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[1] This work explores the control of fore-arc structure on segmentation of megathrust
earthquake ruptures using coastal geomorphic markers. The Arauco-Nahuelbuta
region at the south-central Chile margin constitutes an anomalous fore-arc sector in terms
of topography, geology, and exhumation, located within the overlap between the
Concepción and Valdivia megathrust segments. This boundary, however, is only based on
�500 years of historical records. We integrate deformed marine terraces dated by
cosmogenic nuclides, syntectonic sediments, published fission track data, seismic
reflection profiles, and microseismicity to analyze this earthquake boundary over
102–106 years. Rapid exhumation of Nahuelbuta’s dome-like core started at 4 ± 1.2 Ma,
coeval with inversion of the adjacent Arauco basin resulting in emergence of the
Arauco peninsula. Here, similarities between topography, spatiotemporal trends in fission
track ages, Pliocene-Pleistocene growth strata, and folded marine terraces suggest that
margin-parallel shortening has dominated since Pliocene time. This shortening likely
results from translation of a fore-arc sliver or microplate, decoupled from South America
by an intra-arc strike-slip fault. Microplate collision against a buttress leads to
localized uplift at Arauco accrued by deep-seated reverse faults, as well as incipient
oroclinal bending. The extent of the Valdivia segment, which ruptured last in 1960 with an
Mw 9.5 event, equals the inferred microplate. We propose that mechanical homogeneity
of the fore-arc microplate delimits the Valdivia segment and that a marked discontinuity
in the continental basement at Arauco acts as an inhomogeneous barrier controlling
nucleation and propagation of 1960-type ruptures. As microplate-related deformation
occurs since the Pliocene, we propose that this earthquake boundary and the extent of the
Valdivia segment are spatially stable seismotectonic features at million year scale.
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1. Introduction

[2] Historical time-space records of great subduction
earthquakes demonstrate that ruptures tend to occur repeat-
edly within distinct seismotectonic sectors along the fore-
arc [e.g., Ando, 1975; Kelleher, 1972; Lomnitz, 1970;
Thatcher, 1990]. Statistical analysis of such historical earth-
quake patterns have resulted in early attempts of assessing
seismic hazard introducing the concept of ‘‘seismic gaps’’
[e.g., Mogi, 1979; Thatcher, 1990], and the time predictable
model [Shimazaki and Nakata, 1980]. However, paleoseis-
mic studies have shown that recurrence of large-magnitude

earthquakes in subduction zones is variable and can exceed
the time span of historical records [e.g., Satake and Atwater,
2007]. Because the magnitude of an earthquake largely
depends on the fault area that ruptured and the amount of
slip [e.g., Hanks and Kanamori, 1979; Kanamori, 1977;
Wells and Coppersmith, 1994], understanding the factors
that control lateral propagation of the dynamic earthquake
rupture front, and the timescales on which seismotectonic
segmentation is relevant, may furnish valuable information
for our understanding of the earthquake process at plate
boundaries and natural hazard assessment.
[3] Three major features have been proposed to control

segmentation of subduction earthquake ruptures: bathymet-
ric anomalies in the incoming oceanic plate [e.g., Robinson
et al., 2006; Taylor et al., 1987], sediment thickness in the
trench [Ruff, 1989], and discontinuities within the upper
plate [e.g., McCaffrey, 1992; Song and Simons, 2003]. The
extent of rupture segments also appears to be manifested by
the spatial distribution of geophysical anomalies in fore-arc
regions. For example, the positive correlation between
subduction earthquake ruptures and the position and extent
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of trench-parallel gravity anomalies at several subduction
zones suggests that the segmentation of great earthquake
ruptures is controlled by the structure acquired over time-
scales equivalent to the development of fore-arc basins,
about 106–107 years [Llenos and McGuire, 2007; Song and
Simons, 2003; Wells et al., 2003].
[4] Earthquake-related fore-arc deformation is usually

recorded by coastal landforms, such as multiple levels of
emerged abrasion platforms or coastal terraces. Detailed
analysis of their geomorphic characteristics, chronology,
and relation to the structural setting may provide valuable
paleoseismic information, and can thus provide data needed
to understand the long-term evolution of fore-arcs [e.g.,
Lajoie, 1986; Taylor et al., 1987]. Interestingly, several
studies have shown that distinct coastal landforms, like

peninsulas and embayments, tend to occur at seismotectonic
boundaries [e.g., Ando, 1975; Bourgois et al., 2007; Collot
et al., 2004; Kelleher, 1972; Lomnitz, 1970]. In fact, major
historical seismotectonic segments along the Perú-Chile
margin are delimited by such promontories, which mark
distinct anomalies of the coastline (Figure 1a). Some of
these earthquake boundaries also coincide with lower plate
anomalies. For example, collision of the Peruvian Nazca
Ridge (14�S) coincides with the Pisco peninsula and the
boundary between the 1974 and 2007 Mw 8.0 ruptures;
collision of the Chile Rise (46�S) correlates with the Taitao
peninsula, which constitutes the southern limit of the 1960
Mw 9.5 earthquake rupture [Cisternas et al., 2005; Lomnitz,
2004]. Conversely, there is no pronounced coastline anom-
aly or discrete earthquake rupture boundary in the regions

Figure 1. Index maps. (a) Major seismotectonic features of the central and south-central Andean fore-
arc. Rupture segment of most recent, major (M � 8) subduction earthquake [Beck and Ruff, 1989; Comte
and Pardo, 1991; Lomnitz, 1970, and references therein]. Note that distinct promontories seem to occur
systematically at rupture segment boundaries. LOFZ, Liquiñe-Ofqui fault zone. (b) Location of the
Arauco peninsula and study area. Major Quaternary faults compiled from references in text.
Seismotectonic segments, rupture zones of historical subduction earthquakes, and main tectonic features
of the south-central Andean convergent margin. Earthquake ruptures were compiled from Campos et al.
[2002], Comte et al. [1986], Kelleher [1972], and Lomnitz [2004]. Dashed white line denotes edge of
>1.5 km thick sediment fill in the trench. Data on Nazca plate and trench from Bangs and Cande [1997]
and Tebbens and Cande [1997]. Segments of the Chile Rise subducted at 3 and 6 Ma from Cande and
Leslie [1986].
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where the Juan Fernández (32�S) and Iquique ridges (20�S)
collide with the margin (Figure 1a), making unambiguous
correlations between rupture segments and lower plate
anomalies difficult. Indeed, some peninsulas that clearly
correspond to historical earthquake rupture boundaries,
like the Mejillones (23�S) and Arauco (38�S) peninsulas,
apparently are not related to lower plate anomalies.
[5] In this study, we attempt to gain fundamental insight

into the problem of earthquake rupture segmentation from a
geological perspective and examine patterns of fore-arc
deformation and exhumation over various temporal (102–
106 years) and spatial (101–103 km) scales. This includes the
analysis of coseismic land level changes during two great
earthquakes of adjacent rupture segments, deformed Plio-
cene-Quaternary marine sediments and terrace surfaces, and
a synopsis of the late Cenozoic structural and thermal history.
We focus on the south-central Chile margin (Figure 1b),
where accounts of great earthquakes have been used to
define historical seismic sectors [e.g., Barrientos, 1987;
Beck et al., 1998; Campos et al., 2002; Cisternas et al.,

2005; Comte et al., 1986; Kelleher, 1972; Lomnitz, 1970].
In particular, we address the evolution of the boundary
between the Valdivia and Concepción segments. These fore-
arc sectors lend themselves to a detailed analysis because of
a rich array of deformed coastal landforms and syntectonic
sedimentary sequences that allow a thorough analysis at
various timescales. The boundary between these two seg-
ments is located at the Arauco peninsula (37.2–38.5�S),
which forms a major anomaly along the Pacific margin of
South America in terms of coastline morphology and
trench-to-coast distance (Figure 1b). On the basis of
historical records of subduction earthquakes spanning
�500 years, Arauco lies in the transition between two major
and distinct seismic sectors, the Concepción and Valdivia
seismotectonic segments (Figure 1b) [Kaizuka et al., 1973;
Lomnitz, 1970]. Structurally, the Arauco peninsula corre-
sponds to a fore-arc high where the continental shelf has
emerged to elevations above 400 m, resulting in the exposure
of deformed Cenozoic marine rocks (Figures 2a and 2b).
Uplifted and deformed marine terraces are also continuously

Figure 2a. Shaded topography (SRTM, NASA) merged with multibeam bathymetry from subduction
Processes Off Chile (SPOC) cruise [Reichert et al., 2002]. Historical M > 6 seismicity since 1950
[Engdahl and Villaseñor, 2002]; note cluster south of Nahuelbuta Range. Measurements and contours of
coseismic land level changes from the 1960 [Plafker and Savage, 1970] and 1835 [Darwin, 1851]
megathrust earthquakes.
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exposed along the coast of the peninsula. We use new
geomorphic, seismic, borehole, stratigraphic, structural
and geochronologic data, as well as results from various
geophysical and geologic studies in the Arauco region
[Bohm et al., 2002; Bruhn, 2003; Contreras-Reyes et al.,
2008; Glodny et al., 2008a, 2008b; Haberland et al., 2006;
Hackney et al., 2006; Krawczyk et al., 2006; Lüth et al.,
2003; Melnick et al., 2006a; Radic et al., 2005] to explore
the control of fore-arc tectonics and inherited structures on
the present-day segmentation of rupture propagation during
a subduction earthquake. This also entails an overall eval-
uation of active plate boundary deformation and coastal
landscape evolution on timescales spanning from 105 to
106 years. Furthermore, we analyze the regional tectonics
of south-central Chile’s fore and intra-arc regions to
address whether the boundary between the Valdivia and

Concepción seismic segments is a transient or long-term
feature.

