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Based on high-resolution bathymetry and geophysical observations, the precise continental wedge geometry
along the Chileanmargin is analyzed. The data show complex patterns in continental wedge geometry that chal-
lenge the most frequently used classification methodology for the convergent margin tectonics. A detailed
modeling of the parameters involved in the Non-Cohesive CoulombWedge theory reveals a tectonic latitudinal
segmentation of the Chilean offshore subduction zone. This segmentation is characterized by a sequence of broad
segments with different basal effective friction coefficient and/or internal fluid pressure conditions, which are
limited by the presence of bathymetric oceanic highs, fracture zones and Peninsulas. The results suggest a general
increase of thefluid pressure inside the continentalwedgenorth of 33°S,which is interpreted as a result of amore
pervasive fracturing due to tectonic erosion at the base and within the continental wedge. The tectonic segmen-
tation proposed here shows a close spatial relation with the short-term deformation process associated to the
coseismic ruptures of large earthquakes in the Chilean margin.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The geometry and deformation styles observed in the continental
wedges reveal a high variability of tectonic conditions along the conver-
gent margins. In the case of accretionary margins, the turbiditic/pelagic
trench sediment sequence is frontally obducted to the upper plate
forming the frontal accretionary prism (Clift and Vannucchi, 2004;
Lallemand et al., 1994, and references therein), which can be described
as a particular case of a submarine fold-and-thrust-belt, where the
interplate boundary corresponds to the basal decollement and where
the backstop (the interface between the deformed sediments and the
comparably rigid continental basement) works as an indenter
(Dahlen, 1984). In contrast, the erosive margins are characterized by
the lack of sediments at the trench and the absence of a frontal accre-
tionary prism. The small sedimentary cover and the roughness of the
subducted plate favor the material removal from the frontal portion
and from the base of the continental wedge, resulting in the gravitation-
al collapse and the associated normal faulting of the continental wedge
(Ranero et al., 2006; Clift and Vannucchi, 2004; Lallemand et al., 1994,
and references therein).

Several morphological and geodynamic parameters are relevant to
characterize the tectonic state of convergent margins. Analyzing a set
of margins in the Circum-Pacific area, Lallemand et al. (1994) identified
the increases of the: convergence rate, slope angle (α), shallow subduc-
tion angle (β), and the roughness of the subducted slab as parameters
that favor tectonic erosion. In contrast, the increase of the sediment
thickness at the trench favors tectonic accretion. Clift and Vannucchi
(2004) confirmed the importance of the convergence rate and the sed-
iment thickness at the trench to classify the margins worldwide in
terms of their accretionary or erosive style. Lallemand et al. (1994), pro-
pose a tectonic classification of the convergent margins in anα vs. β di-
agram, defining three clusters: Non-accretionary, Intermediate and
Accretionary. This graphical analysis derivates from the Non-Cohesive
Coulomb Wedge theory (NCCW), where the continental wedge is ap-
proximatedby a homogeneous tapered body defined by constant angles
α and β (Dahlen et al., 1984; Zhao et al., 1986). Several authors have
adopted the classification of Lallemand et al. (1994), as well as the sim-
ple NCCW model to infer physical properties (friction coefficients and/
or fluid pressure) for specific segments of subduction zones (MacKay,
1995; Kopp and Kukowski, 2003; Polonia et al., 2007; Cubas et al.,
2013a,b; among other authors).

The geometry and the internal deformation of the continental
wedge is a cumulative process that involves short-term events such as
landward fault rotation, generation of out-of-sequence thrusts, changes
on the convergence rate, and episodic intervals of erosion due to the
subduction of bathymetric highs or a decrease in the sediment trench
fill (Dominguez et al., 2000; Gutscher et al., 1996; Maksymowicz et al.,
2012; Simpson, 2010). Thus, the tectonic style in convergent margins
can be classified in a broad spectrum of conceptual models, whose
end-members are the accretionary margins and the erosive margins.
Due to its remarkable latitudinal variability on the trench sedimenta-
tion, convergence rate and subducted oceanic features, the Chilean
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margin is a natural laboratory to study the sensibility of the continental
wedge tectonics in response to variations of physical and rheological pa-
rameters, and can provide new insights about themeaning of theNCCW
theory and the α vs.β classification at different spatial and time scales.

In this work, I show by means of the NCCW theory that variations of
the tectonic style along the Chileanmargin correlate with structures re-
vealed in elevation and magnetic regional data.

2. Tectonic setting

The Chilean margin is characterized by the interaction of the Nazca,
Antarctic, South America and Scotia plates (Fig. 1). Between ~18°S and
46.5°S, the rapid subduction of the Nazca Plate under South America
at a convergence rate N66 km/Myr has been slightly oblique to the
trench during the last ~25 Myr (Angermann et al., 1999; Cande and
Leslie, 1986), and it determines a general compressive tectonics in the
Fig. 1. Present day tectonic setting of the Chileanmargin. Thefirst order tectonic segmentation o
triangles correspond to the location of Quaternary volcanoes and the blue line corresponds to
Junction. The limits of the major tectonic segments of the Andes and Quaternary volcanic z
the Peru–Chile trench as a function of latitude (modified from Contereras-Reyes and Osses (20
ference between these curves is the sedimentary thickness of the Peru–Chile trench.
zone. This segment of the Chilean margin has generated several of the
largest megathrust earthquakes recorded and historically reported
(e.g. Valdivia1960 Mw9.6, Maule 2010 Mw8.8, Iquique 2014 ~Mw8.1,
Valparaiso 1730 ~M8.7, Iquique 1877 ~M8.5, Vallenar 1922 ~M8.4;
see Comte and Pardo, 1991; Beck et al.,1998; Cisternas et al., 2005;
Ruegg et al.,2009; Bilek,2010; Moreno et al., 2012; Lay et al., 2014, and
references therein).

