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Abstract

We document a crustal-scale structural model for the Central Chile Andes based on 3D seismic
tomography, seismicity, and surface geology that consists of a major east-vergent ramp-flat
structure connecting the subduction zone with the Andean Cordillera. The ramp rises from the
subducting slab at ~ 60 km depth to 15-20 km below the western edge of the cordillera,
extending eastward below the high Andes as a 10 km-deep flat structure. The flat part of the
structure defines a detachment that plays a fundamental role in the Andean orogenesis, because it
accommodates most of the shortening in its hanging wall. This shortening is, however, very
asymmetric: ~ 16 km (1/5 of total) of the superficial shortening is accommodated in the western
side of the cordillera, vs. ~ 80 km (4/5 of total) in the eastern side of the belt. Yield strength
envelopes suggest that the geometry of the structure at depth is controlled by the lithospheric
rheology. V, and V,/V; variations in the upper plate mantle (which may result from mantle
serpentinization) and the deepest limit of the seismogenic interplate contact mark the intersection
of the ramp with the slab. Then, the subduction factory process would control the depth where the
major east-vergent structure merges to the slab. Such a ramp-flat structure seems to be a first-
order characteristic of the Andean subduction zone, delimitating upward the rocks that transmit
part of the plate convergence stress, transferring deformation from the plate interface, and
controlling mountain building tectonics, thus playing a key role in the Andean orogeny as
probably in other subduction orogens worldwide.

1. Introduction

The Andes is the Earth’s largest and highest active mountain chain formed in a subduction
margin. It is mainly the result of crustal shortening due to the convergence of the oceanic Nazca
plate and the South American continent. Surface shortening has been mainly accommodated in
backarc fold-and-thrust belts (Fig. 1) in the hanging wall of large east-vergent detachments (e.g.,
McQuarrie [2002]; Cristallini and Ramos [2000]; Giambiagi and Ramos [2002]; Giambiagi et
al. [2003]; Vergés et al. [2007]). Therefore, detachments related to peripheral deformation belts
appear to be the most significant structures controlling the Andean orogeny, as in several other
modern and old orogens [Cook and Varsek, 1994]. However, the westward prolongation of
detachments into the forearc region where plate interaction occurs is poorly understood, mainly
because (1) surface deformation is much smaller in the western flank of the mountain belt, (2)
most of the structures are west-vergent (e.g., Mufioz and Charrier [1996] for Northern Chile, and
Fock et al. [2006] for Central Chile), and (3) there is no evidence for the downdip prolongation
of these structures. This situation has led to a poor knowledge on the structural connection
between the mountain belt and the subduction zone, as well as on the mechanism of stress and
strain transfer from the interplate contact toward the orogen. Although some studies have
attempted to balance the forces released in the subduction zone and those transferred to the
orogen (e.g., Isacks [1988]; Kono et al.[1989]; Lamb and Davis [2003]; Yafiez and Cembrano
[2004]; Lamb [2006]), these models have not considered the geometry of the structures involved
in the resulting strain transfer.

For the Central Chile Andes (33-35°S), the construction of well constrained crustal-scale
cross-sections, which is a pre-requisite for the study of orogenic processes, has presented several
obstacles, such as difficulties to identify stratigraphic markers and to determine ages of
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Fig. 1. (a)Tectonic framework of the Andean margin of Chile. (b) Maximum elevation and Moho depth from 32 to
37°S. Elevations calculated from SRTM90m DEM and crustal thickness after Tassara et al. [2006]. (¢) Main
tectonic and morphological features of the Andes of Central Chile and Western Argentina. Seismologic stations of
the permanent network of the University of Chile (white inverted triangles) and temporary network deployed
during January-April 2004 (dark inverted triangles) are shown. Grid in (c) corresponds to the region and cells in
which tomography was performed. Absolute plate motion velocity after Gripp and Gordon [2002]. Focal
mechanisms of the two greatest shallow crustal earthquakes of the last years are those estimated by Harvard CMT.