2. Seismotectonic, Geologic, and Geomorphic
Setting

2.1. Tectonics of the South-Central Chile Margin

[6] The Chile margin is formed by subduction of the
oceanic Nazca plate under the South American continent at
a convergence rate of 66 mm/a, which has decreased �40%
over the last 10 Ma [Kendrick et al., 2003]. The Nazca plate
in the Arauco region is �32 Ma old, and its age increases
continuously northward at �1 Ma/100 km along the trench
(Figure 1b) [Tebbens and Cande, 1997]. The principal
oceanic features are the Chile Rise, an active spreading
center colliding with the margin at 46.5�S, and the Juan

Figure 2b. Simplified geological map of the Arauco-Nahuelbuta region based on Elgueta and Arcos
[1994], Pineda [1986], Sernageomin [2003], and our own mapping. Offshore structures interpreted from
bathymetry and SPOC and ENAP seismic reflection profiles [Melnick et al., 2006a]. Bathymetric
contours from SPOC and Servicio Hidrográfico y Oceanográfico de la Armada (SHOA)-Chile data.
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Fernández Ridge, a hot spot seamount chain intersecting the
margin at 33�S (Figure 1a). A major discontinuity of the
Nazca plate in south-central Chile is the Valdivia Fracture
Zone system at �40�S (Figure 1b), which separates oceanic
crust generated at the Chile Rise to the south, from crust that
formed at the East Pacific Rise to the north [Tebbens and
Cande, 1997]. The Mocha Fracture Zone is subducted below
the central part of the Arauco peninsula (Figure 1b). Multi-
beam bathymetry [Reichert et al., 2002] images this Frac-
ture Zone as two �5 km wide sharp and narrow ridges
associated with several small seamounts. The bathymetric
relief associated with the Mocha Fracture Zone amounts to a
maximum of 1 km. Previous work has suggested that the
anomalous uplift of the Arauco peninsula is a result of
subduction of the Mocha Fracture Zone [Boettcher, 1999;
Cifuentes, 1989; Kaizuka et al., 1973; Lohrmann et al.,
2006; Lomnitz, 2004]. However, this fracture zone is
oblique to the Pliocene-Quaternary plate convergence vec-
tor [Somoza, 1998], and thus its intersection with the margin
has migrated southward at �100 km/Ma. Hence, its position
below the Arauco peninsula has not been stationary. On the
basis of our integrated data from this region, we will further
address the role of the Mocha fracture in the seismotectonics
of the region.
[7] A dramatic increase in sediment flux into the trench

during the Pliocene caused by enhanced glacial erosion in
the Patagonian Andes led to the onset of accretionary
processes along the south-central Chile margin at that
time [Bangs and Cande, 1997]. Seismic profiles image
1.5–2.3 km of glacially derived sediments in the trench, a
relatively narrow (�30–40 km) and young (�2–3 Ma)
frontal accretionary wedge, and an up to 1.5 km thick
subduction channel [Bangs and Cande, 1997; Contreras-
Reyes et al., 2008]. Cenozoic fore-arc basins exist over most
of the Chile margin and are filled with more than 3 km of
sediments in the shelf region [e.g., González, 1990]. Seis-
mic reflection profiles and coastal exposures reveal that
fore-arc basins between 34 and 45�S record Miocene to
early Pliocene extension, followed by contraction since the
late Pliocene [Melnick and Echtler, 2006a]. This change in
kinematics is interpreted to have been caused by the shift
from erosive to accretionary conditions after glacial age
filling of the Chile trench.
[8] The onshore part of the margin consists of (Figures 2a

and 2b) [e.g., Melnick and Echtler, 2006b; Mpodozis and
Ramos, 1990] (1) the Coastal Platform, formed by uplifted
Cenozoic marine and coastal sequences, the focus of this
study; (2) the Coastal ranges, which include a segmented
Permo-Triassic accretionary complex and a late Paleozoic
magmatic arc; (3) the Central Depression, a low-relief area
formed by Oligo-Miocene sedimentary and volcanic rocks
covered by Pliocene-Quaternary fluvial-alluvial sediments;
and (4) the Main Cordillera, which hosts a long-lived Meso-
Cenozoic magmatic arc and intra-arc volcano-sedimentary
basins.
[9] The principal structural feature of the Main Cordillera

is the Liquiñe-Ofqui fault zone (LOFZ; Figure 1b), a dextral
strike-slip system that controls the architecture of the intra-
arc region between the Chile Triple Junction at 46.2�S and
the Copahue volcano at 38�S [e.g., Hervé, 1994; Lavenu
and Cembrano, 1999; Rosenau et al., 2006]. The LOFZ
decouples a fore-arc sliver from the rest of the continent, the

Chiloé block (Figure 1a) [Beck et al., 1993; Forsythe and
Nelson, 1985; Lavenu and Cembrano, 1999], which moves
northward with respect to the stable Andean foreland to the
east (Figure 1b). Kinematic modeling of the LOFZ predicts
a long-term (�6 Ma) shear rate of 32 ± 6 mm/a in a
southern domain (46–42�S), which decreases to 13 ±
3 mm/a for a northern domain (42–38�S) [Rosenau et al.,
2006]. This velocity gradient may have been partly accom-
modated by internal deformation of the Chiloé fore-arc
sliver, consistent with Pliocene-Quaternary contractional
and transpressional structures that strike oblique to the
margin [Melnick and Echtler, 2006a, 2006b; Rosenau et
al., 2006]. The development of these structures and their
role in accommodating sliver motion is further documented
by shortening in the Arauco region as shown in this study.
Dextral shear along the LOFZ increased at �6 Ma, as
evidenced by isotopic dating of synkinematic minerals in
high-strain mylonites [Cembrano et al., 2002] and onset of
rapid exhumation driven by transpression [Thomson, 2002];
this acceleration has been interpreted as a result of the
consecutive collision of three segments of the Chile Rise in
the region between 47.5 and 46.5�S (Figure 1b). The long-
term strike-slip rate of the LOFZ predicted by kinematic
modeling may have slowed down, because the present
margin-parallel component of oblique plate convergence is
only 24 mm/a according to geodetic data [Kendrick et al.,
2003] or 28 mm/a according to the NUVEL-1a global plate
motion model [Demets et al., 1994]. This decrease in slip
rate along the LOFZ is likely a result of the continuous
decline in overall plate convergence rate [Kendrick et al.,
2003]. Global Positioning System (GPS) data shows north-
ward, margin-parallel velocities that reach 6.8 mm/a in the
southern sector of the Chiloé sliver (45–43�S), accounting
for �30% of the margin-parallel component of oblique
convergence [Wang et al., 2007]. These regional GPS data
show margin-parallel translation of the Chiloé sliver and
dextral strike-slip motion of the LOFZ. Unfortunately, no
estimates of slip rates along the LOFZ on shorter timescales
of 103–105 years have been obtained so far.
[10] Contemporary deformation in the central and south-

ern region of the Chiloé sliver (45–39�S) still includes
postseismic relaxation following the 1960 Mw 9.5 earth-
quake, in addition to interseismic strain accumulation [Klotz
et al., 2001; Wang et al., 2007]. This postseismic signal is
no longer visible in the northern leading edge of the Chiloé
sliver, which corresponds to the southern Arauco region,
where GPS data document counterclockwise rotations in
addition to interseismic coupling [Moreno et al., 2008].

2.2. Cenozoic Geology of the Arauco Fore-Arc Basin
and Nahuelbuta Coastal Range

[11] The Arauco Basin contains over 3 km of late
Cretaceous to Holocene continental and marine sediments,
and has been a major center of coal mining and hydrocarbon
exploration for over a century. This depocenter includes the
Campanian to Maastrichtian Quiriquina Formation, the
Paleocene to Eocene synextensional Lebu Group, the late
Miocene to early Pliocene synextensional Ranquil Forma-
tion, and the late Pliocene to Pleistocene syncontractional
Tubul Formation [e.g., Biró, 1979; Elgueta and Arcos,
1994; Encinas et al., 2008; Finger et al., 2007; Le Roux
and Elgueta, 1997; Melnick and Echtler, 2006a; Pineda,
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1986] (Figure 2b). During Miocene to early Pliocene time,
low amounts of trench fill and high plate convergence
velocity caused subduction erosion resulting in over
1.5 km of fore-arc subsidence and synextensional deposi-
tion of the Ranquil Formation, comprising mainly lower
bathyal turbidites [Encinas et al., 2008; Finger et al., 2007;
Melnick and Echtler, 2006a]. During the shift toward
accretionary conditions between 4.5 and 2.5 Ma, positive
inversion and uplift of fore-arc depocenters occurred in the
region between 34 and 45�S [Melnick and Echtler, 2006a].
Growth strata associated with seismically active reverse
faults reflect continuous and ongoing shortening and uplift
coeval with the deposition of the Tubul Formation [Melnick
et al., 2006a].

[12] The Nahuelbuta Range is located immediately east of
the Arauco peninsula and has a dome-like morphology with
a maximum elevation of 1525 m. Considering the elevations
of the Coastal Cordillera, which are typically well below
700 m, Nahuelbuta is an anomalous sector in term of
topography (Figures 1b and 2a). This range is formed by
a Carboniferous granitic core bounded by high-temperature
contact metasedimentary rocks referred to as the Eastern
Series [Hervé, 1988]. The northwest-striking Lanalhue fault
running along the southern flank of Nahuelbuta (Figure 2b)
marks the contact between the Eastern and Western Series,
which consist of high-pressure and low-temperature meta-
sedimentary rocks and ophiolitic components [Hervé,
1988]. Dating of synkinematic minerals in mylonitic shear
zones of the Lanalhue fault indicate sinistral shear at
�275 Ma [Glodny et al., 2008a]. Counterparts of the
Nahuelbuta granite crop out at 39.5�S in the Main Cordil-
lera, leading these authors to correlate these outcrops and
propose �100 km of sinistral displacement along the
Lanalhue fault during Permian time.
[13] However, the Lanalhue fault also cuts fluvial and

alluvial terraces of the Malleco Formation on the eastern
flank of the Coastal Cordillera (Figure 2b), whose age range
is bracketed by several 4.4 ± 0.5 to 0.8 ± 0.3 Ma old
volcanic deposits interbedded near the base and top, respec-
tively, of the predominantly clastic sequence [Suárez and
Emparán, 1997]. The The Incoming Plate to MegaThrust
EarthQuake Processes (TIPTEQ)-North local seismic net-
work [Haberland et al., 2006] registered several clusters of
crustal earthquakes between 1 and 22 km depth, exactly
below the surface expression of the Lanalhue and Morguilla
faults. The latter seems to be a trenchward continuation of
the Lanalhue fault, cutting through the southern flank of the
Arauco peninsula where it offsets the Pleistocene Cañete
surface (Figures 2b and 3d). Focal mechanisms are consis-
tent with steeply dipping fault planes as expected also from
linear fault scarps, as observed in outcrops near the town of
Capitán Pastene, and as imaged by the TIPTEQ deep
seismic reflection profile shot at 38.2�S [Groß et al.,
2008]. These geophysical and geological data identify
the Lanalhue fault as a steeply NE-dipping, long-lived
crustal-scale structure with neotectonic activity manifested
by deformed Quaternary landforms and localized crustal
seismicity.
[14] Fission track (FT) cooling ages from the Nahuelbuta

Range and adjacent sectors of the Coastal Cordillera have
been reported in a regional thermochronologic survey of
south-central Chile [Glodny et al., 2008b]. At Nahuelbuta,
nine mean apatite FT ages range from 106 ± 29 to 54.6 ±
4.1 Ma and seven mean zircon FT ages of paired samples
range from 242 ± 29 to 179 ± 49 Ma (Figures 4a and 4b).
Inverse modeling of track length distribution data of four
apatite FT samples from the top of the Nahuelbuta Range
(samples at higher elevations in Figure 4a) indicates slow
Tertiary cooling at an exhumation rate of 0.03–0.04 mm/a
until 4 ± 1.2 Ma, and an increase to >0.2 mm/a since that
time [Glodny et al., 2008b]. In contrast, modeling of
samples from the Valdivia and Concepción regions located
farther south (39–40�S) and north (36–37�S) of Nahuel-
buta, respectively, do not show this increase in cooling
during the early Pliocene, but exhibit a rather slow contin-
uous cooling trend corresponding to an exhumation rate of

Figure 3. Field views of the Arauco peninsula. (a) Aerial
view to the south of the Tubul Formation and Cañete surface
near the town of Tubul, northern edge of the peninsula. The
dashed yellow line shows the base of the Cañete Formation
underlying the Cañete surface. (b) Typical quartzitic fluvial
conglomerate of the Cañete Formation sampled for cosmo-
genic nuclide dating. (c) View to the east of the three
emerged marine terraces in the center of the peninsula near
Curanilahue. (d) Aerial photo draped over digital elevation
model illustrating the Morguilla fault scarp and the dissected
Cañete surface at the southwestern edge of the peninsula.
Sampling sites and cosmogenic nuclide ages indicated (data
in Table 1).
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0.03–0.04 mm/a over the past �100 Ma. This latter rate can
be considered as the long-term regional background exhu-
mation rate along the Coastal Cordillera of south-central
Chile, except for Nahuelbuta.