Between 46.5°S (latitude of Chile Triple Junction, CTJ) and ~52°S
the margin is characterized by the subduction of the Antarctica
oceanic plate beneath South America with a low convergence rate of
~20 km/Myr. The Antarctica–South America convergence direction
has been perpendicular to the trench from at least the early Eocene
(Cande and Leslie, 1986). South of ~52°S, the strike-slip boundary be-
tween South America and Scotia plates accommodates part of the con-
vergence resulting in a convergence rate for the Antarctica–Scotia
subduction of about 13 km/Myr (Thomas et al., 2003).
f the Chilean continentalwedge is shownover an elevationmap of the ChileanMargin. Red
the intra-crustal Liquiñe-Ofqui fault system. CTJ indicates the location of the Chile Triple
ones are also indicated. Black line in the right panel shows the elevation of the slab at
10)), and the blue line corresponds to the seafloor elevation at the same latitudes. The dif-
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The kinematics of the Antarctica–Nazca–South America spreading
center (Chile Rise) referred to South America, caused a northward mi-
gration of the CTJ since ~14 Ma, from ~53°S to its current position at
46.5°S. Thus, the length of the Antarctica–South America subduction
zone has increased in this time period (Cande and Leslie, 1986).

Fig. 1 shows that almost 50% of the Chilean continental forearc cor-
responds to the marine shelf and continental wedge, which makes the
study of these structures relevant in order to obtain a more complete
viewof the Chilean subduction zone.Mainly by interpretation of seismic
reflection profiles and wide-angle refraction seismic profiles, a first
order segmentation in the tectonic style of the Chilean continental
wedge has been proposed: (1) the northern segment, extended be-
tween Arica and the Juan Fernández Ridge subduction point (JFR), cor-
responds to an erosive margin conditioned by the low trench
sedimentation and the high Nazca–South America convergence rate.
This segment shows normal failure, absence of the accretionary prism,
and a steep slope (Contreras-Reyes et al., 2012; Contreras-Reyes et al.,
2014; Ranero et al., 2006; Sallares and Ranero, 2005). (2) Between the
JFR and the CTJ, a frontal prism relatively small in size (b50 km width)
is associated with a high trench fill, but consistent with the high
Nazca–South America convergence rate. The main deformation style
of the continentalwedge can bedefined aswest vergent reverse faulting
of generally low angle (Bangs and Cande, 1997; Contreras-Reyes et al.,
2008, 2010; Diaz-Naveas, 1999; Moscoso et al., 2011; Scherwath et al.,
2009; Zelt, 1999). (3) Southward of the CTJ, the margin presents a
wide accretionary prism (N50 km) in response to the low Antarctica–
South America convergence rate (~20 km/Myr) and the high trench
fill. In this southern segment, the deformation style is characterized by
a general west vergent reverse high angle faulting associated to quasi-
symmetric folding (Polonia et al., 2007; Ranero et al., 2006). (4) Locally,
the subduction of the Chile Rise (CTJ), erodes the continentalwedge due
to the bathymetric highs associated to the spreading center and the
roughness of the young oceanic crust around this feature (Bangs and
Cande, 1997; Bourgois et al., 2000; Maksymowicz et al, 2012).

According to previous works, the principal parameters that control
the first order tectonic segmentation of the Chilean continental wedge
are the abrupt change of convergence velocity at the CTJ and the varia-
tion in the sediment trench fill (Fig. 1). In particular, the starved trench
observed in the northern segment results from the arid climate and
from the subduction of JFR that blocked the northward redistribution
of sediments through the trench axial channel (Thornburg and Kulm,
1987; Völker et al., 2013). This segmentation shows the big impact of
the subducted oceanic features on the tectonics of the continental
wedge at a regional scale, and suggests that smaller oceanic features
and/or continental structures can determine a more local variability of
the tectonics of the continental wedge.

3. Method and data

3.1. Non-Cohesive Critical Coulomb Wedge modeling

Despite the complexity of the deformation style, geometry, and rhe-
ology of the observed continentalwedges, it is possible to perform afirst
order analytical analysis of the relation between the stress field, the
shape of the wedge and its internal fragile deformation using the Non-
Cohesive Coulomb Wedge Theory (NCCW, Davis et al., 1983; Dahlen,
1984; Dahlen et al., 1984). This model approximates the geometry of
the wedge as a triangle defined by constant angles of surface slope α
and subduction angle β (see Fig. 2a). Briefly, for a homogeneous
wedge (where water density ρw, the internal density ρs, the internal
Hubbert–Rubey fluid pressure ratio λ, the internal friction coefficient
μ, and the effective basal friction coefficient μb*, remain constant), the
angles α and β are related by:

αþ β ¼ Ψb−Ψ0 ð1Þ
whereΨ0 andΨb are the angles extended from thedirection of theprin-
cipal stress (σ1) to the slope and to base respectively (see Fig. 2a). These
angles are defined by:
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The effective basal friction coefficient (μb*) determines the Mohr–
Coulomb failure criterion at the base of the wedge (interplate contact),
considering the effects of the fluid pressure. This parameter decreases
with an increment of the basal fluid pressure. The Hubbert–Rubey
fluid pressure ratio (λ) is the ratio between the fluid pressure and the
lithostatic pressure at the interior of the wedge (both pressures are ref-
erenced to the pressure at the top of thewedge), this parameter is equal
to zero for a drywedge, ρw/ρs for the hydrostatic case, and it increases in
the presence of overpressure.

Using the expressions mentioned above, it is possible to build a rup-
ture envelope (red line in Fig. 2b) formed by all wedges (i.e. all α, β
pairs) that are critically rupturing (in the sense of the Mohr–Coulomb
rupture criterion) with the same parameters ρs, λ, μ, and μb*. As the in-
ternal friction coefficient μ and the direction ofσ1 are known, the conju-
gated internal rupture directions can be calculated for each point of the
envelope. In particular, the branches of the envelope highlighted in
black in Fig. 2b correspond to wedges characterized by thrust faulting
and normal faulting respectively.

This analytical solution is considering a non-cohesive rupture crite-
rion, which can be satisfied well enough in the case of wedges com-
posed by poorly compacted sedimentary material and/or fractured
rocks. It is important to note that the NCCW is a static self-similar
model, which means that it is unable to describe the continuous time
variation of the stress–strain field or to make prediction about a specific
fault, but provides an approximate characterization of the deformation
style of the continental wedge resulting from a stable forming process.
In other words, it is considered that the NCCW model is useful to the
study of the long-term-regional tectonics, but not for the local-short-
term complexities of the deformation process.

