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ABSTRACT

Subduction zones provide direct insight into plate boundary deformation and by studying these
areas we better understand tectonic processes and variability over time. We studied the structure of
the offshore subduction zone system of the Pampean flat-slab segment (ca. 29—33°S) of the Chilean
margin using seismic and bathymetric constraints. Here, we related and analysed the structural styles
of the offshore and onshore western fore-arc. Overlying the acoustic top of the continental basement,
two syn-extensional seismic sequences were recognised and correlated with onshore geological units
and the Valparaiso Forearc Basin seismic sequences: (SII) Pliocene-Pleistocene and (SI) Miocene-
Pliocene (Late Cretaceous (?) to Miocene-Pliocene) syn-extensional sequences. These sequences are
separated by an unconformity (i.e. Valparaiso Unconformity). Seismic reflection data reveal that the
eastward dipping extensional system (EI) recognised at the upper slope can be extended to the mid-
dle slope and controlled the accumulation of the older seismic package (SI). The westward dipping
extensional system (EII) is essentially restricted to the middle slope. Here, EII cuts the eastward dip-
ping extensional system (EI), preferentially parallel to the inclination of the older sequences (SI),
and controlled a series of middle slope basins which are filled by the Pliocene-Pleistocene seismic
sequence (SII). At the upper slope and in the western Coastal Cordillera, the SII sequence is con-
trolled by eastward dipping faults (EIT) which are the local reactivation of older extensional faults
(EI). The tectonic boundary between the middle (eastern outermost forearc block) and upper conti-
nental slope (western coastal block) is a prominent system of trenchward dipping normal fault scarps
(ca. 1 km offset) that resemble a major trenchward dipping extensional fault system. This prominent
structural feature can be readily detected along the Chilean erosive margin as well as the two exten-
sional sets (EI and EIT). Evidence of slumping, thrusting, reactivated faults and mass transport
deposits, were recognised in the slope domain and locally restricted to some eastern dipping faults.
These features could be related to gravitational effects or slope deformation due to coseismic defor-
mation. The regional inclination of the pre-Pliocene sequences favoured the gravitational collapse of
the outermost forearc block. We propose that the structural configuration of the study area is domi-
nantly controlled by tectonic erosion as well as the uplift of the Coastal Cordillera, which is partially
controlled by pre-Pliocene architecture.

continental wedge stability (e.g. Melnick & Echtler, 2006;
Maksymowicz er al., 2015) and subduction zone processes

INTRODUCTION

The subduction zone system of the western Andean fore-
arc is considered a key area to better understand
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(Ranero et al., 2006). Within the Andean subduction
zone, the key factors that control and trigger tectonic pro-
cesses are related to the mode of subduction (erosive or
accretive); the structure of the incoming oceanic plate
(e.g. Ranero ez al., 2006); and recently, the presence of
long-lived basement architecture in the upper plate (e.g.
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Allmendinger & Gonzilez, 2010; Cembrano er al., 2010;
Arriagada er al., 2011; Farias et al., 2011). By studying
the areas with a particular mode or class (accretionary or
erosive; e.g. Clift & Vannucchi, 2004) in the Chilean con-
vergent margin, we can better understand how this mode
influences plate boundary deformation and how this mode
is controlled by the long-lived architecture. Offshore of
the Pampean flat slab segment (ca. 27-33°S), the architec-
ture of the marine forearc region is the result of a complex
geological evolution that includes the Andean tectonic
framework affected by tectonic erosive processes (e.g, von
Huene et al., 1997), which were enhanced by the collision
and underthrusting of a major oceanic bathymetric high
(The Juan Fernindez Ridge or JFR). The collision of
high bathymetric relief greatly influenced the tectonic
evolution of the overriding plate (von Huene et al., 1997).
At the current position of the JFR (Fig. 1), the seismic
stratigraphy and inner structure of the Valparaiso Forearc
Basin displays subsidence, seaward rotation of the upper
slope and thrusting in the lower and middle slope (e.g.
Laursen et al., 2002), produced by the collision of the
JFR. In the post-collision zone between the Juan Ferndn-
dez Ridge (JFR) and Chilean margin, immediately to the
north of the JFR, the bathymetry and seismic reflection
data (e.g. von Huene & Ranero, 2003; Kukowski &
Oncken, 2006; Ranero et al., 2006) show an important
segmentation of the morphology of the slope into a
depressed middle slope and an uplifted seaward dipping
upper slope (e.g. von Huene ez al., 1997). This mor-
phostructural segmentation is in agreement with a strong
velocity contrast visible within the velocity depth model
(ca. 31°S) (Contreras-Reyes et al., 2014, 2015) beneath
the upper continental slope (6.0-6.5 km s~'), and
beneath the lower and middle continental slope (3.5—
5.0 km s~ ). This seismic framework was interpreted as
an inherited volcanic-continental basement influenced by
gravitational collapse as a result of frontal and basal ero-
sion (Contreras-Reyes et al., 2014). However, as well the
study of co-seismic reactivation of the basement struc-
tures (e.g. Arriagada e al., 2011; Farias er al., 2011) of
the Coastal Cordillera and the evidence of pre-Miocene
compressional phases in the Arauco forearc marine basin
(e.g. Becerra et al., 2013) suggest that the subduction
zone is influenced by Andean tectonic control. Recent
studies (e.g. Arriagada et al., 2011; Farias et al., 2011;
Contreras-Reyes et al., 2014) demonstrated the control of
inherited architecture on tectonic subduction zone pro-
cesses, but the effects of the inherited structures remain
poorly understood. We attempt to relate and analyse both
onshore and offshore structural styles to constrain the
structural and kinematic history of the study area, and
thereby develop a better understanding for the control of
the inherited architecture with the subduction erosion
processes. We used swath bathymetric, seismic reflection
and refraction data (Reichert ez al., 2002; Ranero et al.,
2006; Contreras-Reyes er al., 2014, 2015), and western
forearc geologic maps (e.g. Gana, 1991; Emparan &
Pineda, 2000; Welkner et al., 2006) to derive a conceptual
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Fig. 1. Geodynamic setting of the Chilean Margin (22-48°S).
Along this segment, the Chilean margin is segmented by two
main oceanic features: the Juan Fernandez Ridge (JFR) and the
Chile Rise (CR). The erosive margin occurred immediately to the
north of JER where the trench is sediment-starved. I'Z = Frac-
ture Zone; 1 = Navidad-Algarrobo Basin; 2 = Arauco-Itata
Basin; 3 = Valdivia Basin; 4 = Chiloé Basin. Red dotted box cor-
responds to Fig. 2. Black dotted line corresponds to Challenger
Fracture Zone. CTJ: Chile Triple Junction.