2.3. Quaternary Geomorphic Setting of the
Arauco-Nahuelbuta Region

[15] Only a few previous studies have focused on the
tectonic geomorphology of this region and addressed the
relation between late Quaternary and historic fore-arc de-
formation. The pioneer work of Kaizuka et al. [1973]
described three sequences of uplifted marine terraces at
Arauco including the well preserved Cañete surface corre-
lated with marine oxygen isotope stage (MIS) 5e that
reaches 232 m and which has been inferred to correlate
with MIS 5e, as well as two higher surfaces, Esperanza
and Nochas, which reach 360 and 471 m, respectively
(Figures 3c and 4b). These three surfaces are abrasion
platforms covered by a veneer of shallow marine, fluvial,
and eolian sediments. The marine surfaces are folded
around a northwest-trending anticline in the center of the

peninsula (Figures 4a, 4b, and 6c). Our analysis of terrestrial
cosmogenic nuclides corroborates a last interglacial
(MIS 5e) origin for the Cañete surface (Table 1; sample
sites shown on Figures 3a, 3d, 4a, and 5; see sections 3
and 4.3 and auxiliary material for details).1 A marked
lower surface exists at the southwestern edge of Arauco
near Lebu where it reaches a maximum elevation of 125 m.
This surface has marine and eolian deposits comparable to
the higher surfaces, and was probably formed during one
of the interstadial stages of the last glacial period. How-
ever, because of its limited extent along the coast, this
terrace is less suitable to explore margin-parallel variability
of tectonic uplift.
[16] The Nahuelbuta Range has a domal morphology

forming a major regional drainage anomaly along south-
central Chile’s Coastal Cordillera [Rehak et al., 2008].
Several higher, barren surfaces of inferred marine abrasion
origin exist up to about 1000 m elevation on the western

Figure 4. Markers of uplift and deformation. (a) Map of marine terraces in the Arauco region and
location of shoreline angle measurement. Cosmogenic nuclide ages of the Cañete terrace are shown.
Zircon and apatite fission track (FT) ages from Glodny et al. [2008b]. (b) Topographic swath profile, area
shown in Figure 4a, and elevation of shoreline angles projected to the profile. (c) FT ages projected along
the same profile. Note the similar warping pattern between terrace shorelines, topography, and apatite FT
ages. In turn, zircon FT ages have a flat pattern. (d) Age-elevation plot of apatite FT ages. The inverse
relation implies that more exhumation has occurred in the higher-elevation region.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JB005788.
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flank of the Nahuelbuta Range. Several faults of unknown
kinematics, but with clear morphological expression form
a curved array that follows the topography along the
eastern flank of the Nahuelbuta Range (Figure 2b). Some
of these faults juxtapose Triassic sediments with Paleozoic
intrusives and control the occurrence of several metamor-
phic roof pendants, and may thus have formed prior to the
Cenozoic. The Purén Basin is a triangular intermontane
depression at the southern flank of Nahuelbuta, which is
filled with Plio-Quaternary sediments of the Malleco
Formation. This basin is limited by two NW- and SW-
dipping reverse faults that splay from the Lanalhue fault
(Figure 2b). The northern fault juxtaposes Paleozoic intru-
sives and Malleco sediments and has a clear morpholog-
ical expression with pronounced triangular facets
suggesting a Quaternary age.
[17] The Lanalhue and Lleu-Lleu lakes are located in the

southern sector of the Arauco peninsula and immediately
farther south of it, respectively (Figure 4a). These coastal
lakes are drowned fluvial valleys located in the hanging
wall of the Morguilla fault. It is likely that tectonic defeat
associated with slip on the Morguilla fault and resulting
uplift of its hanging wall and possibly tilting at the edge of
the Arauco anticline resulted in the formation of both lakes.
A high-resolution seismic survey combined with sediment
coring revealed the original fluvial nature of these lakes and
the post-MIS 5e flooding and uplift history [Blumberg et al.,
2007].
[18] Pleistocene sedimentary units and coastal landforms

are also abundant in the neighboring regions of the Arauco
Peninsula. On Isla SantaMarı́a, 12 km to the north (Figure 2a),
marine and eolian sediments crop out in vertical sea cliff
exposures. Radiocarbon dating of paleosol horizons interbed-
ded in the marine-dominated sequence, which represent
markers of paleo sea-level position, indicate deposition be-
tween 53 and 27 ka, corresponding to uplift at an average rate
of 1.8±0.4 mm/a [Melnick et al., 2006a]. Sequences of
uplifted Holocene beach berms are exposed in a coastal
plain in the eastern part of the island. Beach berms are also
found on the surroundings of the Arauco Gulf and on Isla
Mocha, �60 km south of Arauco (Figure 2a) [Kaizuka et
al., 1973; Nelson and Manley, 1992]. Bookhagen et al.
[2006] calculated a maximum uplift rate of 2.3 ± 0.1 mm/a
over the past �3 ka for Isla Santa Marı́a on the basis of
luminescence ages of beach berm crests. In their detailed
study of uplifted strandlines at Isla Mocha, Nelson and
Manley [1992] reported uplift rates between 5.5 and 10 mm/
a over the past �11 ka on the basis of radiocarbon dating of
marine shells.
[19] The Santa Marı́a and Mocha islands as well as the

core of the Arauco peninsula are tilted eastward (Figure 6c).
In a previous study, we showed that Isla Santa Marı́a
consists of two asymmetrically tilted Pleistocene surfaces,
which represent the forelimbs of two anticlines that con-
verge at the island and are cored by reverse faults [Melnick
et al., 2006a]. At Isla Mocha northeastward tilting is evident
from inclined marine surfaces in the central ridge of the
island, a pronounced asymmetry in the drainage system, as
well as from the two measurements of coseismic uplift
made by Plafker and Savage [1970] after the 1960 earth-
quake (Figure 2a). Short-wavelength tilting at Isla Mocha is
also possibly linked to a major reverse structure, the Mocha-T
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añ
et
e
S
u
rf
ac
e

S
am

p
le

N
am

e
E
le
v
at
io
n

(m
ab
o
v
e
se
a
le
v
el
)

S
am

p
le

D
ep
th

(m
)

1
0
B
e
(1
0
3
at
o
m
s/
g
)a

2
6
A
l
(1
0
3
at
o
m
s/
g
)a

2
6
A
l/
1
0
B
e

1
0
B
e
M
o
d
el

A
g
e
(k
a)

b
2
6
A
l
M
o
d
el

A
g
e
(k
a)

b
M
ea
n
M
o
d
el

A
g
e
(k
a)

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

M
ea
su
re
d

V
al
u
e

A
ss
o
ci
at
ed

E
rr
o
r

A
r0
8

5
0

1
.5

1
3
3
.0
6

3
.7
3

8
5
8
.2
3

6
1
.1
5

6
.4

0
.5

1
2
6

1
8

1
3
3

2
1

1
3
0

1
4

A
r0
8

5
0

2
.1

7
2
.9
3

2
.1
9

5
1
9
.4
8

5
0
.3
7

7
.1

0
.7

1
2
3

1
8

1
4
2

2
4

1
3
3

1
4

A
r0
5

6
1

1
.8

1
0
1
.4
0

2
.9
9

6
3
9
.3
1

2
3
.3
5

6
.3

0
.3

1
2
8

1
8

1
3
1

1
9

1
3
0

1
3

A
r0
7

1
5
0

0
.7

3
4
0
.4
6

8
.2
5

1
9
3
4
.1
5

5
2
.1
5

5
.7

0
.2

1
3
1

1
9

1
2
4

1
8

1
2
7

1
3

a
U
n
ce
rt
ai
n
ti
es

in
at
o
m
ic
ab
u
n
d
an
ce
s
(1
s
)
o
n
ly

re
p
re
se
n
t
er
ro
rs
as
so
ci
at
ed

w
it
h
th
e
ac
ce
le
ra
to
r
m
as
s
sp
ec
tr
o
m
et
ry

(A
M
S
)
ra
ti
o
m
ea
su
re
m
en
ts
.
W
e
d
id

n
o
t
in
cl
u
d
e
th
e
1
s
u
n
ce
rt
ai
n
ty

in
th
e
B
e
ca
rr
ie
r
ad
d
it
io
n
(�

2
%
)

an
d
st
ab
le

A
M
S
m
ea
su
re
m
en
ts
(�

5
%
).
T
h
es
e
re
su
lt
s
ar
e
co
rr
ec
te
d
fo
r
ra
ti
o
s
m
ea
su
re
d
in

p
ro
ce
ss

b
la
n
k
s
as

d
es
cr
ib
ed

in
th
e
te
x
t.

b
C
al
cu
la
te
d
b
y
u
si
n
g
co
rr
ec
te
d
p
ro
d
u
ct
io
n
ra
te
s
sc
al
ed

to
si
te
-s
p
ec
if
ic
al
ti
tu
d
es

[L
a
l,
1
9
9
1
]
an
d
d
ep
th

sh
ie
ld
in
g
b
as
ed

o
n
sp
al
la
ti
o
n
,
fa
st
m
u
o
n
s,
an
d
n
eg
at
iv
e
m
u
o
n
ca
p
tu
re
[G

ra
n
g
er

a
n
d
M
u
zi
ka
r,
2
0
0
1
;
G
ra
n
g
er

a
n
d

S
m
it
h
,
2
0
0
0
].
W
e
u
se
d
a
d
en
si
ty

o
f
1
.8

g
/c
m

3
an
d
at
te
n
u
at
io
n
le
n
g
th

o
f
1
6
0
g
/c
m

2
.
U
n
ce
rt
ai
n
ti
es

in
d
ep
th
-s
h
ie
ld
ed

ag
es

ar
e
fu
ll
y
p
ro
p
ag
at
ed

fr
o
m

A
M
S
u
n
ce
rt
ai
n
ti
es

an
d
d
o
in
cl
u
d
e
a
1
0
%

1
s
u
n
ce
rt
ai
n
ty

in
n
u
cl
id
e

p
ro
d
u
ct
io
n
ra
te
s
in
cl
u
d
in
g
sc
al
in
g
fa
ct
o
rs
fo
r
al
ti
tu
d
e
an
d
la
ti
tu
d
e,
as

w
el
l
as

1
0
%

1
s
u
n
ce
rt
ai
n
ti
es

in
d
en
si
ty
,
at
te
n
u
at
io
n
co
ef
fi
ci
en
ts
,
an
d
h
al
f-
li
v
es
.
N
o
u
n
ce
rt
ai
n
ti
es

ar
e
p
ro
p
ag
at
ed

fo
r
th
e
d
ep
th

sh
ie
ld
in
g
b
ec
au
se

n
o

u
n
ce
rt
ai
n
ti
es

ar
e
p
ro
v
id
ed

fo
r
co
ef
fi
ci
en
t
b
y
G
ra
n
g
er

a
n
d
S
m
it
h
[2
0
0
0
].