deposition and deformation because of the pervasive low-grade metamorphism affecting the
rocks (e.g., Levi et al. [1989]; Vergara et al. [1993]), which are predominantly volcanic and
plutonic units. However, the structural knowledge of the western side of the range has been
improved in the last years by determining more accurate ages for the tectonic and depositional
events due to a more systematic search for unaltered levels [Fuentes, 2004; Mufioz et al., 2005],

59



Capitulo II - Evolucion y Organizacion Estructural

the application of more penetrative radioisotopic age determinations [Charrier et al., 1996, 2002,
2005; Fock et al., 2006], and the discovery of abundant localities containing a rich mammal
fauna [Wyss et al., 1990; Croft et al., 2003; Flynn et al., 1995, 2003].

On the other hand, although most of the existing seismologic work in the Andes have paid
attention to subduction zone processes related to the nucleation and propagation of megathrust
earthquakes (#=>8), the improvement of permanent seismologic networks and the deployment of
temporary networks in the last years have allowed the detection of abundant crustal seismicity
beneath the Chilean forearc-arc region. Two main events stand out in Chile (Fig. 1): the 24 July
2001 (M,~=6.3) Aroma earthquake in the western flank of the Altiplano at 19°30°S [Farias et al.,
2005; Legrand et al., 2007], and the 28 August 2004 event (M,,=6.5) in the High Andes at
35°15°S [Farias et al., 2006]. Crustal seismicity occurring in main fault systems emphasizes its
relevance for understanding the significance of these structures in mountain building, their
subsurface prolongation into the continental lithosphere, and their association with main
detachments and links to the subduction interface.

In this contribution, we integrate seismologic and geological data from the Central Chile
Andes (33-35°S) to address two main questions: (1) how is the forearc-arc structural array
connecting the subduction zone to the fold-and-thrust belts located in the backarc, and (2) what
has been the contribution of this general structure in the construction of the Andes of Central
Chile. This study is based on the analysis of seismicity recorded by both the permanent network
of the Seismologic Survey at the Universidad de Chile (SS) and a temporary network deployed
along one of the largest structural systems in the high Andes of Central Chile [Barrientos et al.,
2004; Charrier et al., 2005]. We correlate these data with surface geology in order to infer the
crustal-scale structural architecture of the entire mountain range (forearc, arc, and backarc). We
suggest that a major detachment runs below the entire mountain belt and that this structure is
connected to the subduction zone through a ramp that cuts across the forearc lithospheric wedge.
We finally propose a qualitative approach to the mechanisms controlling the deformation transfer
from the interplate interface toward the mountain belt, which could be significant for
understanding orogenic mechanisms not only in the study region, but also in the entire Chilean
subduction margin and in other subduction orogens.

2. Tectonic and geological settings

The subduction of the oceanic Nazca plate beneath the South American continent is the
most important tectonic process along the Andean margin. Current absolute plate motion relative
to hotspots frame [Gripp and Gordon, 2002] for the South American and Nazca plates are 4.8
and 3.2 cm/yr, respectively (N78°E, ~ 8 cm/yr relative plate motion; Fig. 1a).

The Chilean-Pampean flat-slab subduction region (27°S-33°S), where slab dip is <10°
between 100 and 150 km depth, represents a major along-strike change on the Andean subduction
system. North and south of this segment, the dip of the slab is greater (~ 30°E) being the classic
example for the “Chilean-type Subduction” [Uyeda and Kanamori, 1979]. This segmentation has
been interpreted as the result of buoyancy force exerted by the subduction of the Juan Fernandez
ridge at 32.5°S (Fig. 1) [Pilger, 1981; Nur and Ben-Avraham, 1981; Gutscher et al., 2000;
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Fig. 2. Simplified geological map (a) and cross-sections (b) of the Andes of Central Chile and Argentina. Only
main inverse faults active during the Neogene are plotted. Modified after SEGEMAR [1997], Godoy et al.
[1999], Charrier et al. [2002], SERNAGEOMIN [2002], Giambiagi et al. [2003], and Fock et al. [2006].