2D geological and structural model of the off-Pampean
flat-slab segment (ca. 31°S). In this study, we present new
structural interpretations of the seismic reflection profiles
which clearly show the marine forearc structure of the
post-collision zone between the Juan Fernindez Ridge
(JFR) and Chilean margin, and these new results

799



J. Becerra et al.

a LEGEND b )
( ) ( ) WNW Distance [km] ESE
g 0 30
e 0 - - :
z ; Navidad-Algarrobo Basin
£ |
g Pzl ==
- - o H E -
&5 i o
g 3 21 —
2200'S £ [ ] . [ upper unit (UU)?
3 g i Valparaiso unconformity ? ! middle unit (MU)?
t. t (L
- 2 After Gonzdles (1989) Sonk bassmer: (L)
] %3
) .
& -
Depth [m] z
P < |2 MPIm
500 N | & ] G
200 o |8
100 = |2 2 § (c)
-400 » 2 w &
700 s m ) w o1
-1000 2 = Z 2 B .
1300, 3 o Le = 2 Valparaiso Basin
-1600 & g g [
-1900 i & 2 z
2200 < L Lz
-2500 &,
2800 i [ kiar )
3100 9 alc i
= : I
-3700 g [ kiac
4000, [
-4300 g by 1
-4600 4 [ kizm :
4900, g
5200 e N
5500 & = ks .
-5800 g1, 2
-6100 N | & 2m Js¢ 9
6400, ol 9 e}
6700, 215 [Tl 9
7000 Bl s I
&
I g
[CJwim [z [l = km L5
L p— —— —
% = o 2 4 & 8 10
32°00's 8 Trim
\# a Condor Profile 15
‘ 3 ; %, r After Laursen et al. (2002) 6
> P?mta Salina  J2i " l:ICPT
Ridge S
5 9] DC4
g SYMBOLOGY
= Seismic line

Valpal raiso’ 2"

Basin

= = = = Lineation

Fig. 2. Study area. (a) Swatch bathymetric data, continental structures and geological units (SERNAGEOMIN 2003). The Juan
Fernandez hot spot chain and Valparaiso Forearc Basin (VFB) are located immediately to the north of the study area. The VFB con-
tains up to 3—-3.5 km of Late Cenozoic strata that were deposited as a result of high subsidence and alternated compressional deforma-
tion (Laursen ez al., 2002). After Laursen et al. (2002). (b) Shelf interpretation of seismic reflection profile B, west of Navidad (ca.
33°50°S) (after Gonzilez, 1989). After Gonzilez (1989). (c) Western interpretation of seismic reflection Condor Profile 15 (ca.
32°40'S) (Laursen et al., 2002). See (a) for location. After Laursen et al. (2002). The next figures show the seismic reflection data of

S0161-012, S0161-018, S0161-017, S0161-015 and S0161-009.

contribute to our understanding of the nature and struc-
ture of an erosive subduction zone system.

TECTONIC SETTING

In the Chilean subduction zone, the oceanic Nazca
Plate subducts beneath South America at a current rate
of ca. 66 mm year ' (Angermann ez al., 1999), which is
slower than its mean rate of ca. 84 mm year ' during
the past ca. 20 Ma (Fig. 1) (DeMets et al., 1994).
North-Central Chile exhibits a semi-arid climate repre-
senting the transition zone between arid northern Chile
and humid southern Chile climate zones (e.g. Heinze,
2003). South of the Juan Fernandez Ridge (JFR) (ca.
33°S) and north of the Chile Rise (CR) (ca. 45°S), the
marine forearc is characterised by a sediment-flooded
trench (ca. 2.2 km of trench fill); an extensive and active
accretionary prism (10-25 km wide); a seaward dipping
slope, formed by en echelon accretionary ridges (e.g.
von Huene et al., 1997; Laursen et al., 2002); and a wide
continental shelf, about 35 km wide on average, and in
some sectors greater than 60 km wide, which hosts a

800

number of forearc marine basins (e.g. Arauco-Itata, Val-
divia, Chiloe and Diego Ramirez Basins) (Gonzilez,
1989). In contrast, the erosive margin north of the JFR,
is characterised by a sediment starved trench; a small
frontal prism; a depressed middle slope; a strong sea-
ward dipping upper slope; a very narrow continental
shelf (5-10 km wide) (von Huene et al., 1997; Ranero
et al., 2006).

The JFR is a discontinuous hot spot chain with sea-
mounts that acts as a barrier which interrupts the trench
turbidite sediment transport to the north, separating a
sediment-flooded trench south of the JFR from a sedi-
ment-starved trench north of it, and producing exten-
sional deformation and subsidence where it collides with
the margin (Fig. 2, von Huene ¢z al., 1997). The erosive
process was enhanced by the collision and underthrusting
of the JFR hot spot chain at about ca. 22 Ma at ca. 20°S
(Yanez et al., 2001). The JFR hot spot chain migrated
southward between ca. 22 and 10 Ma, and from about ca.
10 Ma to present the JER has been underthrusting paral-
lel to the convergence vector (Yanez et al., 2001) and
adopted a quasi stationary position forming the Valparaiso
Forearc Basin (Figs 1 and 2) (Laursen ez al., 2002). The
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eastward projection of the JFR coincides with the location
of the Maipo Orocline (Fig. 1) (Arriagada ez al., 2013); an
arcuate shape that characterised the Andean margin at
33°S. The quasi stationary position since ca. 10 Ma of the
JFR would have increased the clockwise rotation to the
south of it (33-37°S) by about 10° and decreased the
clockwise rotation pattern north of it (30-33°S) by about
7°-10° (Arriagada et al., 2013).

