 0.45-0.5), whereas the western
fault loads mostly compressional-to-transpressional shearing mode
(¢ ~ 0.2), which is consistent with geomorphologic, block uplift-
ing observations and BEM modeling (Thomson, 2002; Glasser and
Ghiglione, 2009; Stanton-Yonge et al., 2016). In fact, the western
master fault accommodates the compressional stress arising from
convergence, thus allowing the uplifting of the Cordillera at the
considered latitude. Also, the disruption of the stress field near
a fault intersection, which is caused by the adjacent faults’ kine-
matics must be taken into account. For instance, transtensional-
to-extensional behavior of NE-secondary-faults is limited to their
easternmost segment, most likely due to the feedback between
their kinematics and the eastern master fault strike-slip kinemat-
ics. This feedback was also observed in the Aysén seismic swarm
where the extensional M,, = 6.1 event (A in Fig. 1) triggered the
following strike-slip M,, = 6.2 (B in Fig. 1) event in the eastern
master fault (Legrand et al., 2011).

The stress state contrast between the 10 km-model and the
15 km-model can be explained by the change in boundary condi-
tions of the model. The 15 km-model displays, in overall, a stress
state shifted towards compressional loading of both the eastern
and western master faults. In this scenario, both vertical and NS-
trending stress boundary conditions, given by lithostatic pressure,
increase in the same magnitude. However, the identical veloc-
ity boundary conditions between both models implies that EW-
trending stress increases in depth. Since stress is equally magnified
for two orthogonal directions (vertical and NS-trending) in depth,
it requires a greater stress component in the remaining orthogonal
direction (EW-trending) to produce the same level of deformation.
In this context, secondary faults diminish their extensional behav-
ior, which is due to the increase of o (horizontal) versus vertical
stress. Furthermore, rotations of the stress tensor in the model
are invariant between the two models, given that the faults and
boundary condition orientations remain constant. In this regard,
the variation in depth of the topography’s influence, faults’ dip and
the relative velocity of the subduction interface, should account for
the stress tensor rotation.

Comparison between observed data in Paleostress inversions performed by Arancibia et al. (1999) and modeled data. The model
results were averaged within a range of 500 m of the paleostress inversion site location and the paleostress inversion was averaged

considered the number of fault planes measured in-situ.

Site o4 orientation ¢ value
Paleostress Model Misit Paleostress Model Difference of
inversion inversion averages

1 087/01 070/00 15.7 0.03-0.29 0.42-0.45 —0.299

2 096/12 094/04 15.2 0.52-0.54 0.41-0.62 0.017

3 250/07 070/01 8.5 0.3-0.5 0.32-0.45 0.033
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Fault slip rates predicted by our analysis are comparable and
consistent with similar mechanical models at a larger scale.
Whereas BEM models fault zones as discrete surfaces (e.g. Stanton-
Yonge et al., 2016), following the theory of angular dislocation
in an elastic medium, our model takes into account the inner
rheology of fault zones within a given width. It considers that
deformation compartmentalizes on the entire fault zone volume.
The advantages of the FE model are that we can model with a
greater level of detail small-scale geologic features, resulting in
more accurate mechanics of fault slip. Further, the consideration
of elasto-plastic rheology on the fault zone represents the velocity
upper bound expected within the brittle regime of the overlying
lithosphere. Although, brittle deformation is partitioned into im-
bricated discrete faults, each of which should slip at slower rates
than their brittle-plastic counterpart.

The slip rate (16.6 mmy/yr) calculated in the single fault model
is compartmentalized within the LOFS duplex. It can be observed
in Fig. 7 that the southernmost single segment of the LOFS displays
a value of 16 mmy/yr, which indicates that it sustains most of the
equivalent slip of the single-fault model. However, as the duplex
extends from south to north, its overall slip rate is shared be-
tween both master faults: the slip rate of the eastern master fault
increases progressively to the north, whereas that of the west-
ern master fault decreases. This observation can be explained by
their stress loading mode. The southernmost segment of the west-
ern fault is loaded under transpressional-to-strike-slip shearing
mode, thus sustaining a significant fraction of the margin-parallel
component of the convergence vector. In contrast, the northern-
most segment of the westernmost is loaded in a transpressional-
to-compressional shearing mode. This fact, along with its steep
dip, suggests that in the north it accommodates only the margin-
orthogonal component of the convergence vector. Furthermore, this
vertical slip rate of 2 mm/yr could be significant to the pop-up
blocks uplifting, and to the orogenesis at this latitude.