Yafiez et al. 2001]. In addition, some distinctive features appear approximately at 33°S (Fig. 1b,
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¢), namely, a change in the strike of both the trench and the mountain belt from N-S northward to
NNE-SSW southward (Maipo Orocline), the absence of volcanism since ca. 9 Ma above the flat-
slab region [Kay et al., 1991], the decrease in elevation and in crustal thickness south of 33°S
[Tassara et al. 2006], the increase in flexural rigidity south of 34°S in the arc (e.g., Pérez-
Gussinyé et al. [2007]; Tassara et al. [2007]), the southward segmentation of the mountain range
by a longitudinal valley (Central Depression), and the southern edge of the Frontal Cordillera,
Pampean Ranges and Precordillera.

The Andean region between 33°S and 35°S comprises five main morphostructural units
(Fig. 1 and 2), which are, from west to east, the Coastal Cordillera, the Central Depression, the
Principal Cordillera (subdivided into a western, central and eastern Principal Cordillera), the
Frontal Cordillera (not present south of 34°15°S), and the active foreland region. The Coastal
Cordillera consists of a late Paleozoic-Triassic basement in its western flank and east-dipping
Jurassic to Cretaceous sequences extend in its eastern flank and in the western Central
Depression (Thomas [1958]; see Fig. 2). From the eastern half of the Central Depression to the
central Principal Cordillera, an extensional basin developed during Eocene to late Oligocene
times (Abanico basin), which began to be inverted in the early Miocene [Godoy et al., 1999;
Charrier et al., 2002]. This basin was filled by the predominantly volcanic-volcanoclastic
Abanico Formation. In the early stages of inversion, folding and high-angle reverse faulting were
concentrated at both basin edges [Fock et al., 2006]. In the center of the basin, the mainly
volcanic Farellones Formation was deposited during early to middle Miocene times. This unit is
generally mildly folded, excepting at its contacts with the Abanico Formation where it is either
overlaying unconformably the Abanico Formation or developing growth strata in its lower layers
(older than 16 Ma) [Charrier et al., 2002, 2005; Fock et al., 2006]. After ~ 16 Ma, contractional
deformation migrated toward the eastern Principal Cordillera. There, Mesozoic sequences
(mainly sedimentary rocks deposited into a rift-related backarc basin) have accommodated most
of the shortening in this region [Giambiagi and Ramos, 2002; Giambiagi et al., 2003]. After 8.5
Ma and further east, the late Paleozoic granitoids of the Frontal Cordillera were uplifted by the
activity of high-angle inverted normal faults rooted in the basement. Simultaneously or shortly
after, high-angle out-of-sequence reverse faults affected the eastern bounding fault system of the
Abanico basin and the eastern Principal Cordillera [Giambiagi and Ramos, 2002; Giamgiagi et
al., 2003; Fock et al., 2006]. At ~ 4 Ma, shortening migrated further east to the foreland
[Giambiagi et al., 2003].

3. Structural features of the mountain belt in Central Chile and Western Argentina

We present two structural cross-sections (Fig. 2b) in which we integrate structural
information reported by previous authors (e.g., Thiele [1980], Giambiagi et al. [2003], Fock et
al. [2006], for the Santiago cross-section; P1 in Fig. 2b; Charrier [1981], Godoy et al. [1999],
and Charrier et al. [2002, 2005] for the Cachapoal cross-section; P2 in Fig. 2b) with new data
obtained during the field work performed for this study.
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3.1. Eastern Central Depression and western Principal Cordillera