The study region (Fig. 1) is located offshore of the
Pampean flat slab segment, in the erosive margin between
29°S and 33°S. It is bounded to the west by the current
subduction complex and to the east by the Coastal Cordil-
lera domain. Immediately south of the study region, the
Punta Salina Ridge constitutes the northern end of the
Valparaiso Forearc Basin, a deepwater forearc basin which
has a sedimentary thickness of 3—3.5 km (Laursen et al.,
2002). The Valparaiso Forearc Basin was formed by mar-
gin-wide subsidence contemporaneou with accretional
deformation on the western margin (Laursen et al.,
2002). The Punta Salina Ridge is an area of high bathy-
metric relief that results from the underthrusting of the
JFR beneath the continental margin (Ranero ez a/., 2006).
Laursen et al. (2002) observed three seismic stratigraphic
units within the Valparaiso Basin (ca. 33°S) (Fig. 2b) that
were correlated with the rocks of the Navidad-Algarrobo
Basin (ca. 34°S) (Gonzilez, 1989) (Fig. 2¢): (i) the Lower
Unit (LU) comprises Palaeozoic and Mesozoic rocks,
forming continental basement; (ii) the Middle Unit (MU)
comprises Oligocene-Miocene interbedded marine, clas-
tic and siliciclastic sequences and with local Late Creta-
ceous to Eocene sediments; (iii) and the Upper Unit
(UU), is composed of Late Miocene-Pliocene, marine and
siliciclastic sediments. The wave base or subaerial erosion
Valparaiso unconformity (Fig. 2b,c) truncates the Oligo-
cene-Miocene sediments and constitutes the base of the
Valparaiso Forearc Basin (LLaursen et al., 2002).

In the study area, similar to the classic model of conver-
gent extensional margin (Aubouin ¢z al., 1985; von Huene
et al., 1999), the continental slope shows pervasive exten-
sional faulting: the upper slope shows landward dipping
extensional faults and the depressed middle slope is char-
acterised by trenchward dipping extensional faults
(Ranero et al., 2006).

The geological units of Andean orogen present in the
onshore area (Fig. 2a) are Jurassic-Cretaceous, Creta-
ceous, Upper Cretaceous and Cretaceous-Palacogene
igneous and stratified rocks to Late Cenozoic marine and
continental sediments (SERNAGEOMIN 2003). The
Andean continental basement is composed of metamor-
phic, intrusive and stratified rocks that range in age from
Upper Palaeozoic to Jurassic (SERNAGEOMIN 2003).
Regionally, the onshore area contains NS, NW and NE-
trending structures (Fig. 2) mainly related to a Mesozoic
extensional event (e.g. Ferrando er al., 2014). Many
structures affected and delimited N-NE elongated intru-
sive bodies and marine extensional basins (e.g. Gana,
1991; Emparan & Pineda, 2000; Welkner ez al., 2006).

Some of these structures composed the southern segment
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of the long-lived Atacama Fault System (AFS) (e.g. Tay-
lor et al., 1998; Emparan & Pineda, 2006; Charrier et al.,
2007), called ‘Romeral-La Silla del Gobernador’ (Fig. 3).
Nevertheless, compressional structures such as the Sis-
tema de Falla Silla del Gobernador (Arancibia, 2004)
(Fig. 2) and inverted extensional structures have been
observed and associated with the Late Cretaceous-
Paleogene compressive deformation event (e.g. Ferrando
et al.,2014).

Cenozoic basins and crustal faults are present in the
Coastal Cordillera domain and well exposed near the
shoreline and the Tongoy Bay (e.g. Heinze, 2003; Le
Roux et al., 2006) (Fig. 2). The sedimentary fill of the
Cenozoic basins (e.g. Tongoy-Limari basin) is composed
of Miocene-Pliocene marine sequences (MP1 m) of the
Coquimbo Formation (Gana, 1991; Le Roux et al.,
2006), which is overlain by Plio-Pleistocene fluvial sedi-
ments (Q1) (Fig. 2), which are separated from the former
by an angular unconformity (Martinez, 1979; Heinze,
2003). Immediately the south of the Tongoy bay, in the
Altos de Talinay area (Fig. 3), the faults observed are
predominantly normal dip-slip faults (Heinze, 2003;
Saillard ez al., 2009, 2010) that strike sub-paralell to the
coastal line (e.g. Puerto Aldea Fault, Quebrada del
Teniente Fault) (Gana, 1991; Emparan & Pineda, 2006).
However, some segments of this fault and other crustal
structures have been interpreted as a left lateral transten-
sional fault (Heinze, 2003; Bourgois, 2010). The
Coquimbo Formation is bounded by an eastward dipping
extensional fault, called ‘Puerto Aldea Fault’, and the
sedimentary cover contains trench-parallel extensional
faults that are inclined to the east (Heinze, 2003;
Emparan & Pineda, 2006).