In order to perform a quantitative interpretation of continental
wedge geometry observed in the Chileanmargin, I implemented a sim-
ple forward modeling to compare the rupture envelopes obtained for a
set of NCCW parameters with the observedαβ pairs. By using that rou-
tine, Fig. 3 shows examples of the effects of the parameter changes on
the rupture envelope.

As can be observed in Fig. 3a, for constant values of λ, μ and μb*, the
effect of the density variation on the resulting resistance envelope is
small. The accretionary branch of the envelope is very similar in a
broad range of densities, and the slope angle of the erosive branch varies
less than 0.5° for typical densities of the continental wedge. Therefore, I
considered a constant average value of ρs = 2.5 g/cc for the entire
Chilean margin. A similar effect is obtained if λ, ρs and μb* remain con-
stant and the internal friction coefficient μ varies in the rage of 0.470
to 0.5085 that according to Barton and Choubey (1977) represent sand-
stone and granite rocks respectively (see Fig. 3b). Therefore the value of
0.5085 is preferred tomodel the Chilean continentalwedge, considering
that it is formedmainly by igneous rocks andwell compacted sediments



Fig. 2.Main aspects of the Non-Cohesive Critical CoulombWedge theory. a) Relation between thewedge geometry (α, β angles) and the direction of principal internal stresses (σ1,σ3). ρw
is thewater density, ρs is the density of thewedge,λ is the Hubbert–Rubey fluid pressure ratio, μ is the internal friction coefficient of thewedge, and μb* is the effective basal friction of the
wedge. b) Rupture envelope of the Non-Cohesive Critical CoulombWedge theory in a αβ plot. The black lines are the sectors of the rupture envelope where thrusting faults and normal
faulting are observed.
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(see Maksymowicz et al., 2012; Moscoso et al., 2011; and Sallares and
Ranero, 2005, for different latitudes).

Fig. 3c shows the variation of resistant envelope in the function of
the Hubbert–Rubey fluid pressure ratio. An increase of λ determines a
decrease of the slope angle α for a specific value of the subduction
angle β. Similarly, an increase of the μb*, keeping constant the other pa-
rameters (Fig. 3d), results in a decrease of the slope angleα for a specific
value of the subduction angle β.

The variation of the fluid pressure ratio (λ) and μb* has a large effect
on the rupture envelopes (Fig. 3c and d) and there is a tradeoff between
them. However, it is important to note that the variation of these pa-
rameters can have a similar tectonic interpretation since μb* decreases
when the fluid pressure increases at the base of the wedge, and λ in-
creases when the fluid pressure increases within the wedge. Hence if
the tectonics of the margin determines a general fracturing both at the
base and within the wedge (in erosive margins, for instance), μb* and
λ can change jointly to reflect such particular tectonic condition.

In order to compare tectonic states along the Chilean margin I
modeled the observed αβ data, considering a constant value of λ to de-
rive values of μb* as a function of the latitude. For the accretionary parts
of the Chilean margin, I considered a value of λ = 0.67, because it was
measured directly in the Taiwan margin and in the Guatemala margin
(Davis et al., 1983). This value is also close to the value modeled for
Japan (λ = 0.7) by Cubas et al. (2013a), and is near the average value
of the interval (~0.4 b λ b ~0.9) analyzed for the different margins
worldwide (see, for instance, Wang and Hu (2006) and Cubas et al.,
(2013b). It is possible to perform this analysis for every observed αβ
pairs, but I prefer to find envelopes representative of broad segments
of the margin. In fact, probably the physical parameters (like basal
friction) are similar at regional scale, and the local variations of α are
associated to submarine canyons and the 3-D local complexities of the
deformation process cannot be modeled with the NCCW theory.

As was discussed before, the selection between the different
branches of theNCCWenvelope is equivalent to impose a general struc-
tural style for thewedge. In the case of the Chileanmargin, the structur-
al styles are broadly documented by numerous authors (see Section 2),
then I used the corresponding lower branch of the fracture NCCWenve-
lope to model the trust deformation of the accretionary portion of the
margin, and the upper branch for the erosive portion of the margin
characterized by normal faulting. I also have selected individual points
of the envelope to calculate the associated principal fracture directions.

3.2. Determination of the continental slope angle (α)

In order to characterize the Chilean continental wedge using the
NCCW theory, I first determined the slope angle α along the entire
Chilean margin (blue line in Fig. 4a). I calculated this angle observing
the position and elevation of the deformation front (DF) and the
position and elevation of the shelf-break (SB) at every ~2 km along
the margin (blue lines in Fig. 4b). The position and elevation of these
points were determined in ~2100 E-W profiles extracted from an
elevation grid generated by the merge of: (1) ETOPO1 bathymetry
data (Amante and Eakins, 2009) of the National Oceanic and Atmo-
spheric Administration (NOAA), (2) multi-beam high-resolution ba-
thymetry data acquired along the continental slope and the trench of
the Chilean margin from ~20°S to ~48°S (Bourgois et al., 2000;
GEOMAR TIPTEQ Project: The Incoming Plate to mega-Thrust Earth-
Quake, Flueh and Grevemeyer, 2005) and (3) SRTM (Shuttle Radar To-
pography Mission) topography (92 m × 92 m, resolution) for the
onshore part (Rabus et al., 2003) . A subset of the resulting DF and SB

Image of Fig. 2


Fig. 3. Sensitivity analysis of theNCCWwith internal density ρs, internal friction coefficient μHubbert–Rubeyfluid pressure ratioλ andeffective basal friction coefficient μb*. (a) Variation of
the rupture envelope for different internal densities ρs considering constant values of λ = 0.88, μb* = 0.24 and μ = 0.5085. (b) Variation of the rupture envelope for different internal
friction coefficients μ considering constant values of λ=0.88, μb* = 0.24 and ρs = 2.5 g/cc. (c) Variation of the rupture envelope for different Hubbert–Rubey fluid pressure ratios λ con-
sidering constant values of μ= 0.5085, μb* = 0.4 and ρs = 2.5 g/cc. Different envelopes correspond to values of λ between 0.66 and 0.88 with a sample interval of Δλ= 0.02. The black
rectangle indicates the areawhere the anglesα andβ of the Chileanwedge are located (see Fig. 6). (d) Variation of the rupture envelope for different effective basal friction coefficients μb*
considering constant values of μ=0.5085,λ=0.67 and ρs=2.5 g/cc. Different envelopes correspond to values of μb* between0.3 and0.5with a sample interval ofΔμb*=0.025. The black
rectangle indicates the area where the angles α and β of the Chilean wedge are located.
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datawas used to derive the variations of the continentalwedgewidth in
the zone between 48°S and 33°S (see Contreras-Reyes et al., 2013).