It can be observed in Fig. 7 that the slip rate field is not smooth
throughout all of the master faults’ segments. Slip rate in the east-
ern master fault is disrupted by the presence of oblique NE-striking
faults. Moreover, the magnitude of the slip rate is higher at the
northern segments of fault intersections in contrast to southern
segments. This phenomenon can also be explained if we consider
the M,, = 6.1 and 6.2 events of the Aysén swarm: when the ex-
tensional M,, = 6.1 event occurred, it displaced the northern block
of the fault northward and the southern block southward. Thus,
the velocity tendency is greater in the northern block (where the
following M,, = 6.2 took place), given that its velocity superim-
poses on the dextral kinematics of the eastern master fault. On the
other hand, the southern block southward velocity is in opposite
sense to the eastern fault dextral kinematics. This would account
for a greater overall slip rate northward of the fault intersection
within the eastern master fault, rather than southward. Therefore,
this example can account for the influence of coupled kinemat-
ics at adjacent fault segments on their slip rates along strike. This
can be observed at Fig. 7 in the eastern master fault, where the
slip rate diminishes as it moves north towards a fault intersection
with a secondary NE-striking fault, then increasing again as it pro-
gresses away northward. Next to a fault intersection, the slip is
enhanced in the fault segment in which both tectonic loading and
the stressing caused by slip in the same sense along an adjacent
fault.

Regarding the seismicity recorded in the fault system, we high-
light the consistency between the focal mechanisms, the recorded
slip vector (Legrand et al., 2011), and the stress state predicted by
the model (Table 1). We note that these results correspond to dif-
ferent depths: the hypocenter depth of the M,, = 6.2 event (focal
mechanism B in Fig. 8) was 4 km and the model was produced

at 10 km. This is consistent with a brittle-plastic transition that
drives the stress state of the seismogenic region.

5.4. Magma transport

When comparing to the volcano-tectonic M,, = 6.1 event (focal
mechanism A in Fig. 8), our numerical model results show great
consistency with its stress state. Transtensional-to-extensional
stress is clear within the NE-striking fault responsible for the
event. The Aysén seismic swarm was recorded from a maximum
depth of 8.3 km and the event A occurred at a depth of 5.3 km
(Legrand et al., 2011). Moreover, the entire seismic swarm is rep-
resentative of magma upward migration from the brittle-plastic
transition, with fault-plane solutions that can be caused by both
tectonic stress and dyke inflation. These solutions often differ
considerably depending on the regional tectonic setting and the
magma-wall rock interaction (Roman and Cashman, 2006). On the
other hand, our model captures the stress state due to the long-
term behavior of the fault system, therefore immediately before
magma was transported upward. Given the model’s consistent re-
sults, we propose that NE-striking faults, close to the intersection
with the eastern master fault, serve as long-lived magma path-
ways, maintained by tectonic loading conditions. This is supported
by the existence of volcanos Maca and Cay, which are approx-
imately placed on NE-striking faults, along with several mono-
genetic cones (Legrand et al., 2011).