B01407 MELNICK ET AL.: EARTHQUAKE SEGMENTATION AT ARAUCO

8 of 23

B01407



Villarica fault zone [Melnick and Echtler, 2006b], which
cuts through the entire margin from the trench to the Main
Cordillera (Figure 2b).

2.4. Historic Subduction Earthquakes in the
Arauco Region

[20] Historical records of great earthquakes in Chile of the
ultimate �500 years reveal that the Arauco peninsula is
located in the transition between the Valdivia and Concep-
ción seismotectonic segments (Figure 1b) [Kaizuka et al.,
1973; Lomnitz, 2004]. The Valdivia segment ruptured last
during the 1960 Mw 9.5 earthquake, while the last great
event that nucleated in the Concepción segment occurred in
1835 with an estimated magnitude of 8.5 [Lomnitz, 2004]. It
appears from the spatiotemporal trends of ruptures in these
two segments that great earthquakes occur in pairs, probably
triggered by stress transfer mechanisms that load the neigh-
boring sector [e.g., Freed, 2005]. However, this does not
seem to be the case for the transition between the Con-
cepción and Valparaiso segments farther north, which
appear to have a rather diffuse boundary both in space
and time (Figure 1b).
[21] The 1960 earthquake sequence started with four

foreshocks reaching up to Mw 8.2, followed a day after by
the Mw 9.5 main shock and a major Mw 7.9 aftershock
[Cifuentes, 1989; Engdahl and Villaseñor, 2002; Kanamori,

1977]. All these large-magnitude events occurred on 21 and
22 May and nucleated along a discrete, NW–SE elongated
region between 38.8� and 38.2�S, at approximate depths of
35–50 km (Figure 2a). This elongated region, whose shape
is independent of relative relocation uncertainties, is parallel
to the Lanalhue fault and remained the locus of sustained
seismic activity with earthquakes up to Mw 7.9 until the mid
1970s [Engdahl and Villaseñor, 2002]. Coseismic uplift
caused by the 1960 events of 1.5 m was registered imme-
diately after at Lebu [Alvarez, 1963]; at the same locality
Plafker and Savage [1970] measured 1.3 ± 0.2 m in 1968
(Figure 2a). No clear evidence of coastal land level changes
was found north of Lebu suggesting that rupture did not
propagate beyond the Arauco peninsula. This assessment is
also supported by repeated leveling of a line running along
the inland region that recorded no more than 11 cm of uplift
between the pre- and postearthquake surveys [Plafker and
Savage, 1970]. Uplift of 1.7 m was measured immediately
after the earthquake at Isla Mocha [Seivers, 1963] and later
of 1.8 ± 0.2 and 1.0 ± 0.4 m at the western and eastern coast,
respectively, by Plafker and Savage [1970] in 1968, sug-
gesting some landward tilting. Immediately east of Mocha
uplift was only 0.9 ± 0.2 and 0.2 ± 0.4 m (Figure 2a). South
of 38.5�S, 1960 land level changes along the coastline were
dominated by subsidence, which reached 2.7 m near the city
of Valdivia at 40�S [Plafker and Savage, 1970].

Figure 5. Cosmogenic nuclide composite depth profiles and age models for (top) 10Be and (bottom)
26Al. Curves for 100, 120, and 140 ka model ages are shown. See text for methods and details. Sampling
locations are shown in Figure 4a. The composite profile includes four samples collected at three sites.
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Figure 6. Syntectonic sediments. (a) Outcrops and isopachs of the Tubul Formation (late Pliocene to
early Pleistocene) based on 17 boreholes and field exposures. (b) Outcrops and isopachs of the Cañete
Formation (MIS 5e, �125 ka) derived from boreholes and indicated field exposures. Shorelines and
outcrops associated with the Esperanza and Nochas surfaces are also shown. (c) Swath topographic
profiles along and across the axis of the Arauco anticline. Areas of profiles shown in Figure 6a.
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[22] Coseismic uplift during the 1835 earthquake was
measured by Darwin and FitzRoy in the Arauco Bay area
and at Isla Mocha about two to four weeks after the event
[Darwin, 1851]. Maximum uplift of 3.0 m occurred at Isla
Santa Marı́a, 2.4 m at Isla Quiriquina in the Bay of
Concepción, 1.8 m at Tubul and 1.5 m at the harbor of
Talcahuano, whereas Isla Mocha rose only by 0.6 m
(Figure 2a).
[23] Isobases of coseismic uplift from the 1960 and 1835

earthquakes seem to converge at the Arauco peninsula
(Figure 2a), similar to rupture zones of previous earthquakes
in south-central Chile (Figure 1a) [Lomnitz, 1970, 2004].
These events led Lomnitz [1970] to define the Valdivia
and Concepción seismic segments and subsequently led
Kaizuka et al. [1973] to propose that emergence of the
Arauco peninsula occurred by accumulated coseismic uplift
during both Valdivia- and Concepción-type earthquakes.
This would imply that at least some permanent deformation
in this region, where two distinct rupture segments overlap,
is accumulated during the coseismic phase of the seismic
cycle. We further explore this hypothesis by examining the
spatial distribution of Neogene sediments exposed at
Arauco and patterns of deformed Quaternary marine terra-
ces, and by comparing them with coseismic uplift patterns
from the 1835 and 1960 earthquakes.

3. Methods

[24] Our study of seismotectonic processes is based
primarily on geological, geomorphic, and structural field
mapping. We used air photos at scales of 1:20,000 to
1:125,000 and digital elevation models derived from shuttle
radar topography mission (SRTM) data [Farr et al., 2007],
digitized topographic maps at 1:50,000 scale, and ASTER
satellite imagery. Offshore industry seismic reflection pro-
files (Figure 2b) made available by Empresa Nacional del
Petróleo (ENAP, Chile’s state oil company) were integrated
with onshore structural and sedimentological observations
[e.g., Melnick and Echtler, 2006a; Radic et al., 2005].
Isopach maps of late Pliocene and Pleistocene units
were generated from 17 ENAP exploration boreholes (see
auxiliary material, Table S1) [Elgueta and Arcos, 1994]; in
addition to seven exposed stratigraphic sections originally
surveyed by Kaizuka et al. [1973] and revisited during our
study, as well as seven new stratigraphic sections surveyed
in the present study. Interpolated isopach contours were
derived using the subsurface data in addition to the distri-
bution of outcrops at the surface and their dip angles
(Figures 6a and 6b).
[25] We measured the elevation of three uplifted Pleisto-

cene marine terraces to understand deformation patterns and

to calculate surface uplift rates in the Arauco region
(Figures 3c, 4a, and 4b). Worldwide, the best morpholog-
ically expressed marine terrace dates from the last intergla-
cial sea level highstand (MIS 5e) [e.g., Hearty and Kindler,
1995; Johnson and Libbey, 1997]. The age of MIS 5e is
arbitrarily fixed to range from 130 to 116 ka [Kukla et al.,
2002], but may extend between 134 and 113 ka [Muhs et
al., 2002], with a peak from 128 to 116 ka on tectonically
stable regions, where it is found at elevations of 2–8 m
[Muhs, 2002]. Other well-represented interglacial terraces
worldwide are from MIS 7 and 9, with age ranges of 200–
220 and 320–340 ka, respectively (Table 2) [e.g., Chappell
and Shackleton, 1986;Marquardt et al., 2004; Shackleton et
al., 1990; Shackleton and Opdyke, 1973].
[26] Marine terraces can be used as markers of paleo sea-

levels. The elevation of the shoreline angle, the base of the
paleo sea cliff, is considered most representative of relative
eustatic sea level highstands correlated with odd-numbered
MIS [e.g., Keller and Pinter, 2002; Lajoie, 1986]. Shoreline
angles of the three preserved terraces in the Arauco region
were measured at 93 locations (Figure 4a). On the terraces
of the Arauco peninsula, it is assumed that the present-day
elevation of the mantled material closely approximates
former mean sea level elevation. However, in some cases
this assumption incorporates an additional uncertainty, be-
cause younger eolian or colluvial material may cover the
surface. However, we could discard this possibility at many
localities where the abrasion surface was still visible.
Despite this, a conservative error of 5, 10, and 15 m is
assumed in our elevation measurements for the three terra-
ces assigned to MIS 5e, 7, and 9, respectively (see below
and Table 2). We thus incorporate these uncertainties in our
elevation estimates of shoreline angles and derived uplift
rates.
[27] The marine terraces at Arauco are cut into various

types of bedrock (Figure 2b) and generally consist of
shallow marine sediments overlain by a veneer of fluvial
conglomerates (up to 3 m thick) and locally by eolian sands.
The best developed and widest terrace in the Arauco region
is the Cañete surface, which was identified and correlated
with MIS 5e by Kaizuka et al. [1973] on the basis of its
width, lateral continuity, and degree of preservation of
stratigraphic features. In 2004, we sampled quartz pebbles
from fluvial conglomerates overlying marine deposits of the
Cañete Formation, and underlying the abandoned Cañete
surface (Figure 3b) for exposure dating using 10Be and
26Al in situ produced cosmogenic nuclides (Table 1, see
auxiliary material for a detailed explanation of the dating
methods). These ages define terrace abandonment as fluvial
incision occurred because of base level lowering, likely
caused by the sudden drop in sea level at the end of an

Table 2. Pleistocene Deformation Rates Derived From Marine Terrace Data

Terrace
Name MIS

Age
(ka)

Error
(ka)

Sea Level
Elevationa

(m)

Sea Level
Elevation
Error (m)

Shoreline Angle
Errorb (m)

Maximum Uplift
Rate (mm/a)

Maximum Uplift Rate
Error (mm/a)

Shortening
Rate (mm/a)

Shortening Rate
Error (mm/a)

Cañete 5e 125 10 5 3 5 1.8 0.2 5.59 0.17
Esperanza 7 210 10 �3 4 10 1.7 0.2 6.17 0.3
Nochas 9 330 10 4 4 15 1.4 0.2 6.23 0.25

aSea level elevation at the respective marine oxygen isotope stage.
bEstimated error in measurements of shoreline angle elevations of each terrace.
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interglacial or interstadial period combined with tectonic
uplift [e.g., Chappell and Shackleton, 1986]. We restricted
our sample locations to pristine, in situ terrace surfaces, an
assessment that is further corroborated by the lack of of
bioturbation within the underlying gravels and that original
depositional imbrication is still intact. We were not able to
collect surface samples as the surfaces did not contain any
quartz pebbles. However, we were able to collect four
subsurface samples at three sites that approximate the age
of the Cañete terrace very well. We found the best sampling
sites to be vertical road cuts that we enlarged and where
both the marine and fluvial units were exposed. In some
cases the underlying bedrock was exposed as well. A
representative outcrop of the fluvial gravels sampled for
cosmogenic dating can be found on Figure 3b.
[28] Our limited, but precise ages from the Cañete surface

corroborate the inference of Kaizuka et al. [1973] that this
surface was formed during the last interglacial. Following
the same principles of Kaizuka et al. [1973], we tentatively
assign the two upper surfaces (Esperanza and Nochas
surfaces) to MIS 7 and 9, respectively. Similar geomorphic
characteristics identify these surfaces as abrasion platforms
that were sculpted during two separated, protracted sea level
highstands that preceded the last interglacial highstand. As
shown in section 4.3.1, uplift and shortening rates obtained
with these assumptions agree very well within uncertainties
with rates calculated from the isotopically dated Cañete
surface.