As I picked the DF and SB position in a UTM projected map, α is cal-
culated directly from the right angle triangle formed by the E-W hori-
zontal distance and the elevation difference between DF and SB (see
the schema in Fig. 2a). This approximatedα oriented E-W is representa-
tive for the slope angleα in the sectors of the Chileanmargin where the
trench has an approximated N-S strike, but not for the curved sectors
like the Bolivian and Magallanes oroclines. Therefore, to avoid the cur-
vature effect, I calculated a maximum α angle (maximum slope gradi-
ent, black line in Fig. 2a) by selecting, for each DF picked point, the SB
picked point that results in the highest value of α. This procedure cor-
rects for themargin curvature effect of the slope angle (see for instance
the sector south of 52°S, Fig. 4a). The highest value ofα is preferred here
because it is theoretically equal to the values calculated in the directions
perpendicular to the DF and perpendicular to the SB in zones where the
DF and SB are parallel. Additionally, themaximumangleα is the version
of the slope angle which is less sensitive to the local decreases of slope
due to the presence of submarine canyons, and is less affected by the
local strike rotations of the DF and the SB.

3.3. Determination of the subduction angle (β)

Assuming that the subduction angle of the continental wedge (β) is
the angle of the slab in the shallow portion of the subduction, I generat-
ed two versions of β according to the available geophysical data (Fig. 5).
The first was generated using the SLAB1model of Hayes et al. (2012) for
the latitudes north of 45°S (coverage of that model) and the values ob-
tained by Maksymowicz (2013) and Polonia et al. (2007) for the South.
According to Maksymowicz et al. (2015), the angle between 10 km and

Image of Fig. 3


Fig. 4.Definition of the slope angleα of theChilean continentalwedge. (a) Values of the slope angleα as function of the latitude. Blue line is theW-E version and black line is themaximum
value (see text for details). Arrows indicate the subduction of the oceanic features and the location of the Guamblin, Guafo andMocha islands. The green boxes indicate the presence of the
large Peninsulas and the dotted red line shows the location of the Chile Triple Junction (CTJ). (b) Elevation map of the Chilean margin. Blue lines correspond to the deformation front and
shelf-break along the margin, black lines are the oceanic bathymetric features and red lines are the oceanic lineaments identified only in the magnetic signal. The red dot indicates the
position of the CTJ, and the red circles show the location of the Guamblin, Guafo and Mocha islands.
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20 kmof slab depth is representative for the subduction angle below the
continental slope in the segment between 33.5°S and 35.5°S, then the
first version of β corresponds to a smooth curve that fits the angle be-
tween 10 km and 20 km of the SLAB1 model (blue line in Fig. 5). On
the other hand, the previous seismic and gravimetric studies provide
more accurate values of β below the continental wedge at several
Fig. 5. Definition of the subduction angle β. Values of the subduction angle β of the continental
from 10 to 20 km depth, magenta line is the version derived from the SLAB1 model from 20 to
gravimetric studies (see text for details), the color points indicate the value reported in each
(see Fig. 4).
latitudes of the margin (Polonia et al., 2007; Maksymowicz, 2013;
Scherwath et al., 2009; Contereras-Reyes et al., 2008; Moscoso et al.,
2011; Maksymowicz et al., 2015; Zelt, 1999; Contereras-Reyes et al.,
2014; Sallares and Ranero, 2005). Despite the high spacing between
these profiles, I generated a second version of β (the “seismic version”)
applying a smooth interpolation between the values shown by these
wedge as a function of the latitude. Blue line is the version derived from the SLAB1model
60 km depth and thick red line is the preferred model derived from several seismic and
study. The upper panel shows the values of the slope angle α as function of the latitude

Image of Fig. 4
Image of Fig. 5


189A. Maksymowicz / Tectonophysics 659 (2015) 183–196
authors (red line in Fig. 5). It is important to note that the highβ derived
from Zelt (1999) is representative for the deepest interplate contact
angle (~20° at depths N 20 km), and for this reason it does not fit in
the seismic version of β. Similarly the values obtained by Sallares and
Ranero (2005) and Lallemandet al. (1994)were not considered because
they are ~7° and ~4° higher than the ones obtained byContereras-Reyes
et al. (2012) with a well constrained wide-angle seismic tomography.
Contereras-Reyes et al. (2012) found an abrupt increase of β (similar
to kink geometry) at ~20 km depth, which could be characteristic of
the northern Chile margin.

3.4. Mapping of oceanic features

In order to interpret the impact of the subducted structures (e.g.
fracture zones, aseismic ridges) on the parameters derived from
the NCCW theory, I identified them on the bathymetry map of the
Chilean margin (see Fig. 4b and S1a) and also on the magnetic anom-
aly of the zone (see supplementary material; Fig. S1b and S1c). As is
expected, much of the magnetic features can be recognized on
the bathymetry except three important lineaments (red lines in
Fig. 4b): (1) the fracture zone named here Mejillones FZ (subducting
near ~23°S, beneath Mejillones Peninsula), which according to the
age data presented by Müller et al. (2008) involves a northwestward
age discontinuity b Myr; (2) the Challenger FZ (subducting near
~29.5°S) which has a remarkable magnetic expression according to
its important age discontinuity (~5 Myr); and (3) the lineament
named here Arauco FZ (subducting near ~37°S, below Arauco
Peninsula) which seems to be a northern branch of the Mocha FZ. Fi-
nally, the fault zone named here Diego de Almagro FZ (~51.5°S) is
not observed in the bathymetry neither in our magnetic map but
was recognized by Cande and Leslie (1986).