Only Cenozoic deposits crop out in this sector (Abanico and Farellones formations, and
intrusive bodies). The western edge of this region is characterized by east-dipping partially
inverted normal-faults (Los Angeles fault system according to Carter and Aguirre [1965],
Infiernillo fault according to Fock et al. [2006]; Fig. 2) in which the Cenozoic units override
Mesozoic sequences. This fault system is the western edge of the Abanico Basin [Fock et al.,
2006]. The western edge of the Principal Cordillera is defined by a west-vergent reverse fault
system (San Ramon-Pocuro fault and its southward prolongation (Thiele [1980]; Charrier et al.
[2005]; Fock et al. [2006]; Rauld et al. [2006]; Fig. 2). Based on geomorphologic markers, this
structure would have accommodated 0.7-1.1 km of relative surface uplift of the eastern hanging
wall since the late Miocene at the latitude of Santiago, and 800-600 m at 35°S [Farias et al.,
2007]. Immediately east of this edge, a series of synclines and anticlines developed prior to ~ 16
Ma, which is evidenced by growth strata in the lower layers of the Farellones Formation [Fock et
al., 2006] (Fig. 2b). To the east, some folds and faults deform subtly the Cenozoic sequences
with a predominant east-vergency (Fig. 2b).

3.2. Central Principal Cordillera

Only Cenozoic deposits also crop out in this sector. These units are bounded to the east by
east-vergent faults, along which the Abanico Formation overrides the Mesozoic sequence situated
in the eastern Principal Cordillera. These faults constitute the eastern boundary of the Abanico
basin. This fault system extends more than 300 km along-strike (Fig. 2a). The main faults of this
system received different names according to their latitude: El Diablo fault at 33°45°S [Fock et
al., 2006], Las Lefias-Espinoza fault at 34°30’S [Charrier et al., 2002], and El Fierro fault at
approximately 35°S [Davidson and Vicente, 1973] (hereafter, we name this system El Fierro
fault). In the eastern flank of the central Principal Cordillera, both east- and west-vergent folds
and thrusts affect the Abanico Formation. The folds exhibit maximum amplitudes of 3 km and
are normally cut by faults that were reactivated during the out-of-sequence thrusting event (late
Miocene-early Pliocene). Among them, the west-vergent Chacayes-Yesillo fault (see profile P1
in Fig. 2b) stands out because of its >2 km of vertical throw [Charrier et al., 2005].

3.3. Eastern Principal Cordillera and Frontal Cordillera

The eastern Principal Cordillera extends east of the El Fierro fault and consists of
Mesozoic marine and continental sedimentary deposits that include an Oxfordian gypsum level
(Fig. 2b) and minor volcanic layers. These deposits are overlain by Neogene syntectonic
foreland-basin deposits that evidence the beginning of deformation shortly after 16 Ma
[Giambiagi et al., 2003]. Most of the shortening in this region (~ 47 km) has been accommodated
by east-vergent thrusts and related backthrusts [Giambiagi and Ramos, 2002], which commonly
take advantage of the gypsum levels (Fig. 2b). The structural restoration of Giambiagi and
Ramos [2002] suggests that these thrusts root in a ~ 10 km depth east-vergent detachment fault.
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North of 34°15°S, the crystalline basement of the Frontal Cordillera crops out east of the
Principal Cordillera. There, several basement blocks have been uplifted by high-angle east-
vergent inverse faults accommodating about 15 km of shortening between 9 and 6 Ma.
Giambiagi et al. [2003] interpreted this thick-skinned style as a result of the inversion of normal
faults related to the Mesozoic backarc rifting. According to these authors, the reactivation of
these structures would require a detachment fault located at mid-crustal levels.

4. Seismologic data and procedure

We used the seismologic data recorded by the Seismologic Survey at the Universidad de
Chile (SS) between 1980 and 2004. This record is complemented with a temporary network
deployed from January to April 2004 (Fig. 1 and 2). The SS has 24 seismologic stations in the
study region and the temporary network consisted of 7 short period 3-component stations. The
final database includes 23444 events, with 212 shallow (<20 km depth) crustal events recorded
by the temporary network.