4. Results: Deformation, Uplift, and Exhumation
of the Nahuelbuta Range and Arauco Peninsula

[29] In order to characterize the Pliocene to recent tec-
tonic history and its relation to the structural style of the
Arauco-Nahuelbuta region, to quantify surface uplift rates,
and to explore their along-strike variability and relation to
active faults, we have studied deformation markers in the
coastal realm at various timescales. We describe these
deformation markers chronologically: Early Pliocene exhu-
mation patterns based on fission track ages, late Pliocene
and Pleistocene growth strata, regionally deformed Pleisto-
cene marine terraces, and clusters of crustal seismicity and
their relation to active faults mapped from seismic reflection
profiles and field observations.

4.1. Thermochronology of the Nahuelbuta Range

[30] Fission track (FT) cooling ages from the Nahuelbuta
Range have been reported by Glodny et al. [2008b]. In order
to explore the spatial patterns of these ages in terms of the
local structures, we projected their positions along a profile
normal to the neotectonic warping axis of the Nahuelbuta
Range and the Arauco peninsula and plotted them together
with a topographic swath profile of a 50 � 150 km region
(Figure 4c). The zircon FT ages display a rather flat pattern
along the entire profile with no relation to the topography.
Conversely, the apatite FT data describe a curved pattern
that follows the domal topography of the Nahuelbuta Range
and the Arauco peninsula anticline. In an age-elevation plot
(Figure 4d), the apatite FT data continuously decrease in
age with increasing elevations, which is opposite to that
observed in most actively uplifting mountain ranges of the
world [e.g., Fitzgerald et al., 1993]. This indicates that

higher magnitudes of exhumation have been taking place in
the more elevated parts of the range.
[31] At Nahuelbuta, the positive correlation between

exhumation and topography, the inverse apatite FT age-
elevation relation, and the early Pliocene increase in cool-
ing/exhumation rate indicates that this sector of the Coastal
Cordillera has been anomalous in terms of exhumation and
probably rock uplift rate since early Pliocene time.

4.2. Deformation and Sedimentary Patterns of the
Tubul Formation

[32] The Tubul Formation consists of sandstone and
minor siltstone deposited in a shallow water, nearshore
shelf environment during late Pliocene to early Pleistocene
time [Nielsen and Valdovinos, 2008]. Deposits of the Tubul
Formation overlie the earlier units with a marked angular
unconformity [e.g., Biró, 1979; Brüggen, 1950; Pineda,
1986]. The Cañete Formation at the Arauco peninsula rests
unconformably on the upper section of this unit (see below).
[33] Outcrops of the Tubul Formation are restricted to the

northern and southern sectors of the Arauco peninsula on
the flanks of Cretaceous to Eocene strata (Figure 2b). The
thickness of the Tubul Formation increases away from
the center of the peninsula; both toward the north and
south, as constrained by 15 boreholes and the overall
distribution of outcrops (Figure 6a). In the northern sector,
near the town of Tubul, the lowermost exposures on vertical
sea cliffs (analogous to Figure 3a) strike east-west and dip
�4 to 6� north; the dip decreases gradually up sequence to
subhorizontal near its top, which in this region is covered by
the subhorizontal marine and fluvial sediments of the
Cañete Formation (Figure 3a). These field geometries are
consistent with the seismically imaged syncontractional
growth strata in the Arauco Bay, immediately to the north
(Figure 2b) [Melnick et al., 2006a], and the southward-
thinning wedge geometry along the northern flank of the
peninsula. The situation is similar in the southern sector of
the peninsula, but there the lowermost exposed levels dip
and increase in thickness to the south (Figure 6a). Growth
strata of the Tubul Formation in sea-cliff exposures farther
south in the Coi-Coi region at 38.5�S are also compatible
with syncontractional deformation [seeMelnick and Echtler,
2006a, Figure 3].
[34] Reflection seismic profile ENAP 28 is oriented

north-south and located immediately south of the peninsula
(Figure 7, profile location shown in Figure 2b). The ENAP
exploration borehole ‘‘D,’’ situated above profile 28 farther
south, encountered the continental basement below 624 m
of Tubul sediments. This unconformity is clearly imaged in
many seismic lines of the fore-arc basins in south-central
Chile [González, 1990; Melnick and Echtler, 2006a]. Profile
28 images two northwest striking, high-angle reverse faults
responsible for the syncontractional deposition of the Tubul
Formation. Both faults are blind and propagate anticlines.
This profile images a lower unit characterized by low-
amplitude, discontinuous and parallel reflectors, and an
upper unit formed by higher-amplitude, continuous reflec-
tors. Reflectors in the upper unit decrease in dip up
sequence and exhibit internal onlapping and changes in
thickness. Both units are deformed by an anticline, which is
propagated by a blind reverse fault that only cuts and offsets
the lower unit. An asymmetric hinge graben is imaged
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above the tip of the anticline controlling the northward tilt
of a central block. On the basis of the internal seismic
fabrics, i.e., reflector continuity and thickness variability,
we interpret the lower unit as precontractional and the
upper one as syncontractional. Correlation with borehole D
indicates that the upper unit corresponds to the Tubul
Formation. Deposition of Tubul strata was coeval with
contractional deformation and growing of the reverse fault
cored anticline.
[35] Taken together, these field, borehole, and seismic

data suggest that deposition of the Tubul Formation on the
Arauco peninsula was associated with a major west-north-
west trending growing anticline (Figure 8). This is in line
with several offshore reverse fault-cored growth anticlines,
which resulted from the inversion of Miocene to early
Pliocene normal faults [Melnick and Echtler, 2006a].

4.3. Deformation and Sedimentary Patterns of
Pleistocene Marine Terraces

[36] These three marine terrace surfaces were first de-
scribed by Kaizuka et al. [1973]. These surfaces are
abrasion platforms carved into bedrock and are covered
by a veneer of sediments that record a finite moment of
uplift and abandonment. The best expressed and preserved
is the Cañete surface (Figures 3, 4, and 6). We refer to the
sedimentary deposits that underlie the Cañete surface as the
Cañete Formation. In the northern and southwestern sectors

of the peninsula the Cañete Formation overlies the Tubul
Formation whereas in the central and southeastern parts it
covers the Cretaceous and Eocene units (Figure 2b). The
sediments of the Cañete Formation consist of two units: (1) a
lower unit dominated by black, volcanic-derived sandstone
with coarse cross bedding, flaser bedding, float tuffs, and
occasionally interbedded layers of siltstone that contain
charcoal, root casts, and fossil leaves and (2) an upper unit
formed by well-rounded conglomeratic gravel and lenses of
sandstone, which in the southern sector locally contain
marine fossils. Locally, the upper unit is covered by
homogenous, well-sorted medium sandstone with insect
burrows and fine lamination, and paleosol horizons. This
unit is clearly associated with elongated narrow ridges,
which are topographically higher than the Cañete surface.
We interpret the lower unit of the Cañete Formation as
having been deposited in a coastal environment in the
immediate vicinity of sea level; the upper unit as being
related to a braided river system in transition from conti-
nental to deltaic environments. Fluvial sediments of this unit
yielded mean 10Be-26Al pooled ages ranging from 127 ± 13
to 133 ± 14 ka (see methods for details; sample location in
Figures 3b, 3d, and 4a). The areally restricted unit is
interpreted as having been deposited in a coastal dune
environment governed by southwesterly winds, similar to
present conditions. This unit might have been deposited
immediately after abandonment of the Cañete surface.

Figure 7. Example of an offshore seismic reflection profile showing a representative high-angle reverse
fault and syncontractional fabrics of the Tubul Formation. Image extracted from profile ENAP 28.
Location shown in Figure 2b. See detailed description in text.
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[37] The thickness of the Cañete Formation underlying
the Cañete surface increases from a minimum of 20 m
in the center of the peninsula to a maximum of at least
50 m in the southern and northern sectors (Figure 6b).
Similarly, the elevation of the shoreline angle of the
Cañete surface increases toward the center of the penin-
sula, where it reaches a maximum of 231 m (Figure 4b).
These opposed variations in thickness and shoreline
elevation are consistent with deposition contemporaneous
with growth of an anticline, whose axis is oriented west-
northwest to east-southeast.
[38] The Esperanza and Nochas surfaces are exposed in

the central part of the peninsula and the western flank of
Nahuelbuta (Figure 4b). They are less well preserved than
the Cañete surface, but still contain marine and fluvial

deposits with clear treads and paleocliffs (Figures 3c
and 6c). The position of their shoreline angle reaches
maximum elevations of 360 and 471 m, respectively,
mimicking the pattern of the Cañete surface in the center
of the peninsula. Because of a regular elevation spacing
between these three surfaces and similar distribution of
their shoreline angles (Figure 4b), we infer that the
Esperanza and Nochas surfaces were formed associated
with sea level highstands at MIS 7 and 9, which preceded
the last interglacial highstand responsible for the formation
of the Cañete surface. Although correlating MIS 7 and 9
to the two upper surfaces is tenuous, the age-elevation
relationships in conjunction with the isotopically dated
Cañete surface yields very similar uplift and shortening
rates (see subsections below and Table 2).

Figure 8. Profile of surface and crustal structure along the Arauco peninsula. Surface profile with
maximum topography along swath shown by shaded rectangle in the center of the map. Fault dips are
only apparent because of vertical exaggeration. Seismicity and focal mechanisms of the ISSA [Bohm,
2004; Bohm et al., 2002; Bruhn, 2003] and TIPTEQ [Haberland et al., 2006] local networks. Depth of
the Tubul and Cañete formations from ENAP boreholes and exposed sections in the field (see Figure 6).
Contours in the blue region labeled Nazca plate represent the top of the slab projected from 10 km
spaced, parallel lines in the area of the map (2 km contours also shown in the map). Slab geometry from
Tassara et al. [2006]. Shallow structures from the northern sector integrated from seismic reflection
profiles described by Melnick et al. [2006a]; southern sector from profile ENAP 28 (Figure 7). Gray focal
mechanism from U.S. Geological Survey National Earthquake Information Center catalog (21 May 1990,
Mw 6.3, 5 km depth).
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4.3.1. Uplift, Deformation, and Tilt Rates Deduced
From Marine Terraces
[39] We estimate surface uplift rates for 96 elevation

measurements of shoreline angles from the Cañete, Esper-
anza, and Nochas Pleistocene surfaces (Figure 4b). Ages,
paleo sea-level elevations, and the respective uncertainties
of each marine oxygen isotope stage are presented in
Table 2; uplift rates are shown in Figure 9a. In the center
of the peninsula, where the three surfaces are well pre-

served, their uplift rates agree within errors. Uplift rates
peak in the core of the peninsula reaching 1.8 ± 0.2 mm/a,
and decrease toward both ends in the north and south to a
minimum rate of 0.36 ± 0.07 mm/a (Figure 9a). These uplift
rate gradients are likely caused by warping about the
WNW–ESE oriented anticline whose axis is in the center
of the peninsula (Figures 4a and 4b).
[40] Uplift rates north of the Arauco peninsula increase

suddenly from 0.4–0.5 to 0.7–0.9 mm/a (between distance
0 and 20 km in Figure 9a). This increase is coincident with a
slight rise in mean topography, with the position of the
Coronel promontory (Figures 4a and 4b), as well as with a
WNW–ESE striking and NNE dipping reverse fault
mapped from offshore seismic profiles (Figure 2b). Thus,
it is likely that this fault extends onshore and that it has been
responsible for the gradient in uplift rates and coastline
morphology. The vertical slip on this fault would be about
0.3–0.5 mm/a.
[41] Along the southern coast of Arauco the Morguilla

fault line scarp offsets the Cañete surface. The height of this
scarp is 150 m at its northwestern edges and diminishes to
�40 m toward the southeast near Lake Lanalhue where it is
covered by active dunes (Figure 3d). Considering the MIS
5e age of the Cañete surface yields variable slip rates of
1.2–0.3 mm/a. These rates should be considered as mini-
mum because of the recent deposition of eolian sediments
along the scarp.
[42] The Cañete surface is slightly tilted to the east.