Furthermore, we calculate the fluid overpressure ratio A re-
quired to slip given a fault’s orientation, which is the percentage
of fluid pressure against lithostatic vertical stress. Particularly, we
seek the lower boundary of A where slip is associated with exten-
sion in brittle faulting, either in Mode I or in Mode II fracturing.
Mode I alone would require greater values of A. Following the
scheme provided in Roquer et al. (2017) and references therein,
A can be obtained by rewriting the Murrel’s expansion of Grif-
fith criterion (generalized Griffith criterion) in terms of the fluid
overpressure ratio A, the normal stress o, =n - on and the shear
stress magnitude T = ||t||, projected on the nodal planes of the
M,, =6.1 event:

Py on+T 2
oy pgz 4T pgz

where Py is the fluid pressure, o, the vertical loading and T the
tensile strength of the rock, assumed to be equal to 4 MPa (Gud-
mundsson, 2011). For the NE-striking fault, the minimum value
of A is 0.83, which indicates that a magma pressure equals to at
least 0.83 times the value of lithostatic vertical stress is needed
to produce extension, and therefore a pathway for magma upward
migration. Regarding this observation, the tectonic conditions are
sufficient to develop local extension for magma to migrate up-
wards, with no particular assistance of magma overpressure. How-
ever, this may be an oversimplified statement because a mechani-
cally coupled feedback between overpressure and tectonic loading
should usually exist. Furthermore, the link between magmatism
and fault development is addressed in other works using dis-
tributed plasticity and hydro-mechanical feedback (e.g. Gerbault et
al.,, 2012), in which magma pressure assists fault nucleation. Con-
sequently, shear zones localization assists magma upward migra-
tion. Given that we use a non-coupled hydro-mechanical approach,
an improved comprehension between tectonics and magmatism
can be used in future work by integrating this feedback. On the
other hand, relatively large areas of extension are observed by the
model (4-10 km?), implying that large volumes of magma could
be transported up through the brittle-plastic transition, perhaps
using micro-cracks pathways within mylonites (Bauer et al., 2000;
Handy and Streit, 1999).

A= (10)
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Aside from the fault where the M,, = 6.1 event was gen-
erated, extensional behavior also occurs on the secondary fault
zone edges, as well as in other regions of the eastern master
fault. This observation could provide evidence for self-similarity
between crystal-plastic mechanisms and tectonic macro-behavior,
given that dilatant micro-fractures are often found within plas-
tic shear zones boundaries. These fractures precede plastic defor-
mation (Segall and Simpson, 1986) and serve as fluid pathways,
consequently being obliterated by excessive deformation when the
shear zone grows. We plan to achieve a better comprehension
of such coupled phenomena in the future by dealing faults with
a dynamic geometry, within the context of multi-scale plasticity
models.

6. Conclusions

e Our model shows that the maximum principal stress (o)
orientation varies along and across strike of the continen-
tal margin. In the forearc and backarc domains, o7 is clock-
wise rotated with respect to the convergence vector (ca.
15°), whereas it is slightly counter-clockwise rotated along
the duplex master faults (15°-25°). This is consistent with
continental-scale slip partitioning. Fault slip rates also vary
along and across strike. The duplex eastern master fault slip
rates range from 7 to 10 mm/yr (increasing northward),
whereas the western master fault slip ranges from 1 to
4 mm/yr (decreasing northward). Secondary NE-striking faults
show slip rates up to 3 [mm/yr].

e Different branches of the LOFS differ significantly in their
stress states. The eastern master fault accommodates simple
shearing, with ¢ values ranging from 0.45 to 0.5, whereas the
western master fault undergoes mostly pure shearing, with
¢ ~ 0.2. Secondary NE-striking faults exhibit transtensional-to-
extensional stress regimes with ¢ values ranging from 0.75 to
0.9, being the most favorable faults for magma migration, par-
ticularly close to the intersection with the eastern master fault.

e Secondary NE-striking faults of the LOFS duplex exhibit trans-
tensional-extensional stress regimes when they are close to
the eastern master fault, and not along their entire extent.
Also, a fault segment will have higher slip rate in regions
where both tectonic loading and local kinematics favor a com-
patible slip sense.

e Model results (stress orientation, ellipticity and spatial distri-
bution) are consistent with long-term geologic observations at
the outcrop scale, short-term crustal seismicity and regional
tectonics in the Southern Volcanic Zone. This shows the po-
tential of FE models to reproduce natural tectonic processes,
and more importantly, demonstrates that geological and geo-
physical observations can be accounted for by a small number
of key first order boundary conditions.
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