CHARACTERISATION OF GEOLOGICAL
STRUCTURES FROM SEISMIC
REFLECTION

We analysed wide-angle seismic refraction and high-reso-
lution multichannel seismic reflection data that were
acquired off north-central Chile, between ca. 29 and
33°S, and are complemented with swath bathymetric
images of the surrounding seafloor (Reichert ez al., 2002).
The data were acquired in 2000/2001 onboard the Ger-
man research vessel Sonne (Flueh & Kopp, 2002). The
seismic source for the investigation was generated by a
tuned set of 20 air guns with a total volume of 51.2 L (see
further details of seismic processing in Reichert et al.,
2002). The seismic data were interpreted using 2D Move
software by Midland Valley. The interpretation and char-
acterisation of high-resolution seismic reflection lines are
based on the seismic stratigraphy and kinematics of the
structures and was correlated with the nearby seismic data
and interpretations from the Valparaiso Forearc Basin
(Laursen er al., 2002). Thickness measurements pre-
sented in meters are derived from 2D depth conversion of
the SO161-018 regional line (Contreras-Reyes et al.,
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Fig. 3. Bathymetric map showing the main structural features of the study area and locations of seismic reflection lines indicated by
bold red lines. Transparent area is a background hill shade from multibeam bathymetric data. Refer to the symbology for structures.
The continental portion is completed with an hill shade image from SRTM data, the geological map of SERNAGEOMIN (2003) and
the interpreted southern segment of the Atacama Fault System: Romeral-La Silla del Gobernador (e.g. Charrier ez al., 2007).

2015) as well as the bathymetric sections. Readers are
referred to (Kopp, 2013 and Contreras-Reyes et al., 2014,
2015) for the 2-D velocity-depth models and time to
depth conversion information.

DATA DESCRIPTION

Multibeam bathymetric data show the morphology of the
seafloor in this area that allows us to map structures and
deformation related to the subduction zone at this local.
This area is characterised by irregular seamount chain
and the NW-SE trending topographic pattern of the tec-
tonic fabric formed at the spreading center which is over-
printed by NE-SW to N-S trending horst-and-graben
structures caused by bending-related faulting (Fig. 3).
The seafloor is covered by pelagic to hemipelagic sedi-
ments (<100 m) (e.g. Contreras-Reyes et al., 2014) and
the extensional faults are more frequently located in the
outer rise area.

In the slope domain, the bathymetric data show a nar-
row continental shelf (ca. 8§-20 km), a gently seaward
inclined upper continental slope (ca. 3-11°) and a
depressed middle slope (ca. 0-3°) illustrating the high
segmentation of the morphology of the slope. The tec-
tonic boundary between the upper and middle slope is
well exposed, and constitutes a series of curved and
straight normal fault scarps (Fig. 3). These tectonic
scarps denoted a prominent extensional system that con-
trols a series of elongated N-N'W and N-NE middle slope
basins (Fig. 3). From south to north, the lower slope and
the frontal prism narrow from 30 to 12 km. A series of
smaller and rugged reentrants indented the margin
(Fig. 3). In map view, the frontal prism shows a series of
ridges that are mainly arrayed en echelon in three sets
(NW, N-NW and N-NE). Some of them trending parallel
or obliquely to the oceanic plate bending-related faults.
These morphostructural domains are cut by canyons and
gullies mainly oriented W-NW, which also incise the
continental shelf (Fig. 3).
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Beneath the lowermost portion of the continental slope,
in the subduction channel domain, remnants of oceanic
plate extensional systems have been interpreted, as well as
inverted tectonic geometries (?) (Figs 4b and 5b). To the
west of the trench, in the outer rise region, the landward
dipping faults show fault throw vertical offset of up to 1 s
(TWT: Two Way Travel Time) (ca. 500 m; Contreras-
Reyes ez al., 2015) (Figs 4 and 5). Turbidites and hemi-
pelagic/pelagic sediments fill the trench, up to 0.6 s (ca.
300 m; Contreras-Reyes et al., 2015) thick, and are
imaged in a parallel configuration which is interrupted to
the east by the modern deformation front (Figs 4b and
5b). The accretionary complex extends from the actual
deformation front to the toe slope, and its structural style
is similar to the classic compressional wedge model (Dah-
len, 1990). In this domain the seismic data show thrust-
ing, antiformal stack geometry and duplex structures with
a west transport direction (Figs 4b and 5b), whereas in
the modern deformation front the reflectors show an
intracutaneous wedge geometry (Fig. 4b).

At the middle and upper continental slope, the relation
between the growth of sedimentary sequences and faults
is evident (Figs 4a and 5a) (Imber ez al., 2003). The sedi-
mentary sequences are disposed on the acoustic basement
and dominantly affected by extensional faults. The seis-
mic stratigraphy and internal structure of the middle
slope displays subsidence and a complex, and highly
deformed area with poor image resolution. These units
generally have chaotic reflectors or are acoustically void of
reflections, i.e. reflection free zones (Fig. 6). However,
the offset of the top of the acoustic basement suggests an
extensional style composed of a domino-style fault array
dipping trenchward. Here, horst-graben structures, drag
folds, collapse synclines and rollover anticlines are
observed (Figs 4a and 5a). The faults have similar length
and offset, and show vertical fault throw differences of
0.3-0.6 s (TWT) (Figs 4a and 5a).

To the west, a prominent trenchward dipping scarp
represents the natural boundary of the middle and upper
slope (Figs 4a and 5a). This tectonic scarp is the seafloor
expression of an important extensional system, which
down-dip projection consists of one trenchward dipping
fault or a set of trenchward dipping faults (Figs. 4a and
7). This structure(s) bounding the middle slope basins
(Fig. 3), cuts through the entire slope fill and controlled
deposition of the syn-extensional sequences. Here, the
extensional depocenter of the middle slope basin is up to
1.5 s (TWT) thick and rising up vertical/fault throw dif-
ferences of 1.6 s (TWT) (Fig. 4a), relative to the top of
the acoustic basement. The swath bathymetric data show
a prominent trenchward dipping normal scarp (¢a. 1 km
offset) related to trenchward dipping faults.