4. Results

4.1. Latitudinal variation of the slope and subduction angles

Beyond the high frequency variation of the slope angle α (Figs. 4a
and 5) that is explained by the presence of submarine canyons, land-
slides, slope basins, and local mass transfer processes, the slope angle
α shows interesting characteristics at different scales.

In general, the southern half of the Chileanmargin presents values of
α b 5° and the northern half shows higher values. The limit between
these two segments is located between ~33°S and ~30°S. This first
order segmentation can be certainly associated with the principal tec-
tonic change in the Chilean wedge, where the accretionary segment
(south of JFR) has lower slope angles than the erosive margin to the
North, as is predicted by the NCCW theory.

At smaller scale, the variation of slope angleα seems to be controlled
by the presence of the oceanic and continental features at themargin. In
fact, there is a remarkable correlation between the location of the fault
zones, aseismic ridges and peninsulas with local anomalies of α
(Fig. 4). Most of the subducted fault zones are associated to small
slope angles α (Desolación FZ, Diego de Almagro FZ, Esmeralda FZ,
Guamblin FZ, Valdivia FZ, Arauco FZ and Challenger FZ), three others
correlate with abrupt changes of slope angles α (Madre de Dios FZ,
Tres Montes FZ and Chiloé FZ), and the impact of the remaining fault
zones (Taitao FZ, Darwin FZ, Mocha FZ, and Mejillones FZ) seems to be
hidden by the presence of the Taitao, Arauco andMejillones peninsulas.
Similarly to the fault zones effect, the subduction of aseismic ridges also
correlates with small slope angles α (JFR, Copiapo Ridge and Taltal
Ridge). The opposite effect on the slope angle α is observed seaward
from the large Chilean peninsulas (Mejillones Peninsula, Arauco
Peninsula and Taitao Peninsula), where the slope angle α reaches the
maximum values for the Chilean margin. A similar effect is observed
near the Guafo, Guamblin and Mocha islands.
Fig. 6a and b shows the α vs. β graphics for the SLAB1 and the seis-
mic versions of β. The seismic version of β decreases northward from
~10° at ~34°S to ~7° at 22°S and the SLAB1 version of β increases 2° in
the same latitudes (see Fig. 5). The SLAB1 model allows us to classify
the northernmost sector of the margin as a “Non-accretionary wedge”
(Fig. 6a), while for the seismic version of β, the entire Chilean margin
is inside or near the “Intermediate accretionary wedge” (Fig. 6b). This
analysis shows the importance of a precise determination of the sub-
duction angle β below the wedge in order to characterize the tectonics
of the margin with the NCCW theory, and that the variations of the
Chilean margin geometry are not clearly classified by the global do-
mains proposed by Lallemand et al. (1994). It suggests that a more de-
tailed classification is necessary for the Chilean and other margins
after a new andmore precise evaluation of the basal subduction angle β.

4.2. Effective basal friction coefficient (μb*)

In this section I describe the estimations of basal friction coefficient
obtained along the different segments of the Chilean margin.

4.2.1. Effective basal friction coefficient (μb*) along the southern Chile
margin

Fig. 7 shows theNCCWanalysis south of CTJ. In Fig. 7a, I observed the
geometry of continental wedge south of theMadre de Dios FZ is consis-
tent with a μb* value around 0.4 with two principal sub-segments of
μb* = 0.44 to the south of Diego de Almagro FZ and μb* = 0.38 to the
north of that feature (Fig. 7a). The rupture directions and the geometry
of the continentalwedge for theαβ point are indicatedwith black trian-
gles in the left panel. The rupture directions are represented by a “beach
ball” (Fig. 7a, right), inspired on the focal mechanism for earthquakes,
where the rupture planes are not perpendicular because they are the
conjugated rupture directions according to the internal friction and
fluid pressure. The predicted deformation style is described by 40° to
45°west dipping reverse faults and 17° to 20° east dipping reverse faults
(Fig. 7a, right).

The segment immediately south of CTJ is characterized by a low
value μb* = 0.275 (Fig. 7b). It is interesting to note that long segments
are explained by a unique rupture envelope, which supports the appli-
cation of this simple model to derive regional physical information
from the wedge geometry. The deformation style is described by 37°
west dipping reverse faults and 28° east dipping reverse faults
(Fig. 7b, right).

4.2.2. Effective basal friction coefficient (μb*) along the central Chilean
margin

The NCCW analysis divides the area between the CTJ to the JFR sub-
duction (~33°S) into two segments, the southern segment from 46°S to
39°Swith subduction angles β ranging from ~6° to ~8° (Fig. 8a), and the
northern segment from 37.5°S to 33°S with subduction angles β from
~8° to ~11° (Fig. 8b). Applying a constant fluid pressure ratio, λ =
0.67, the geometry of the continental wedge south of the Arauco Penin-
sula is explained by μb* N ~0.35. South of Chiloé FZ (~41.5°S) the rapid
variations of the slope angleα correlate with the presence of numerous
fracture zones and isolated islands in the shelf (see Fig. 8a), which
generates a complex αβ curve. Then, I fit an average regional curve
(μb* = 0.4) representative mostly for the northern portion of this sub-
segment. On the other hand, from the Chiloé FZ to the Arauco Peninsula,
the value of μb* = 0.35 can explain all the observations. The rupture di-
rection analysis indicates that the predicted deformation style is de-
scribed by 37° to 40° west dipping reverse faults and 20° to 25° east
dipping reverse faults (Fig. 8a, right).