However, this eastward tilt is only clearly visible in the
central, highest and widest part of the surface as illustrated
in the WNW–ESE oriented swath profile in Figure 6c. The
eastward tilt rate along this profile is 0.001–0.002�/ka. Tilt
rates of the northern and southern flanks of the anticline
depicted in the NNE–SSW oriented swath profile in
Figure 6c are on the same order of magnitude, reflecting a
long-wavelength feature related to the open fold depicted in
Figure 8.
[43] The maximum uplift rate obtained at the Arauco

peninsula is similar to the uplift rate at Isla Santa Marı́a of
1.8 ± 0.4 mm/a over the past �50 ka [Melnick et al., 2006a]
and of 2.3 ± 0.2 mm/a over the past �3 ka [Bookhagen et
al., 2006]. However, the respective tilt rates of �0.025 and
0.022�/ka determined for both timescales at Isla Santa Marı́a
are significantly higher than the subdue rates of 0.001–
0.002�/ka estimated at Arauco. High tilt rates at Isla Santa
Marı́a have likely been caused by slip on a blind thrust
below the island that propagates a tight anticline, whereas
the lower tilt rate at Arauco is apparently caused by the open
fold that forms the peninsula.
4.3.2. Shortening and Strain Rates of the Arauco
Peninsula Anticline
[44] Information gathered from seismic reflection profiles

and thickness distribution of the Tubul and Cañete forma-
tions suggests that most of the contractional strain that
accumulated during deposition of these two units over the
past �2.5 Ma was oriented NNE–SSW. In order to estimate
the amount of shortening responsible for folding and uplift
of the Arauco peninsula anticline we use the shoreline
angles of the Cañete, Esperanza, and Nochas marine surfa-
ces. The erosional and depositional nature of these surfaces
implies deposition on a seaward-dipping bedrock surface
with a gentle slope of less than �0.1� [e.g., Lajoie, 1986],

Figure 9. Uplift and shortening rates. (a) Surface uplift
rates for the Cañete, Esperanza, and Nochas terrace surfaces
of the Arauco peninsula and topographic swath profile (same
as in Figure 4). Note that uplift rates of the three surfaces
agree well within errors (yellow band). (b) Elevation of
shoreline angles from the anticline in the center of the
Arauco peninsula and fitted polynomial curves. (c) Short-
ening rates for the three marine surfaces estimated using line
length balancing of the curves in Figure 9b. Given the
uncertainties, shortening rate has either slowly decreased or
remained constant.
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which can be considered subhorizontal along strike to
estimate shortening rates. We use the line length balancing
technique to estimate shortening magnitudes and rates [e.g.,
Ramsay and Huber, 1987]. Plane strain is assumed, which
may not be fully the case given that the Cañete surface is
slightly tilted to the east (Figure 6c) and that plate conver-
gence is oblique to our cross section (see discussion). In any
case, our surface and borehole data suggest that the majority
of the syntectonic growth of the Tubul and Cañete forma-
tions was a result of NNE–SSW oriented shortening over at
the past �2.5 Ma (Figures 6a and 8).
[45] In order to estimate line length changes, we fitted

polynomial functions to the shoreline angle elevation mea-
surements of each marine surface and projected them along
a NNE–SSW profile (Figure 9b). The interpolated along-
strike lengths of the folded shorelines were then compared
to the horizontal distances to calculate amounts of finite
shortening. Shortening was estimated only for the major,
60 km wide fold in the center of the peninsula, where the
terraces are best expressed, and which is aligned with the
topographic axis of the adjacent Nahuelbuta Range and area
of enhanced exhumation. Shortening magnitudes and rates
are shown in Table 2 for each surface. Shortening rates for
the Cañete, Esperanza, and Nochas terraces are 5.6 ± 0.2,
6.2 ± 0.3, and 6.2 ± 0.2 mm/a, at a strain rate of �2.9, �3.1,
and �3.2 � 10�16 s�1, respectively. Average shortening is
6.0 ± 0.4 mm/a; rates decrease linearly within uncertainties
at an average of 0.3 mm/a/105 a (Figure 9c).

4.4. Active Crustal Faults From Shallow Seismicity
and Seismic Reflection Profiles

[46] The temporary Integrated Seismological Experiment
in the Southern Andes (ISSA) and TIPTEQ amphibious
local seismic networks deployed 62 and 70 broadband land
seismic stations and several OBS/OBH in the Arauco region
during 2000 and 2004–2005, respectively [Bohm, 2004;
Bohm et al., 2002; Bruhn, 2003; Haberland et al., 2006].
These data demonstrate that most of the seismicity in the
upper plate is concentrated in the fore-arc region below the
shelf and coast. Shallow earthquakes (�M 5) cluster in two
regions surrounding the Arauco peninsula (Figure 8). In a
previous study, we have shown that the northern cluster
adjacent to Isla Santa Marı́a is related to a steep northeast-
striking reverse fault, which is apparently rooted in the plate
interface [Melnick et al., 2006a]. The southern cluster is
located below the steep, up to 150 m high northwest-
striking Morguilla fault scarp (Figures 3d and 8). Analogous
to the region surrounding Isla Santa Marı́a, earthquakes
associated with the Morguilla fault form a cluster with a
continuous alignment in cross section from a depth of 5 km
until the plate interface, which below this region is at about
27 km depth (Figure 8). Shallow focal mechanisms are
compatible with a northwest-striking, northeast-dipping
reverse fault with minor strike-slip components [Bruhn,
2003; Haberland et al., 2006].
[47] Similar to the Isla Santa Marı́a and Arauco Bay

areas, seismic reflection data immediately south of the
Morguilla fault image steep reverse faults that control the
syncontractional deposition of the late Pliocene to Quater-
nary units (Figures 2b and 7). We thus consider it likely that
the Morguilla scarp is the surface expression of a deep-
reaching, northwest-striking reverse fault that dips steeply

to the northeast. However, this scarp might have been
modified by recent coastal erosion and eolian deposition.

5. Discussion

5.1. Deformation, Surface Uplift, and Exhumation of
the Nahuelbuta Range and Arauco Peninsula

[48] Our integrated stratigraphic and structural data from
the Arauco region suggests that margin-parallel, continuous
shortening starting in the early Pliocene has led to the
emergence of the continental shelf and topographic devel-
opment of the Nahuelbuta Range and Arauco peninsula.
Apatite fission track data shows that exhumation in the
central part of Nahuelbuta records an order of magnitude
increase at a central age of 4 Ma, from 0.03 mm/a to greater
than 0.2 mm/a [Glodny et al., 2008b]. Despite modeling
uncertainties of 30%, this age agrees well with related
tectonic events with independent age constraints, such as
the onset of inversion of the extensional Arauco fore-arc
basin [Melnick and Echtler, 2006a] and collision of the
Chile Rise [Cande and Leslie, 1986]. The collision of the
Chile Rise has led in turn to accelerated exhumation and
strike-slip motion of the Liquiñe-Ofqui fault zone (see
below). The correlation between the dome-like morphology
of the Nahuelbuta Range and the warped distribution of
fission track ages with higher amounts of exhumation in the
central, higher-elevation parts of the range (Figure 4),
suggests that tectonic growth by asymmetric doming has
controlled local exhumation in an area of �1200 km2. In
contrast, adjacent sectors of the Coastal Cordillera near
Concepción (36.5�S) and Valdivia (40�S) have remained
relatively stable and have been exhuming at a low steady
rate of 0.03–0.04 mm/a since Triassic time [Glodny et al.,
2008b].
[49] The thickness of the late Pliocene to early Pleisto-

cene Tubul and of the �125 ka old Cañete formations
increases away from the WNW–ESE oriented main warp-
ing axis toward the edges of the peninsula (Figures 6, 7,
and 8). The three marine terrace surfaces along the
western, coastal flank of Nahuelbuta and along the Arauco
peninsula have been folding about this same axis at a
shortening rate of �6 mm/a over the past �330 ka,
resulting in coeval uplift at a variable rate between 0.3
and 1.8 mm/a across the strike of the anticline (Figure 9).
We interpret these changes in thicknesses to reflect depo-
sition coeval to growth of the Arauco anticline accommo-
dating margin-parallel shortening.
[50] Marine seismic reflection profiles off the northern

and southern edges of the Arauco peninsula image blind
high-angle reverse faults at the core of fault propagation
anticlines (Figures 2b, 7, and 8). Some of these faults occur
in the immediate vicinity of crustal seismicity clusters
(�M 5.2). The alignment of seismicity is compatible with
the steep fault dip angles predicted by focal mechanisms,
suggesting that microearthquakes illuminate crustal-scale
faults, some of which appear to be rooted in the plate
interface thrust (Figure 8). The spatial coincidence be-
tween the distribution of topography, exhumation gra-
dients, uplifted and warped marine terraces, Pliocene and
Pleistocene growth strata (Figures 4 and 6), and active
reverse faults suggests that uplift of the Arauco peninsula
is controlled by these deep-reaching structures (Figure 8).
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One of these structures is the Morguilla fault, which
appears to be associated with the Lanalhue fault zone
(Figures 2b and 3c), a margin-scale, seismically active
fault system inherited from Paleozoic time [Glodny et al.,
2008a] (Figure 8). These observations emphasize the role
of inherited upper plate fabrics in guiding and focusing
active plate boundary deformation in this environment.