In the upper continental slope domain, the seismic
reflection data show an extensional arrangement with a
preferential inclination to the east. This arrangement is
composed of hemigrabens, listric faults and horst-graben
structures (Figs 4a and 5a). The upper slope basins show
thicknesses up to 1.2 s (TWT) (Fig. 4a) and vertical fault
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throw differences of 0.6 s (TWT) (Fig. 4a), relative to
the top of the basement. In addition, part of the upper
slope morphology is controlled by partial inversion tec-
tonics and thrusting, as indicated by a harpoon anticline
(Figs 4a and 5a) and a thrust fault respectively (Fig. 4a).
In the eastern and central part of the upper slope, exten-
sional, landward dipping faults cut the basement and
lower sequences, and generate drag folds and small land-
ward dipping scarps of about 0.1 s (Figs 4a and 5a). The
uplifted eastward portion of the upper slope is also an
important feature visible in the seismic reflection data.

OFFSHORE GEOLOGICAL UNITS

Seismic stratigraphy was evaluated from the upper slope
(coastal block) to the eastern middle slope (eastern outer-
most forearc block). Although in some seismic reflection
lines (e.g. Figs 4 and 5), the middle slope domain is com-
plexly deformed, and poorly imaged, high-resolution seis-
mic lines revealed the structure and allowed for the
identification of various seismic units (Figs 6 and 7). A
detailed analysis allowed us to distinguish three major seis-
mic units: the two layers within the seismic sedimentary
cover (i.e. SII and SI) and the acoustic basement (Fig. 6).
The sedimentary sequences are mainly bound by strong,
continuous, parallel or oblique reflectors. The seismic
sequences (SII and SI) are separated by an angular uncon-
formity at the base of SII sequence. The angular unconfor-
mity can be continuously identified across the study area
(Figs 5a, 6-8), and links the sub-horizontal sediments of
the slope basins with the tilted underlying sediments.
Despite the chaotic and free reflection character of the
acoustic basement (Figs 6 and 7) at the upper portion of
the basement, a discontinuous reflective pattern was
mapped (Figs 6 and 7) which delimited a series of tilted
blocks along the upper and middle continental slope.

Seismic sequence S|

Within the sedimentary cover, at least two syn-
extensional seismic units were identified based on the
configuration and character of the reflector. These
syn-extensional sequences are separated by an angular
unconformity. The syn-extensional I sequence (SI) is
strongly controlled by extensional faults that dip generally
to the east and is truncated by an unconformity. SI is
deposited in onlap, tilted onlap (apparent downlap) and
downlap terminations over the acoustic basement. This
unit hosts wedge-shaped geometries with successions
pinching out to the east (Figs 6 and 7) in both the upper
and middle slope. The SI is imaged mainly as discontinu-
ous, parallel, deformed and chaotic reflections, as well as
reflection free zones. Within this unit, an unconformity is
apparent in the eastern portion of the seismic lines S0161-
017 and S0161-018 (Figs 5a and 6). This unconformity is
also generally tilted trenchward and is deformed and
predated by extensional and inverted faults (Fig. 6).
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to the interpreted sedimentary-basement interface. After Contreras-Reyes ez al. (2014), Ranero ez al. (2006). Vertical scale is twice
horizontal scale.

onlap (apparent downlap) terminations (Fig. 6). In con-
trast to SI, SII is locally controlled by extensional faults
The syn-extensional II sequence (SII) presents a wedge  that dip trenchward in the middle slope and landward in
geometry and overlies SI sequence in onlap and tilted the upper slope (Figs 6 and 7). SII is imaged as sub-

Seismic sequence Sli

© 2016 The Authors
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horizontal and parallel reflections (Fig. 7). This sequence
filled the slope basins, where sediments onlap and thicken
landward. At the upper slope the extensional faults are
reactivated by older extensional faults that controlled the
SI sequence. In contrast, in the middle slope the EII

© 2016 The Authors
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extensional faults cut the older EI extensional set. The
reflectors are imaged as strong, parallel and laterally con-
tinuous in the upper portion. The basal section, shows
discontinuous but strong reflectors, reflection free zones
and small angular unconformities (Fig. 7).
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DISCUSSION
Stratigraphic correlation

Results reveal at least two extensional fault sets within the
continental slope controlled two seismic sequences (SI
and SII) and postdated the acoustic basement. Due to the
lack of seismic stratigraphic studies and well data across
the offshore study area, a correlation of the seismic
stratigraphy 1s difficult. Stratigraphic studies, to date,
have only taken place in the adjacent onshore areas (e.g.
Le Roux ¢z al., 2006). However, a similar configuration of
the sedimentary cover and fault patterns have been recog-
nised in the Valparaiso (ca. 32°20'S-33°S) (Laursen et al.,
2002) and Navidad-Algarrobo forearc basins (ca. 33°—
33°30’S) (Gonzalez, 1989). The seismic interpretation of
the sedimentary cover regionally reveals seismic
sequences of Late Cretaceous to Eocene, Oligocene to
Miocene (?) and Pliocene (?) to Holocene age (Gonzilez,
1989; Laursen ez al., 2002). The Late Cretaceous-Eocene
and Oligocene-Miocene (?) sequences were correlated
with the middle unit which is separated from the upper
unit of Pliocene (?)-Holocene age by the Valparaiso
Unconformity (Laursen ez al., 2002) (Fig. 2b,c). At the
southern edge of the study area, the seismic line S0161-
018 (Fig. 5), is located near seismic Condor Profile 5
(Laursen et al., 2002) which images the Valparaiso
Unconformity. This unconformity was identified and
mapped across the seismic lines of the study area (Figs 6
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and 7). According to Gonzdlez (1989) and Laursen et al.
(2002), the Oligocene-Miocene (?) sequences are more
affected by pervasive extensional faults than the Pliocene-
Holocene sequences (Fig. 2). However, it is difficult in
these interpretations to identify a marked inclined pattern
for extensional sets (Fig. 2). In the middle unit of the
eastern portion of the Condor profile 15 (Laursen et al.,
2002), some structures show a preferential inclination to
the east (figure 14 in Laursen ez al., 2002). These obser-
vations suggest that the syn-extensional sequences
interpreted in this work SII and SI could be Pliocene
(?)-Holocene and Oligocene-Miocene (?) age, respec-
tively, and not older than Cretaceous-Eocene age.