Between theArauco Peninsula and the Juan Fernández Ridge, the ge-
ometry of the continental wedge between the Arauco Peninsula and the
JFR is consistent with μb* in the range of ~0.385 to ~0.465 (Fig. 8b). In
this case, a south to north sequence of sub-segments is identified with
values of μb* = 0.415, μb* = 0.465, μb* = 0.385 and μb* = 0.415,



Fig. 6. Slope angleα vs. basal angle β for the entire Chilean margin, latitudes are color coded. Solid black lines correspond to the NCCW rupture envelope for the parameters λ,b*, μ and ρs
analyzed by Lallemand et al. (1994) and the red lines are the classification of the convergent margins of the same author. (a) Considered the SLAB1 model. (b) Considered the preferred
seismic model of the subduction.
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where the low friction segment between ~35°S and ~34°S correlates
with the high slip patch of the Maule 2010 earthquake (Moreno et al.,
2012). The predicted deformation style is characterized by 37° to 45°
west dipping reverse faults and 20° to 28° east dipping reverse faults
(Fig. 8b, right).
4.2.3. Effective basal friction coefficient (μb*) along the northern Chilean
margin

North of JFR subduction (~33°S) it is necessary to consider a remark-
able decrease of the μb* values jointlywith an increase of theλ value. If a
value of λ=0.8 is set, the geometry of the continental wedge for north-
ern Chile is explained by a μb* ranging from 0.05 to 0.19 (Fig. 9a). Re-
gionally, a systematic northward increase of μb* suggests a sub-
segmentation of the northern Chilean margin: (1) from the JFR to
~29.5°S the wedge geometry can define an increment of μb* from
0.005 to 0.11, and (2) to the North, three sub-segments with values of
about 0.11, 0.14 and 0.19. However, the definition and interpretation
of these sub-segments are only approximate due to the rapid slope
angle variations. The predicted deformation style is characterized by
35° to 45° west dipping normal faults and 75° to 80° east dipping nor-
mal faults (Fig. 9a, right).

Despite the tradeoff between μb* and λ, the change of the parame-
ters between the accretionary and erosive segment of the margin is
also found. If for instance, a greater value λ = 0.87 is considered for
the northernmost portion of themargin, the basal friction coefficient in-
creases from 0.19 to 0.4 similar to the ones observed in the accretionary
zone (dashed lines in Fig. 9a). However, for the initial (lower) values of
μb*, I find that the deformation style predicted by NCCW corresponds to
a set of 35° west dipping normal fault and 80° east dipping normal fault,
while for the higher value of μb* I find a 75° west dipping reverse fault
and a 15° west dipping normal fault. According to the reflection seismic
profile, located at ~23°S, the first parameter set (μb* = 0.14, λ = 0.8)
that produces high angle normal faults is quite precise to describe the
deformation style of the continental wedge at the latitude of Mejillones
Peninsula, and also, it is representative for the general deformation style
north of the 33°S (see Ranero et al., 2006; Contreras-Reyes et al., 2014;
and Fig. 9b).
5. Interpretation and discussion

In general terms, the latitudinal analysis of themargin slope angleα
and the subduction angle β and the results of the NCCW model for the
continental wedge suggest the existence of a first and a second order
segmentation in the tectonic state of the Chilean margin.

The first order segmentation is related to the transition between
the accretionary and erosive margin (~33°S, JFR subduction) that cor-
responds to a general increase in the slope angle α of the erosive
margin relative to the southern accretionary segment, which is pre-
dicted by the NCCW theory (Dahlen, 1984). This limit also corre-
sponds to an important variation of values of μb* and at the same
latitudes where μb* decreases from values around 0.4 to values of
about 0.1 and λ increases from 0.67 to 0.8. Despite the tradeoff be-
tween the parameters μb* and λ, a decrease of μb* and/or an increase
of λ are necessary to explain the geometry of the continental wedge,
and the deformation style observed in the seismic reflection profile
(see an example in Fig. 9b). The sense of the variations observed in
the parameters μb* and λ can be interpreted by an increase of the
fracturing that favors the increment of the fluid pressure, both at
the base and inside the wedge. This can be explained by the impact
of a rough slab beneath the base of the wedge and the pervasive fail-
ure of gravitational collapse typical of the erosive margins. The result
suggests that the tectonic erosion could be a process characterized by
low basal effective friction coefficients which is relevant for the
geodynamic evolution and seismotectonic interpretations of subduc-
tion zones. It is interesting to note that the zone located south of
the CTJ, where the low convergence rate favors a large accretionary
prism, has sectors with slope angles α similar to that observed in sec-
tors of the central accretionary zone (compare for instance the 50°S–
47°S segment with the 41°S–30°S segment). This suggests that the
size of the accretionary prism could not be a key parameter to explain
the observed slope angles α.

The second order tectonic segmentation of the Chilean continental
wedge can be described as a sequence of segmentswith different values
ofα, μb* and/orλ, limited by the presence of fracture zones, bathymetric
highs, and seaward continental prolongations, which locally modify the
geometry of the continental wedge.

Image of Fig. 6


Fig. 7. NCCW analysis for the southern Chile margin. (a) The dots are the αβ data from 53.5°S to 50.5°S (the latitudes are shown in the color bar). Solid lines correspond to the NCCW
rupture envelopes for different values of μb* considering constant values of λ = 0.67, ρs = 2.5 g/cc and μ = 0.5085 as in Fig. 3d. At the right of the αβ diagram, for each black triangle,
a schema of the predicted continental wedge geometry and the principal rupture direction is shown. (b) Same analysis as (a) but with the αβ data from 50.5°S to 47.2°S.
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According to the NCCW theory and sand analog experiments
(Dahlen et al., 1984; Guthscher et al., 1996), a decrease of the slope
angle α is explained by a decrease of the effective basal friction μb*,
which in turn, descends with the increase of pore fluid pressure at the
base. Then if the more hydrated oceanic lithosphere of the fault zones
releases fluids to the interplate contact, the slope angle α should de-
crease in the fault zone subduction areas, such as is observed along
the Chilean margin (Fig. 4). The subduction of a seamount (or a sea-
mounts chain) has a short-term local impact on the continental wedge
tectonics, fracturing the continental basements and modifying the
slope angle α during the subduction process. Seismic studies and anal-
ogous experiments (Dominguez et al., 2000; Kodaira et al., 2000; Park
et al., 1999) showed that initially, the frontal slope angle increases
during the seamount subduction, but afterwards the continental
wedge experiences subsidence and the frontal slope angle α decreases.
This short-term process also generates pervasive fracturing in the conti-
nental wedge, which can favor the fluid infiltration of the basement and
the interplate contact, incrementing the fluid pressure and decreasing
the effective basal friction μb* and the slope angle α. In fact, as is
discussed by Maksymowicz et al. (2015), the zone of high slip patch of
the Maule 2010 Mw8.8 earthquake that corresponds to a minimum in
α angle (HSP anomaly in Fig. 4a), also corresponds to a segment with
low effective basal friction coefficient μb*, and according to gravity
models, with the presence of a possible subducted seamount
Maksymowicz et al. (2015). The impact of the seamount subduction
on the margin probably is accentuated in the case of the successive