The hypocenters were first estimated using the

P-wave velocity [km '] HYPOINVERSE program [Klein, 1978] with a 1D P-wave

4 5 6 7 8 9 velocity model based on Thierer et al. [2005] (Fig. 3). Each

0 u_ i earthquake was located with different trial depths in order to
_10 — -

minimize the effect of the initial conditions on the final
hypocentral determination. Trial depths were varied between
0 and 250 km with an increment of 5 km. The location with
the lowest root mean square misfit and with the maximum
number of body-waves first-arrivals was selected for each
event. This procedure ended with ~ 140000 and ~ 95000 P-
and S-arrival times, respectively.
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Fig. 3. Initial 1D P-wave velocity arrival times, a 3D velocity structure was calculated using
models. the SPHYPIT90/SPHREL3D90 program (see details in
Roecker et al. [1993]). Inversion was made on a region
divided into 6x7 blocks with a grid spacing of 30x30 km® (see Fig. 1) and 12 layers of 10 km
thick, except the shallowest one, which is 13 km thick. Because P-wave and S-wave velocities
were inverted independently, this procedure ended with 1008 final blocks with 877 blocks
considered as reliable (those having >20 rays hits, however most of block are hit by >1000 rays).
The resulting velocity models were used to relocate the hypocenters, which were classified and
filtered according to the same criteria used by Abers and Roecker [1991]. Filtered hypocenters
were used for a new inversion. This procedure was repeated iteratively until the changes in
velocities became very small (<1%), being three iterations required. In order to test the resulting
tomography, 6 different models were made with initial 1D velocity structures perturbed ~ 5%
randomly from the Thierer et al. [2005] model (Fig. 3). The resulting models had a standard
deviation <3%, thus we considered the mean velocity of them as the final V), and V; models.
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From the preliminary 23444 events, only 18259 passed filtering, which were filtered
again in order to use only the most reliable data. For the events recorded only by the SS, the
criterion of selection was defined by P- plus S-wave phases >10, RMS residual <0.3 s, and
standard errors in position <1.5 km, resulting in 9065 events. For the hypocenters recorded by the
temporary network, the criterion of selection consisted of RMS residual <0.3 s and P- plus S-
wave phases >9, remaining only 92 hypocenters.

5. Results and Analysis of Seismologic Data

5.1. General results

The final distribution of hypocenters shows that most of the crustal seismicity is located
beneath the Principal Cordillera and eastern Central Depression at depths shallower than 20 km
(Fig. 4). Superficial seismicity in the offshore and coastal forearc mainly corresponds to events
occurring in the interplate contact area, except some earthquakes located in the overriding plate.
As previously suggested by Barrientos et al. [2004] and Charrier et al. [2005], most of the
shallow crustal seismicity is located close to the Chile-Argentina boundary and is aligned with
the El Fierro fault (Fig. 4).
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5.2. Ramp-flat seismologic structure

In order to analyze the relationship between seismicity, seismic velocity fields and
lithospheric structure, we show in Fig. 5 three profiles crossing perpendicularly the orogen-strike
and covering most of the study region. At first sight, the geometry displayed by seismicity can be
interpreted as a ramp-flat crustal-scale structure.
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Fig. 5. Crustal-scale cross-sections perpendicular to the orogen-strike showing velocity structures and relocated
hypocenters obtained in this work. Location and orientation of sections are indicated in Fig. 4. Moho depth after
Tassara et al. [2006]. In all sections, earthquakes were projected onto the cross-section from a box-width of 40 km
(-20 km/+20 km) centered along the swaths. White circles are the events recorded by the permanent seismologic
network, whereas the red circles are those obtained from the temporary network.
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Seismicity associated with the flat geometry is located beneath the Chilean Principal Cordillera.
This structure dips ~ 10°W in the western Principal Cordillera, where it is located at 15-10 km
depth. In the central-eastern Principal Cordillera, the structure is located at 10-5 km depth and
dips <5°W. In this sector, the flat-structure coincides fairly well with the geometry and depth
proposed by Giambiagi et al. [2003] for the detachment that has controlled the thin-skinned
deformation in the eastern Principal Cordillera.