The Miocene-Pliocene (MP1 m) Coquimbo Forma-
tion (Gana, 1991; SERNAGEOMIN 2003; Le Roux
et al., 2006) is exposed onshore, between the shoreline
and the bays (Fig. 2). The Coquimbo Formation shows a
tectonic contact (Puerto Aldea Fault, Fig. 2) and it onlaps
the Mesozoic substratum (Gana, 1991; Heinze, 2003).
The Miocene-Pliocene marine sediments are separated
from the Plio-Pleistocene transgressive sequence by an
angular unconformity (Heinze, 2003), which could repre-
sent a hiatus of as much as 7-8 Ma (Martinez, 1979). The
Conquimbo Formation appears to gradually interfinger
with the continental equivalents of the Plio-Pleistocene
Limari Formation (Gana, 1991). However, at least two
sedimentary units have been identified in the onshore
region of Miocene-Pliocene and Plio-Pleistocene age

© 2016 The Authors
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which are separated by an angular unconformity.
Although, the age of Neogene-Quaternary geological
units in the onshore area do not coincide with the age of
the interpreted seismic units in the Valparaiso Forearc
Basin (Late Cretaceous (?)-Miocene, Middle Unit and
Late Miocene-Pilocene, Upper Unit), the SI and SII
sequences may be correlated with part of the onshore
Miocene-Pleistocene marine sediments and the Plio-
Pleistocene transgression and continental sediments
respectively. In fact, SII sequences onlapping and thick-
ening landward suggest a transgressive system. A prelimi-
nary and conservative analysis of the stratigraphy in the
offshore and onshore of the study area results in Plio-
Pleistocene and Late Cretaceous (?)-Pliocene (probably
Miocene-Pliocene) ages for SII and ST respectively. How-
ever, the seismic stratigraphic correlation resulted in a

© 2016 The Authors
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potential range from Late Cretaceous (?) to Miocene-Plio-
cene for SI, and therefore it is not well constrained.
Onshore, the Mezosoic extensional basins are filled by
volcanic, volcano-sedimentary and sedimentary units that
range in age from the Triassic to the Lower Cretaceous
(Fig. 2): Trl mand TrJ1 m (e.g. Canto del Agua Forma-
tion); TrJ3 (Pichidangui Formation); J3i (IL.a Negra For-
mation); JK3 (Punta del Cobre Formation) and Ki2c
(Quebrada Marquesa Formation) (SERNAGEOMIN
2003). These formations represent the syn-rift basin fills
developed during the Mesozoic extensional event (Trias-
sic-Lower Cretaceous, Charrier ef al., 2007). The base-
ment units included in the onshore domains are probably
the typical units of the Coastal Range. The inner struc-
ture of the acoustic basement shows a dominantly dip
eastward extensional system that borders a series of tilted
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blocks along the upper and middle slope (Figs 6-8). A
similar extensional system has been identified in the
onshore domain in the Andean continental basement,
where extensional faults that dip essentially eastward, pre-
dated and bounded the Mesozoic volcano-sedimentary
basins and the Late Palaecozoic-Mesozoic metamorphic,
volcanic and plutonic rocks (e.g. Gana, 1991; Emparan &
Pineda, 2000; SERNAGEOMIN 2003; Welkner ez al.,
2006). Seismic refraction data (Contreras-Reyes et al.,
2014) show typical velocities of metamorphic, igneous
and volcanic rocks (5.5-6.5 km s™') below the upper
slope (coastal block). Similarly, at the upper continental
slope, the 2D velocity depth model of (Kopp, 2013) shows
zones with velocities typical of volcanic rocks (5.5—
4 km s~ ). This volcanic velocity zone is characterised by
a depocenter geometry that is suggestive of the occurrence
of a Mesozoic extensional basin. With these observations,
we derived a conceptual schematic section of the study
area (ca. 31°S) (Fig. 9).

Extensional tectonics

The seismic stratigraphy and internal structure of the
study area revealed at least two extensional fault sets that
tectonically controlled the deposition of the marine west-
ern forearc sequences. In the outermost forearc block
(from the trench to the middle slope), the younger exten-
sional set (EIT) controlled the occurrence of the SII pack-
age, and postdated the older extensional set (EI), the SI
sequence and the basement (Figs 6 and 7). In the coastal
block (upper slope and western Coastal Cordillera) the
SII sequence is controlled by an eastward dipping set of
faults (EII), some of them, corresponding to the local
extensional reactivation of older extensional faults (EI) in
the upper slope (Fig. 6). The younger set (EII) is domi-
nantly composed of listric faults, segmented extensional
faults and horst-graben structures. A similar structural
configuration to the upper slope is identified in the south-
ern Tongoy Bay, where the extensional faults mainly tilt
eastward (Fig. 9). According to our interpretation, the
EII set and SII package are related to gravitational slope
collapse in the middle slope, whereas at fault geometry in
the upper slope is the result of extensional faulting appar-
ently controlled by the local extensional reactivation of an
older extensional fault system (EI). Based on the kine-
matic features of SII, both gravitational collapse (middle
slope) and the extensional faulting (upper slope) seem to
be synchronous.

Along the entire continental slope (at least middle and
upper slope), the landward dipping extensional system
(EI) postdated the acoustic basement and strongly control
the SI sequence (Figs 7 and 8). The structural configura-
tion of the SI sequence is characterised by listric faults,
horst and graben structures and an eastward dipping
domino arrangement. The SI sequence is tilted towards
the trench (Figs 7 and 8) and in the middle slope, the EII
fault set cuts parallel to the regional inclination of SI.
Thus, the SI regional inclination favoured the

gravitational collapse of the outermost forearc block. We
hypothesise that EI was generated in similar way to EIl in
the upper slope, i.e. by local reactivation of an inherited
structure and/or down to the east normal fault rupture.
The gravitational collapses or trenchward extensional sets
which were generated synchronous with EI were probably
removed by tectonic erosion enhanced by the JFR colli-
sion.