Image of Fig. 7


Fig. 8. NCCW analysis for the central Chile margin. (a) The dots are the αβ data from 46°S to 39°S (the latitudes are shown in the color bar). Solid lines correspond to the NCCW rupture
envelopes for different values of μb* considering constant values of λ=0.67, ρs = 2.5 g/cc and μ=0.5085 as in Fig. 3d. At the right of theαβ diagram, for each black triangle, a schema of
the predicted continental wedge geometry and the principal rupture direction is shown. (b) Same analysis of (a) but with the αβ data from 37.5°S to ~33°S.
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seamounts subduction that forms the aseismic ridges: JFR, Copiapo
Ridge and Taltal Ridge, which can explain the important local decreases
observed in the analysis of the slope angle α. In contrast, I do not ob-
serve a clear effect associated with the subduction of the wide and
smooth Perdida Ridge. The long wavelength of this feature can affect a
broad segment of the margin but the high frequency variation of the
slope angle α in the zone may hinder its effect on the continental
wedge shape.

The Taitao Peninsula area corresponds to an erosive segment of
the margin generated by the subduction of the rough bathymetry of
the Chile Rise spreading center (Bangs and Cande, 1997; Bourgois
et al., 2000; Maksymowicz et al, 2012), and then it exhibits a high
slope angle α typical for tectonic erosion. On the other hand, in the
accretionary segments, the increase of the slope angle α in the zones
of Peninsulas and islands can be related to the presence of local anoma-
lies of rigid basement. According to the numerical models presented by
Ruh et al. (2013), in front of a local seaward extension of the rigid back-
stop the slope angle is high compared to the adjacent zones, which sug-
gests that the presence of bathymetric highs on the continental wedge
(Guafo, Guamblin, Mocha islands and Arauco Peninsula) can be related
to anomalous rigid basement below the marine forearc basin. Such a
correlation of the location of the basement high with an anomalous
rigid basement/backstop has been found in other convergent margins
before, e.g. Krabbenhoeft et al. (2010) for the Indonesianmargin. An al-
ternative and probably complementary explanation is the increase of
the basal friction coefficient μb*, which can generate high slope angles

Image of Fig. 8


Fig. 9.NCCW analysis for the northern Chile margin. (a) The dots are theαβ data of the northern Chileanmargin from ~33°S to 20°S (the latitudes are shown in the color bar). Solid lines
correspond to the NCCW rupture envelopes for different μb* values considering constant values of λ= 0.8, ρs = 2.5 g/cc and μ= 0.5085. Dashed line is the NCCW rupture envelope for
μb*= 0.4 and constant values ofλ=0.87, ρs= 2.5 g/cc and μ=0.5085. At the right of theαβ diagram, for each black triangle, a schema of the predicted continental wedge geometry and
the principal rupture direction is shown. (b) Comparison between two predicted geometries for the continental wedge and the rupture directions with a reflection seismic profile at the
latitude of ~23°S (modified from Ranero et al. (2006)).
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α and lowangle inverse faulting that favors the formation of duplexes at
the base of the wedge and the uplift of the basement below the forearc
basins Gutscher et al. (1996).

The segment of the margin where Mejillones Peninsula is located
can also be interpreted as a zone with a high basal friction coefficient
μb*. According to Casquet et al. (2014), the metamorphic and igneous
basement observed at thewestern limit of theMejillones Peninsula cor-
responds to a Late Triassic block interpreted as a transcurrent terrane
that reached its actual position at the Jurassic–Early Cretaceous time.
It suggests that the rheology of this feature could be different than the
surrounding basement at the zone,which can be related to the observed
morphologic anomaly of the continental wedge at this latitude.

Fig. 10 shows the proposed second order tectonic segmentation of
the Chilean continental wedge. The names are assigned according to
the main features observed at the corresponding latitudes. As it is ob-
served, the slope angle correlates with the estimation of μb*, that is ex-
plained by the smooth curve of β values, but it could change with
future models of the initial subduction angles. The sector of the αβ
graphic where the geometry of Chilean wedge is plotted (black rectan-
gle in Fig. 3c and d) shows μb* variations of about 0.04 per eachα degree
(i.e. ∂μb*/∂α ~ 0.04), considering the lower branch of the NCCW enve-
lope, and ∂μb*/∂α ~ 0.035 for the erosive portion of the margin (see
Fig. 9a). Then, if the high value (0.04) is considered, and observing
that themaximum variability ofα is about ±0.5° for a specific segment
of the margin (see Figs. 7 to 9a), it is possible to estimate an error of
±0.02 for the calculated values of μb*. Fig. 10 shows that even consider-
ing the estimated error, the changes of μb* values along the Chilean are
clear, which supports the interpretation of a second order tectonic seg-
mentation of the Chilean continental wedge.

Clearly, it is possible to refine this segmentation with shorter sub-
segments, but in that case the local characterization of oceanic and con-
tinental 3-D structures becomes imperative, and the simple NCCW
model can be inadequate to explain the geometry of the wedge at
local scale. In my view, the parameters derived from the NCCW model
are representative for the geological time-scale (long-term) cumulative
deformation process, and it does not have a resolution to predict the di-
rection of a specific fault, the episodic effect of a seamount subduction,
or the coseismic μb* variation during the rupture of the interplate earth-
quakes. However, the second order segmentation presented here, is
valuable to identify specific zones where the geodynamics of the
Chilean margin seems to be different. This segmentation will be tested
by future studies to characterize the oceanic crust, the basement of
the continental wedge and the relationship between the onshore and
offshore tectonics of the Chilean forearc.