5.2. Uplift and Deformation Mechanisms of the
Arauco-Nahuelbuta Fore-Arc Block

[51] The Arauco peninsula and Nahuelbuta Range are
part of an anomalous segment of the Chilean margin in
terms of topography, geology and exhumation. The former
is a major anomaly of the coastline along the Pacific shore
of South America, where the trench-to-coast distance rea-
ches a local minimum, whereas the latter coincides with an
area where the mean elevation of the Coastal Cordillera is
double the average typical of south-central Chile. Interest-
ingly, this correlates spatially with focused Pliocene-Recent
exhumation at Nahuelbuta and maximum uplift rates deter-
mined from Pleistocene marine terraces at the center of
Arauco reaching 1.8 ± 0.2 mm/a, which is nearly twice the
average rate of 0.9 ± 0.4 mm/a between 33.5 and 40�S
(based on data compiled by Melnick and Echtler [2006a]).
These high rates are interpreted in terms of focused short-
ening and uplift. We further explore the tectonic processes
responsible for this focused deformation in terms of lower
and upper plate features.
5.2.1. Role of Lower Plate Anomalies and
Trench Sediments
[52] Previous studies have proposed that the Mocha

Fracture Zone, which today is subducted underneath Arauco
(Figure 1b), is responsible for the anomalous rapid emer-
gence of the peninsula during the Quaternary [Boettcher,
1999; Kaizuka et al., 1973; Lohrmann et al., 2006]. How-
ever, our integrated data suggests ongoing uplift and folding
of the Arauco-Nahuelbuta region since �4 Ma, when the
intersection of the Mocha Fracture Zone with the margin
occurred �400 km north. Thus, the Mocha Fracture seems
unlikely to be responsible for the pronounced and protracted
localized uplift of the Arauco peninsula and Nahuelbuta
Range.
[53] Another process that could explain the anomalous

uplift of the Arauco-Nahuelbuta region would be localized
underplating and basal accretion of subducted trench sedi-
ments. In fact, south of 33�S, the Chile trench has been
filled with over 1 km of sediments since Pliocene time
[Bangs and Cande, 1997]. Basal accretion has been sug-
gested as a major process in Paleozoic accretionary tecton-
ics of this region [Glodny et al., 2005], but its imprint on
Cenozoic tectonics has not been yet observed in geophys-
ical images [e.g., Krawczyk et al., 2006; Ranero et al.,
2006]. Sediments in the Chile trench are mostly supplied by
rivers that drain the high Andes cutting across the Coastal
Cordillera, and are deposited in large submarine fans [e.g.,
Thornburg et al., 1990]. Transport of sediments northward
along an axial channel in the trench seems to be related to
glaciations and have occurred only during the Holocene
[Völker et al., 2006]. Thus, the size of the fans in this system
largely determines the amount of sediments available for
frontal and basal accretion. If basal accretion would be
indeed occurring, it should be more pronounced inland of

the large fans, where trench fill is thicker [Völker et al.,
2006]. Large fans have been imaged off the mouth of every
major river in south Chile [Thornburg et al., 1990]; how-
ever, no clear relation between their positions and localized
coastal uplift is apparent [Rehak et al., 2008]. The largest
fan in this region is the Bı́o-Bı́o fan, located 50 km north of
Arauco (Figure 2b). Thus, underplating and basal accretion
of trench sediment as well as increased deformation and
uplift of the upper plate would be expected to occur
landward of the Bı́o-Bı́o river mouth, in vicinity of Con-
cepción (Figures 2a and 2b). However, this region has
experienced slower exhumation and uplift than at Arauco
(Figure 9a) resulting in a subdued topography. Hence,
underplating and basal accretion of trench sediments are
probably not viable processes to explain localized uplift,
exhumation, and margin-parallel shortening observed in the
Arauco-Nahuelbuta region.
5.2.2. Role of the Segmented Upper Plate
[54] The Arauco peninsula is in the northern sector of the

Chiloé block, a fore-arc sliver decoupled from stable South
America by the dextral Liquiñe-Ofqui fault zone (LOFZ)
[e.g., Cembrano et al., 2002; Hervé, 1994]. Dextral shear
along the LOFZ increased at �6 Ma triggered by an
augment in convergence obliquity and by collision of three
consecutive segments of the Chile Rise at the trailing edge
of the Chiloé block, located near the Taitao peninsula at
46.5�S (Figures 1a and 10) [e.g., Cande and Leslie, 1986;
Cembrano et al., 2002; Rosenau et al., 2006; Thomson,
2002]. Thus, a synchronous acceleration is expected in the
northward motion of the fore-arc sliver. The mean slip rate
along the LOFZ over the past �6 Ma decreases from �32 to
�13 mm/a northward along the Chiloé block [Rosenau et
al., 2006], consistent with high partitioning of oblique
convergence. Similarly, GPS data show the highest mar-
gin-parallel rates of �6 mm/a in the southern sector of the
Chiloé block and a continuous decreases northward [Wang
et al., 2007]. Unfortunately, no slip rate data of the LOFZ
exist yet on intermediate time scales (105–103 years).
[55] Our regional inspection of marine terraces south of

Arauco revealed deformation along discrete reverse faults
with strike-slip components that are oriented oblique to the
margin, like the Mocha-Villarica fault (Figure 2b). This
supports the hypothesis that part of the margin-parallel
component of oblique plate convergence is absorbed inter-
nally within the sliver, as originally suggested by Rosenau
et al. [2006]. However, these structures are high-angle
reverse faults that propagate open folds and control long-
wavelength tilting, which does not account for much
shortening. Our integrated data shows that �6 mm/a of
margin-parallel shortening have been accommodated at
Arauco over the past 330 ka, and that this shortening
has been active since �4 Ma. This rate is slower than the
�13 mm/a stike-slip rate predicted for the northern LOFZ
by Rosenau et al. [2006], and therefore suggests either a
substantial decrease in sliver motion, as may be expected
from the documented decline in plate convergence rate, or
partial accommodation of sliver motion elsewhere.
[56] Major changes in fault kinematics and structural style

occur at the latitude of Arauco-Nahuelbuta along the intra-
arc and foreland regions to the east. For example, the LOFZ
ends at the Callaqui-Copahue-Mandolegüe volcanic linea-
ment (38�S), which marks a major transition along the
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high Andes in terms of kinematics and structural styles
[Folguera et al., 2002; Melnick et al., 2006b]. Importantly,
to the north of this boundary, east-directed thrusting occurs
continuously along the eastern foothills and foreland of
the Andes for over 5000 km along strike. In contrast, to the
south of this boundary active deformation is limited to the
intra-arc, while the back arc has remained tectonically
inactive since the latest Miocene. These structural changes
clearly reflect variations in the degree of strain partitioning
of oblique subduction. Partitioning is high south of 38�S,
where most of the margin-parallel component of oblique
subduction is accommodated along the discrete strike-slip
LOFZ (Figure 10). Conversely, to the north of 38�S margin-
parallel strain is diffusely distributed across the entire active
margin, reflecting a lower degree of partitioning [Melnick et
al., 2006b].

[57] In addition to these kinematic and structural gra-
dients, the orientation of the Andean orogen including the
trench, coastline, topographic axes of the Coastal Cordillera,
western flank of the Main Cordillera, and the axis of the
volcanic arc, bend about 10� to the east across the boundary
at 38�S. We refer to this morphological, structural, and
kinematic boundary as the Arauco Orocline (Figure 10).
The axis of this orocline is oriented WNW–ESE, parallel to
the Arauco-Nahuelbuta uplift axis and aligned with the
position of the Callaqui-Copahue-Mandolegüe transition
zone in the intra-arc region. This transition zone has
decoupled the dextral LOFZ from back arc shortening since
the Pliocene and is expressed by an 80 km long alignment
of Pliocene-Quaternary volcanic centers [Folguera et al.,
2002], the largest alignment of the Southern Volcanic Zone.
The data presented in this study from the fore-arc region and
previously from the intra-arc [Melnick et al., 2006b] sug-
gests that this boundary has been active contemporaneously
in both domains since Pliocene time.
[58] The Nazca plate below Nahuelbuta dips 12.7�, in

contrast to 19.2� and 15� to the north and south, respec-
tively [Krawczyk et al., 2006] (Figure 8). A lower dip angle
results in higher shear traction at the base of the continental
plate, manifested in faster landward interseismic GPS
velocities [Moreno et al., 2008]. We suggest that oroclinal
bending at Arauco is a response to a northward translation
of the Chiloé fore-arc sliver and collision against a buttress,
which results from the combined effect of a shallower slab
dip and strength contrast between heterogeneous metamor-
phic rocks to the south and the homogeneous granites in the
Nahuelbuta Range (Figure 2b). This buttress would be
caused by a change in physical conditions following the
model of [Beck et al., 1993]. This strength contrast and
difference in material properties south of Nahuelbuta is also
suggested by a �40 mGal gradient of the Bouger gravity
field [Hackney et al., 2006] as well as a �20 km gradient in
elastic thicknesses [Tassara et al., 2007], and a reduction in
P wave velocity of the crust determined from 3-D tomog-
raphy [Bohm, 2004].
[59] The Andean margin is characterized by another bend

in strike at 34�S, referred to as the Maipo Transition Zone
[Yáñez et al., 2002] or Maipo Orocline [Farı́as et al., 2008],
interpreted to result from collision of the Challenger Frac-
ture Zone and Juan Fernández Ridge with the continent
since 25 Ma [Yáñez et al., 2002] (Figure 10). Late Cenozoic
margin-parallel fore-arc shortening has also been docu-
mented in northern Chile and southern Perú [Allmendinger
et al., 2005a]. There, however, bending of the Bolivian
Orocline over at least the past �30 Ma, and rotation of fore-
arc blocks about vertical axes seems to account entirely for
this shortening [Allmendinger et al., 2005b].
[60] A good analog to the setting in south-central Chile is

the Cascadia margin of the northwestern United States,
where margin-parallel northward translation of fore-arc
blocks has been broadly documented with paleomagnetic,
structural, and GPS data [e.g., McCaffrey et al., 2007; Wells
et al., 1998]. Translation there leads to collision of the
Oregon block with the Canadian Coastal ranges buttress
resulting in margin-parallel shortening in the Puget Sound
region, where several active reverse faults akin to the
structures at Arauco strike nearly normal to the trench
[e.g., Johnson et al., 2004]. Collision produces transpres-

Figure 10. Seismotectonic model. Oblique plate conver-
gence and subduction of the Chile Rise leads to decoupling
of the Chiloé fore-arc sliver along the Liquiñe-Ofqui fault
zone. Margin-parallel northward motion is partly accom-
modated internally along the sliver and by NNE–SSW
shortening in the Arauco region, resulting in doming of the
Nahuelbuta ranges and emergence of the Arauco peninsula.
As a result of this collision, the entire orogen bends
eastward at the Arauco Orocline, which also marks a
boundary between deformation styles in the intra-arc and
foreland regions. The coincidence between the extent of the
Valdivia 1960 rupture segment and the Chiloé fore-arc
sliver suggests that here the fore-arc structure controls the
extent of megathrust rupture segments.

B01407 MELNICK ET AL.: EARTHQUAKE SEGMENTATION AT ARAUCO

18 of 23

B01407



sion resulting in uplift of the Olympic Mountains and
peninsula [Wells et al., 1998], a major topographic anomaly
along the Cascadia margin. The Olympic Mountains have a
dome-like morphology with maximum elevations that dou-
ble the surrounding regions, analogous to the Nahuelbuta
Range. Quaternary and geodetic deformation along the
coast of the Olympic peninsula is dominated by the Kala-
loch syncline, a broad, low-amplitude fold whose axis is
oriented ENE–WSW, nearly orthogonal to the margin
[Thackray, 1998]. The Kalaloch syncline apparently accom-
modates margin-parallel shortening resulting from transla-
tion of the Oregon block. The Olympic peninsula could be
thus considered analogous to the Arauco peninsula-Nahuel-
buta Range block, although in a more evolved stage and
subjected to glaciations.