The older (EI) extensional set of faults as well as the
younger (EIT) extensional set which is hosted in the upper
slope, could be related to different geological processes
and their interaction such as: Andean extensional events
(e.g. Charrier er al., 2007); tectonic erosion enhanced by
the collision of the JFR (e.g. von Huene & Ranero, 2003);
a long-term extensional regime related to the internal
shortening of the Coastal Cordillera (e.g. Delouis et al.,
1998; Gonzalez et al., 2003; Becerra et al., 2013); and
short-term extensional faulting during a coseismic period
(e.g. Savage, 1983). The Juan Ferniandez hot spot track
collided with the overriding South American plate some
ca. 21 Ma ago, and reached the northern end of the study
area by ca. 15 Ma (Yanez er al., 2001). Since then, tec-
tonic erosion has been enhanced by the subduction of the
JFR, causing crustal thinning and subsidence, which
induced extensional faulting. A similar tectonic scenario
is proposed by Le Roux ¢z al. (2006) for the sequences of
the Miocene-Pliocene Coquimbo Formation, whose sedi-
mentation was strongly controlled by local tectonics
induced by the JFR.

The extensional deformation related to EI, as well as
EII in the upper slope (coastal block), was produced by
buckle folding and the uplift of the coastal block (e.g.
Delouis er al., 1998; Gonzilez et al., 2003) which was dri-
ven by internal shortening (Delouis ez al., 1998; Gonzilez
et al., 2003) and/or underplating (Scheuber ez al., 1994;
Hartley et al., 2000; Allmendinger & Gonzilez, 2010)
and, locally, the subduction of the JFR (Le Roux et al.,
2006), and produced an extensional rupture upward,
which is strongly controlled by previous Mesozoic struc-
tures (e.g. Metcalf & Kapp, 2014). The gravitational col-
lapse of the outermost forearc block (from the trench to
the middle slope) might occur by mechanical abrasion
(Adam & Reuther, 2000) and overpressured fluids
hydrofracturing at the base of the continental wedge (e.g.
von Huene & Ranero, 2003; Ranero ez al., 2008). The
strong contrast between velocity zones in the refraction
model suggests that the lower and middle slope (outer-
most forearc block) are probably fluid-saturated and dis-
aggregated by fracturing as a consequence of frontal and
basal erosion (Contreras-Reyes et al., 2014).

Gravitational deformation

Gravitational deformation has played a major role in the
off-Pampean flat-slab segment both due to gravitation
collapse and downwarping during subduction. Within
the seismic sedimentary cover, evidence of slumping
(Fig. 8), reactived faults and thrusting (Figs 4a and 5a)

© 2016 The Authors
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have been recognised in the slope domain locally
restricted to some eastern dipping faults. The contrac-
tional features deformed and predated both seismic units
(ST and SII) and the basement. The harpoon structure
(Figs 4 and 5), a classic geometry of tectonic inversion,
is associated with a landward dipping normal fault. Here,
the syn-extensional sequences adjacent to the fault, are
currently in a contractional state, suggesting the contrac-
tional reactivation of the previous normal fault. The har-
poon geometry caused a local positive bathymetry in the
upper slope (Fig. 5), suggesting the control of inversion
tectonics on the slope morphology. In the western coastal
block and eastern outermost forearc block, the selective
reactivation of landward extensional faults as well as the
presence of trenchward verging anticlines and contrac-
tional faults (Fig. 4) locally provide evidence for internal
compressional stress which could be related to trench-
ward gravitational flows. Conversely, these contractional
features could also be related to shortening during an
interseismic period (discussed below). However, in the
Valparaiso Forearc Basin domain, faults that ruptured
with contractional focal mechanisms occurred in the
upper portion of the upper slope (Contreras-Reyes et al.,
2015) suggesting that the gravitational deformation is an
active process.

The translation of rock mass down towards the trench,
induced by slope deformation, probably occur as detach-
ments along the basement-sediment interface or along
zones with strong velocity gradients as observed in the 2-
D velocity-depth model (Contreras-Reyes ez al., 2014,
2015) (Fig. 9). To test this hypothesis, a fold-related fault
analysis (e.g. Woodward et al., 1989) could be performed
to estimate the downdip projection of the interpreted
slope structures. However, the slope tectonic induced
structures are related to large-scale mass wasting pro-
cesses (tectonic erosion) along this active margin, due to
coseismic mass movements. This is based on the rapid
deformation rates in this area with corresponding high
seismic moment release. Submarine mass movements do
not always have to correspond with local or regional
earthquakes (e.g. Morley et al., 2011; Volker et al., 2011,
Goldfinger er al., 2012; Atwater et al., 2014), however,
the high interplate rates here likely contribute to develop-
ment of coseismic mass transport deposits during major
earthquakes.

Tectonic scarps

At the prominent trenchward normal fault scarp, some
observations show contractional features; positive reacti-
vation of the trenchward dipping master fault (Figs 4a
and 7); apparent contractional state of the syn-extensional
sequences adjacent to the master fault (Fig. 4a) and the
apparent reverse displacement of the basement-cover
interface (Fig. 7). Due to the complex geometries
observed we do not rule out the presence of a strike-slip
component. We speculate that these contractional fea-
tures could be related to the interseismic deformation
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period and the strength segmentation of the continental
wedge in the study area. During the interseimic period,
the strain is accommodated by elastic shortening and trig-
gers contractional faulting in the crust, whereas in the
coseismic period the strain is accommodated by extension
(e.g. Hyndman & Wang, 1993). For example during the
Maule earthquake (Mw = 8.8) coseismic extensional
structures were widely documented (e.g. Arriagada et al.,
2011; Farias et al., 2011). The offshore bathymetry and
seismic data were collected in 2000/2001, between two
great subduction earthquakes: 1943 (Ms = 7.9) (Beck
et al., 1998) and the recent 16 Sep. 2015 (Mw = 8.3).
Thus the results presented in this paper should be viewed
as the structure during the interseismic period of the seis-
mic cycle which is characterised by shortening. As such,
the coastal block and the outermost forearc block are
shortened and this hypothetical scenario favours contrac-
tional faulting as well as positive reactivation of normal
structures. In addition, the tomographic section (Contr-
eras-Reyes ¢z al., 2014) show that the outermost forearc
block is weaker than the coastal block, and acts as a but-
tress. This scenario would increases the contractional
strain in their tectonic limit which coincides with the
prominent fault scarps. We expect an extensional reacti-
vation of this trenchward normal scarp during the next
coseismic period of deformation.