Image of Fig. 9


Fig. 10.Definition of the second order tectonic segmentation of the Chilean continentalwedge. The lower panel shows the values of the slope angleαas a function of the latitude (see Fig. 4
for details). The suggested names for the tectonic segments of the continental wedge are shown between the green lines. The central panel shows the parameters derived from the NCCW
model. Blue lines are the values of effective basal friction coefficient μb* (Figs. 7 to 9), dotted blue lines correspond to the maximum error estimated for μb* (see Section 5 for details), red
lines are the values of theHubbert–Rubeyfluid pressure ratioλ considered, and green lines correspond to the limits between tectonic segments of the continental wedge. The upper panel
shows the correlation between tectonic segmentation of the Chilean continentalwedge and the rupture zones of large Chilean earthquakes. The blue lines correspond to the historical and
instrumentally registered large earthquakes in Chile according to Comte and Pardo (1991), Beck et al. (1998), Cisternas et al.(2005), Ruegg et al. (2009), Bilek (2010) and the reports of the
Chilean National Seismological Center [www.sismologia.cl]. Numbers are the years of the principal events, green lines are the limits between tectonic segments of the continental wedge,
and the red line indicates a seismogenic limit correlated to the position of Taltal Ridge.
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Maksymowicz et al. (2015) studied the spatial correlation between
the high slip patch of the Maule 2010 Mw8.8 earthquake and the de-
crease of the slope angle α, μb* and weight of the continental wedge
(HSP in Figs. 4 and 10). That correlation suggests that the long-term tec-
tonic evolution and the rheology of the continental wedge can be relat-
ed to the short-term process of coseismic rupture by controlling, in part,
the stress state of the margin below the slope. According to the present
work, the high slip patch of the Valdivia 1960 Mw9.6 earthquake
(Barrientos andWard., 1990; Moreno et al., 2009) correlates almost ex-
actly with the Chiloé–Mocha segment defined here, which corresponds
to a zone of low μb* (Fig. 10). This result and the correlation between
low free-air gravity data and the high slip patch of the Valdivia earth-
quake (showed by Wells et al., 2003), suggest a similar behavior to
that observed for the Maule earthquake.

The upper panel in Fig. 10 shows the limits of the proposed segmen-
tation over the rupture extensions of the historic and instrumentally
registered earthquakes (Comte and Pardo, 1991; Beck et al., 1998;
Cisternas et al., 2005; Ruegg et al., 2009; Bilek, 2010; and the catalog
of Chilean National Seismological Center, CSN). As was discussed by
Contreras-Reyes and Carrizo (2011), the high oceanic features (aseismic
ridges, oceanic fracture zones and the Chile Rise spreading center) coin-
cide with the limits of the large earthquakes, and then the proposed
long-term segmentation shows almost the same correlation. Differ-
ences can be found in the Maule–Norte segment (HSP) that seems to
be an approximated limit between the ruptures south of the Maule Re-
gion (1835–1751) north of theMaule region (1730, 1906, 1985). Never-
theless, it is not a barrier for the rupture of Maule 2010 earthquake.
Another difference is observed at the Taltal Ridge where the limit be-
tween the 1983 and 1985 earthquakes is well defined, but where
there is not a clear variation of slope angle α between the south and
north of the ridge. The observed correlation between the proposed seg-
mentation and the earthquake distribution suggests that segmentswith
different long-term parameters μb*, λ can have different short-term pa-
rameters μb*, λ, that can affect the stress state during the seismic cycle
and the complex sequence of coseismic activation, but also the variation
of these parameters can be related to the slip inhomogeneities during
large coseismic ruptures.

Contreras-Reyes and Carrizo (2011) proposed that the high oceanic
features locally increase the interplate coupling according to the buoy-
ancy of these structures and I observed in general local decrease of the

Image of Fig. 10
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slope angle at the same latitudes, interpreted as a decrease of the basal
effective friction coefficient or as an effect of gravitational collapse after
the subduction of the oceanic features. In the case of aseismic ridges
(JFR, Copiapó Ridge and Taltal Ridge), the relation between the increase
of coupling and the collapse of the continentalwedge seems to be direct.
On the other hand, some fracture zones in different tectonic settings
(e.g. Challenger FZ and Diego de Almagro FZ) do not have a big bathy-
metric expression but produce a remarkable decrease in the continental
wedge slope angle α, which suggests that the fluids provided by the
fracture zones play a key role in the continental wedge geometry
and may be consequently in the coseismic rupture processes. Finally,
for the case of fracture zones that are subducting beneath the Arauco
and Mejillones peninsulas (i.e., Mocha FZ and Mejillones FZ) it is im-
portant also to evaluate the effect of an anomalous continental base-
ment to understand the generation of these important seismic
barriers.
6. Conclusions

(1) The size of the frontal accretionary prism does not correlate with
the slope angle α, which is controlled by the friction and fluid
pressure of the entire continental wedge including the continen-
tal basement and/or paleo-accretionary prism.

(2) My version of the subduction angle β (based on seismic and
gravimetrical information) classified the entire Chilean margin
(including erosive and accretionary segments) near the “Inter-
mediate accretionary wedge” definition of Lallemand et al.
(1994). It reveals that a more detailed classification is necessary
for the Chilean and other margins, after a new and more precise
evaluation of the basal subduction angles β.

(3) The Chilean margin presents a first order segmentation accord-
ing to the slope angle α and the parameters derived from
NCCW theory. A general increase of the slope angleα, a decrease
of the effective basal friction coefficient μb* and an increase of the
fluid pressure inside the continental wedge are observed at the
erosive segment of the margin (north of ~33°S). This important
change is interpreted as a result of a more pervasive fracturing
due to tectonic erosion both at the base andwithin the continen-
tal wedge.

(4) The NCCW model of the Chilean margin leads to a second order
tectonic segmentation of the Chilean continental wedge. These
segments of the Chilean margin with different values of μb*
and/or λ are limited by fault zones, bathymetric highs, and sea-
ward continental prolongations that locallymodify the geometry
of the continental wedge.

(5) The second order tectonic segmentation of the Chilean margin
correlates with the rupture zones of the large earthquakes and
with slip patches of megathrust earthquakes, which supports
the concept that segments with different long-term evolution
can have different stress states during the seismic cycle, af-
fecting the complex sequence of seismic activation and also
the location of inhomogeneities during large coseismic
ruptures.
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