5.3. Upper Plate Control on Segmentation of
Subduction Earthquakes: Boundary Between the
Valdivia and Concepción Seismotectonic Domains

[61] The magnitude of a subduction earthquake is thought
to be controlled by the length and width that its rupture may
achieve along the strike of the megathrust and by finite fault
slip [Hanks and Kanamori, 1979]. Bathymetric features of
the lower plate, such as fracture zones or seamounts,
frictional instabilities along the plate interface or petrophys-
ical discontinuities of the fore-arc resulting in mechanical
heterogeneities have been proposed to act as major barriers
that could potentially stall earthquake rupture propagation,
thus limiting the finite magnitude [e.g., Aki, 1979; Collot et
al., 2004; Taylor et al., 1987].
[62] In the Arauco-Chiloé region, the lower plate is cut by

several fracture zones. Plate roughness, however, is
smoothed by 1.5–2.3 km of sediments filling the trench
before entering the interplate zone. The fact that the 1960
rupture propagated for �1000 km across four of these
fracture zones (Figure 1b) suggests that at least here lower
plate anomalies have been unable to stall rupture propaga-
tion. Conversely, the 2001 Arequipa earthquake (Mw 8.4),
which ruptured �400 km of the Andean megathrust in
southern Perú where the trench is virtually devoid of sedi-
ments, was stalled by a subducting fracture zone [Robinson
et al., 2006]. This fracture zone is similar in size to its
counterparts in south-central Chile, suggesting that the
amount of trench sediments may exert a major influence
on smoothing lower plate bathymetric anomalies, and
consequently limiting rupture propagation along the Andean
megathrust. However, the Chile trench is continuously filled
with over 1.5 km of sediments between 33 and 45�S, across
the boundary between the Valdivia and Concepción seismic
segments (Figure 1b). Thus, in the Arauco region neither
bathymetric anomalies of the lower plate nor variable trench
fill thicknesses present viable parameters to have influenced
the position of this earthquake rupture boundary. We there-
fore further discuss a third possibility, which includes the
control of inherited fore-arc heterogeneity and structure.
[63] Uplift and doming of the Arauco-Nahuelbuta region

is likely a result of crustal thickening due to collision of the
northward-translating Chiloé microplate; this crustal thick-
ening increases the normal stresses on the megathrust and
consequently the degree of interplate coupling. The shear
stress necessary to rupture the megathrust is a function of
plate convergence, the strength of the fault, and the normal

stress or load of the fore-arc [e.g., Scholz, 2002]. Thus, a
higher load generated by a thicker section of crust in the
fore-arc at Arauco-Nahuelbuta would require higher shear
stresses for failure. This could inhibit dynamic rupture
propagation, ultimately controlling the position of the
seismotectonic boundary. However, the higher topography
at Nahuelbuta is in part compensated by a shallower
angle of the subducting slab [Hackney et al., 2006], and
thus crustal thickness remains relatively constant along
Nahuelbuta.
[64] The pioneer theoretical earthquake barrier model of

Aki [1979] classified the barriers where earthquakes can
start and/or stop as inhomogeneous and geometrical. The
strength gradient caused by the sharp lithological transition
across the Lanalhue fault, which juxtaposes heterogeneous
metamorphic rocks with homogeneous intrusives (Figure 2b)
likely represents an inhomogeneous barrier in the sense of
Aki [1979]. This discontinuity marks pronounced anoma-
lies in gravity, crustal P wave velocities, and elastic thick-
ness, suggesting major changes in the petrophysical
properties of the crust. The nature of the Lanalhue fault
[Glodny et al., 2008a], its expression in a deep reflection
profile [Groß et al., 2008], and the distribution of micro-
seismicity [Haberland et al., 2006] strongly suggest that
this structure as well as the adjacent geological units extend
through the entire crust. Thus, it is plausible that this
inhomogeneous barrier extends to the interplate seismo-
genic zone. Coincidently, several M > 7 earthquakes of the
1960 sequence including the Mw 9.5 main shock were
nucleated along the plate interface in the region adjacent
to the Lanalhue fault (Figure 2a), following the conceptual
model of Aki [1979]. These observations suggest that the
limit between the Concepción and Valdivia megathrust
rupture segments as well as initiation and propagation of
Valdivia-type ruptures are controlled by the geological
structure of the fore-arc.
[65] An inhomogeneous barrier analogous to the situation

at Arauco-Nahuelbuta seems to exist at the Nankai margin
of SE Japan. The position of this barrier below the Kii
peninsula has controlled nucleation and propagation of
subduction earthquakes from two adjacent seismotectonic
segments [Kodaira et al., 2006]. This barrier is highlighted
by pronounced anomalies in gravity and P wave velocities
as well as by the morphology of the coastline. The nature of
this barrier has been attributed to the position of an old
intrusive complex in the continental basement [Kodaira et
al., 2006].
[66] In this context we explore further regional tectonic

features of the Chile margin and their effect on seismotec-
tonic segmentation. The position of the Arauco peninsula is
coincident with the northern termination of the Liquiñe-
Ofqui fault zone, and the Valdivia earthquake rupture
segment corresponds to the extent of the Chiloé fore-arc
sliver (Figure 10). The basement of the entire Chiloé sliver
south of Nahuelbuta consists of a rather homogenous unit of
metamorphic rocks interpreted as a Paleozoic accretionary
wedge [Glodny et al., 2005]. The trench in this area is
continuously filled with over 1.5 km of sediments along the
sliver [Bangs and Cande, 1997]. Thus, both the upper plate
and the plate interface along the entire Chiloé sliver are
mechanically homogenous and decoupled from the conti-
nent; such homogeneity is thought to smooth the seismic
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strength [Ruff, 1989], and therefore to facilitate dynamic
propagation the earthquake rupture. We suggest that these
factors controlled the giant magnitude of the 1960 earth-
quake, when rupture propagated for �1000 km along the
entire length of the Chiloé sliver resulting in aMw 9.5 event.
At the Arauco peninsula, where historical ruptures of the
Concepción and Valdivia segments have stopped, the base-
ment character of the upper plate changes dramatically
because of the appearance of intrusive rocks. The southern
limit of the Valdivia segment corresponds to the southern
Chiloé sliver, where the Chile Rise collides against the
margin (Figure 1b), a geometrical barrier [Aki, 1979] whose
high heat flow may contribute to inhibiting strong plate
coupling and consequently earthquake rupture [e.g.,
Hyndman and Wang, 1995].
[67] Taking our observations together, we suggest that the

Chiloé sliver and Arauco-Nahuelbuta block control the
spatial extent of the Valdivia seismic segment. As our
integrated study has demonstrated, collision of the Chiloé
sliver has led to ongoing shortening at its northern, leading
edge resulting in uplift of the Arauco-Nahuelbuta block
over the past �4 Ma. During this time, the trench has been
constantly filled with sediments derived from repeated Pata-
gonian glaciations and two segments of the Chile Rise have
impinged on the margin at the southern, trailing edge of the
Chiloé sliver (Figure 10). Thus, we consider it also plausible
that the extent and location of the Valdivia seismic segment,
including its northern and southern boundaries at Arauco and
Taitao peninsulas, respectively, has remained stable in
space over the past few million years. Consequently, for
this sector of the Andean margin, upper plate structural and
petrophysical characteristics apparently play a major role
in governing the segmentation of subduction earthquake
ruptures.

6. Conclusions

[68] We have integrated a multidisciplinary data set to
explore the kinematics of coastal deformation at various
timescales in the Arauco-Nahuelbuta fore-arc sector of the
south-central Chile margin. This sector corresponds to the
overlapping boundary of two adjacent megathrust earth-
quake rupture zones, defined from �500 years of historical
records. Here, similarities between topography, exhumation
patterns derived from fission track dating, the spatial dis-
tribution of syntectonic sediments, and the character of
uplifted and deformed marine terraces suggest that constant
deformation mechanisms have led to sustained kinematics
since the early Pliocene. Deformation has been dominated
by margin-parallel shortening leading to localized uplift of
the Arauco-Nahuelbuta block, whereas adjacent sectors of
south-central Chile’s Coastal Cordillera have remained
stable. We interpret this localized margin-parallel shortening
as a result of northward translation of the Chiloé microplate
and of its collision against a buttress. This buttress may
result from the conspiring effects of a sharp lithological
transition in Paleozoic basement rocks and a shallower slab
below the Arauco-Nahuelbuta block. The Chiloé microplate
is a fore-arc sliver decoupled from stable South America by
the arc-parallel Liquiñe-Ofqui strike-slip fault zone. North-
ward sliver translation parallel to the margin is a response to

oblique convergence between the Nazca and South American
plates, as well as oblique collision and spreading of the Chile
Rise at the sliver’s southern trailing edge (Figure 10). Our
interpretation of the conditions of the Arauco-Nahuelbuta
fore-arc block is consistent with regional fault kinematic,
thermochronologic, and geomorphic data that indicate
decoupling of this fore-arc microplate and ongoing collision
since early Pliocene time.
[69] The 1960 and 1835 subduction zone earthquake

ruptures of the adjacent Concepción and Valdivia seismic
segments taper off across the Arauco-Nahuelbuta block
(Figure 2a), analogous to the estimated rupture zones of
previous historical earthquakes (Figure 1b). The nucleation
region of the 1960 sequence, which includes the Mw 9.5
main shock as well as several Mw > 7.9 fore and after-
shocks, is located along the flank of the Arauco-Nahuelbuta
block, adjacent to the Lanalhue fault (Figures 2a and 2b).
This seismically active structure contains Paleozoic mylon-
ites, juxtaposes two distinct units of the continental base-
ment, and marks pronounced gradients in various
geophysical data. We propose that the sharp gradient in
petrophysical properties of the crust marked by the Lanal-
hue fault represents an inhomogeneous earthquake barrier,
which controls initiation and propagation of Valdivia 1960-
type megathrust ruptures.
[70] The extent of historical ruptures of the Valdivia

segment equals the extent of the Chiloé microplate and of
a segment of the Chile trench filled with over 1.5 km of
sediments (Figure 10). These sediments derive from glacial
erosion of the Patagonian Andes, a process that began
during the Pliocene. We propose that mechanical homoge-
neity provided by a fore-arc microplate that is decoupled
from the stable continent and by an interplate zone
smoothed by trench sediments may facilitate rupture prop-
agation for a distance in excess of 1000 km along the
Valdivia segment, generating giant earthquake magnitudes
such as during the 1960 event that reached Mw 9.5. We
suggest that the boundary between the Valdivia and Con-
cepción seismotectonic sectors and the extent of Valdivia-
type earthquake ruptures have been sustained over the
past few million years, because microplate decoupling
resulting from oblique plate convergence and subduction
of an active spreading center at its trailing edge, as well as
collision causing uplift at its leading edge have been
ongoing since the early Pliocene. These results emphasize
the role of inherited upper plate fabrics in guiding active
plate-boundary deformation and subduction zone earth-
quake segmentation processes.
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