Inherited structural control on gravitational
collapse

In the middle slope, the high-resolution seismic line
S0161-009 (Fig. 8) shows that the trenchward dipping
faults cut parallel to the inclined beds of the acoustic base-
ment and SI seismic unit (Figs 7 and 8). The cover-base-
ment interface, as well as the SI beds, is mainly inclined
to the west. The strong regional inclination observed at
these latitudes could be related to the uplift of the Coastal
Cordillera.

In the onshore domain, the geological maps (e.g. Gana,
1991; Emparan & Pineda, 2000; Welkner ez al., 2006)
yield evidence for a major Mesozoic extensional event,
which is constrained by straight and curved extensional
faults that are mainly inclined to the east (e.g. Puerto
Aldea Fault) (Fig. 8). The resemblance between the older
extensional fault set (EI) and the onshore structural styles
as well as the presence of basin geometries in the tomo-
graphic sections (Contreras-Reyes ¢ al., 2014), suggests a
strong control of the Mesozoic extensional architecture
on the offshore structural styles (Fig. 8).

A similar configuration has been recognised along the
Northern Chilean erosive margin where the continental
slope is strongly segmented and hosts two extensional
fault sets (e.g. von Huene & Ranero, 2003; Ranero et al.,
2006) with similar kinematics to the extensional sets (EI
and EII) documented in this study. In addition, across the
Coastal Cordillera, extensional fault sets similar to the
upper slope extensional set have been recognised (e.g.

Gonzalez er al., 2003; Allmendinger & Gonzalez, 2010).
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A recent study by Metcalf & Kapp (2014) suggests that
the presence of inherited structure as the Atacama fault
system favours the development the normal fault reactiva-
tion across the Coastal Cordillera (ca. 23.5°S), which is in
agreement with this work. Understanding the influence of
inherited structures is fundamental to improve the knowl-
edge of the nature and structure of the subduction zone
system.

CONCLUSIONS

The structural analysis of swath bathymetry and seismic
reflection data allows us to constrain the structure of the
post-collision zone between the JFR and the Chilean mar-
gin, immediately north of the JFR. The structural config-
uration, as well as the tectonic features of the study area is
the result of a complex interplay between the Pre-Plio-
cene tectonics framework affected by tectonic erosive pro-
cesses, enhanced by the collision and subduction of the
JFR, as well as internal shortening and/or underplating.
In the coastal block, the internal shortening and/or
underplating at depth produce uplift and an upward
extensional rupture, which is strongly controlled by
inherited Mesozoic structures. Tectonic erosion caused
the gravitational collapse of the outermost forearc block
(from the trench to the middle slope).

Overlying the acoustic basement, two syn-extensional
seismic sequences were identified that are spatially corre-
lated with onshore units and the Valparaiso Basin seismic
sequences: (SII) Pliocene-Pleistocene syn-extension and
(SI) Miocene-Pliocene (Late Cretaceous (?) to Miocene-
Pliocene) syn-extension. These sequences are separated
by an erosional unconformity which is correlated with the
Valparaiso Unconformity. Two extensional sets are
hosted in the study area which are detectable along almost
the entire erosive margin: the EI includes landward dip-
ping extensional faults along the whole continental slope
(middle and upper slope), and the EII contains collapse
structures or trenchward dipping faults confined to the
outermost forearc block, and controls a series of middle
slope basins. At the upper slope, the EII extensional set
consists of eastward dipping faults which are the local
reactivation of older extensional faults (EI). The EI exten-
sional faults strongly control the SI sequence, which is
probably correlated with the onshore Miocene-Pliocene
(Coquimbo Formation) geological unit. The tectonic
boundary between the middle (eastern outermost forearc
block) and upper continental slope (western coastal block)
is a prominent system of trenchward dipping normal fault
scarps (ca. 1 km offset) that resemble a major trenchward
dipping extensional fault system.

The onshore, or western Coastal Cordillera structural
style, coincides with the upper slope structural style, and
both are probably controlled by long-lived weak zones like
the Mesozoic extensional faults. We consider that the
extensional deformation related to the EI and its regional

inclination, as well as the EII at the upper slope (coastal
block), were produced by the uplift and buckle folding of
the coastal block. Generally, the EII fault set cuts parallel
to the regional inclination of the pre-Pliocene package and
the SI regional inclination favours the development of
gravitational collapse of the outermost forearc block.
Slumping, partial inversion tectonics and thrusting,
induced by gravitational or slope deformation, are locally
restricted to eastward faults. The gravitational collapse of
the outermost forearc block might occur by mechanical
abrasion and overpressured fluids hydrofracturing at the
base of the continental wedge. Contractional features
detected at the prominent trenchward normal scarp can
be related to the interseismic deformation period and the
buttress effect generated by the coastal block. Our new
observations demonstrate the influence of inherited struc-
tures which improves our knowledge of how the subduc-
tion zone works through reactivation. Clearly, with this
high-resolution baseline seismic reflection and bathymet-
ric data set as a foundation for further analysis, by return-
ing to this site after the next major subduction zone
megathrust earthquakes and collecting new post-event
data here will allow the precise quantification of coseismic
and interseismic deformation in north-central Chile. We
note that the 2015 Mw 8.3 Illapel Chile Earthquake likely
influenced the area of our study and future fieldwork here
will provide insight to co- and inter-seismic deformation
along the Chilean margin.
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