The ramp segment dips ~ 40°W and extends downward from the western edge of the
Principal Cordillera to the Moho below the Central Depression. Although seismicity in the ramp
segment is absent in southern sections (possibly reflecting the aseismic behavior of the
lithospheric mantle), it is well detected in the section across the Central Depression at 33.2°S
(Fig. 5a). In this section, the ramp intersects the Wadatti-Benioff zone at ~ 60 km depth.

The ramp can be correlated with discontinuities on V), and V,/V, within the lithospheric
mantle wedge (Fig. 5). Discontinuity on P-wave field consists in a sharp eastward velocity
increase from 7.3-7.7 to 7.9-8.2 km/s. Discontinuities on V,/V; are less evident; however, the
ramp can be correlated with normal V,/V; (~ 1.75), whereas high V,/V (>1.80) are located in the
surrounding zones (Fig. 5).

Because these features are observed everywhere in the study region, they can be
considered as a main characteristic of the forearc in Central Chile. Therefore, the downward
prolongation of the ramp into the mantle should be determined by the existence of rheological
discontinuities within the lithosphere near the plate interface.

6. Yield Strength Envelope analysis

The strength of the continental lithosphere is controlled by its depth-dependent
rheological structure, which in turn depends on the thickness and composition of crustal layers,
the thickness of the lithospheric mantle, the temperature structure, the strain rate, and the
presence or absence of fluids (e.g., Carter and Tsenn [1987]; Kirby and Kronenberg [1987];
Burov and Diament [1995, 1996]; Cloetingh et al. [2005]).

In order to analyze the rheological control on the ramp-flat structure, we constructed four
1D columns of compressional yield strength envelopes (Fig. 6). They are based on the 3D
lithospheric compositional and geometrical model of Tassara et al. [2006] (Fig. 6a), a 2D
geothermal gradient based on Oleskevic et al. [1999] and Yafiez and Cembrano [2004] (Fig. 6b),
and experimental rheological parameters for quartzite (upper-crust), dry-diabase (lower-crust)
and wet-dunite (lithospheric mantle) [Carter and Tsenn, 1987; Burov and Diament, 1995].

Resulting yield strength envelopes (Fig. 6c¢) illustrate that in the western flank of the
eastern Principal Cordillera (Column IV), low-viscosity ductile rocks should prevail both
between 8 and 20 km depth (upper crust) and between 35 and 60 km depth (lower crust). These
low-viscosity ductile zones are confined by three “rigid” (high-strength brittle and/or high-
viscosity ductile) layers located between 12 and 3 km depth, between 20 and 35 km depth, and
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immediately below the Moho. The geothermal gradient diminishes to the west. Column III
(western edge of the central Principal Cordillera) shows that the upper low-viscosity ductile zone
wedges out toward the west and disappears beneath the western Principal Cordillera (Column II).
This analysis predicts a coupled upper and lower crustes beneath the westernmost Principal
Cordillera and Central Depression (Column I). Yield strength envelopes also suggest that the
viscosity in the base of the crust would remain small beneath the western edge of the Principal
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Cordillera, but further west the crust and the upper mantle would be strongly coupled (Column I).
Therefore, the lithospheric forearc west of the Central Depression would be very rigid.

Beneath the Principal Cordillera (columns IIT and IV), the top of the upper crustal low-
viscosity ductile zone is fairly well correlated with the flat segment of the seismic structure (Fig.
6¢). The western edge of the flat segment correlates well with the western edge of this low-
viscosity ductile zone (columns II and III). The ramp segment extends from there downward to
the top of the lower crustal low-viscosity ductile zone near the Moho (Column II). This “shift”
from an upper to a lower detachment level is coherent with ramp structures, which generally
connect weak zones across a more rigid layer (see Cook and Varsek [1994], and references
therein). In spite of the lack of direct evidence for the lower ductile zone, the activity of its top as
a deep detachment could explain the reactivation of the deep basement structures that controlled
the uplift of the Frontal Cordillera in the late Miocene (c.f., Giambiagi and Ramos [2002];
Giambiagi et al. [2003]).

Yield strength envelopes predict that the rocks located above the detachment beneath the
Principal Cordillera should prevail very rigid. However, this zone concentrates abundant
seismicity that is normally aligned with some structures observed at the surface. Because this
zone has been widely deformed during the Neogene (Fig. 2b), it is likely that seismicity in this
region is related to the reactivation of older discontinuities and fractures. Indeed, Charrier et al.
[2002, 2005] proposed that the deformation within the Abanico Formation is mostly related to the
inversion of the normal fault that controlled the development of the extensional basin during
Eocene-Oligocene times. Likewise, Neogene deformation in the eastern Principal Cordillera and
Frontal Cordillera is related to the reactivation of older normal faults as well as faulting along
less competent rocks such as gypsum levels [Giambiagi and Ramos, 2002; Giambiagi et al.,
2003]. Therefore, seismicity above the detachment would be related to the reactivation of older
structures and discontinuities rather than new formed faults.

7. Integrating seismologic data and surface geology

At depth, the flat structure visualized by seismicity coincides fairly well with the
detachment proposed by Giambiagi and Ramos [2002] and Giambiagi et al. [2003]. In order to
analyze the role of this structure on mountain building, we constructed two upper-crustal cross-
sections integrating both surface geology and seismicity (Fig. 7). These sections display the
structure only in the Chilean side of the cordillera: the Argentinean side of the belt has been
already studied in detail by Giambiagi and Ramos [2002] and Giambiagi et al. [2003]. Cross-
sections are constrained by down-plug projection of surface structure and its correlation with
seismicity, geometrical constraints, and the age of deformation. Despite the precise downward
prolongation of some particular faults may be debated, these cross-sections give the general
geometry of the major orogen-scale structures, constrained using both surface geology and
seismicity.

In the zone where the Abanico basin developed (eastern Coastal Cordillera, western and
central Principal Cordillera), the orogen approximately displays a symmetric double-vergency
system of faults, preserving a central portion that remains almost non-deformed (Fig. 7). A
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Fig. 7. Structural cross-section and shallow seismicity. (a) Maipo profile (P1 in Fig. 2b) (b) Cachapoal profile
(P2 in Fig. 2b). Structural restoration shows that about 16 km of shortening has been accommodated in the
segment where the Abanico and Farellones formations crops out. This shortening is distributed almost
equitably on both flanks of the former extensional basin.

minimum estimation of shortening in this part of the chain is 16 km (~ 20% of the total
shortening across the mountain belt, see Table 1). At this place, most of the contractional
deformation occurred in the lower Miocene, resulting in the inversion of the Abanico basin.
Deformation is distributed almost equitably on both flanks, thus, the resulting geometry is
consistent with the inversion of an extensional ramp-flat listric fault system [McClay, 1995] (Fig.
7). During the basin inversion, the eastern Principal Cordillera accommodated ~ 6 km of
shortening [Giambiagi and Ramos, 2002].

After 16 Ma, shortening ended within Abanico basin migrating eastward. Deformation
began in the eastern Principal Cordillera, propagating into the Frontal Cordillera, returning into
the eastern Principal Cordillera, and finally migrating to the foreland [Giambiagi et al, 2003].
Deformation in the eastern side of the cordillera has been predominantly accommodated by east-
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vergent thrusts and related backthrust. Shortening in the eastern Principal Cordillera, Frontal
Cordillera, and foreland is ~ 62 km [Giambiagi and Ramos, 2002], which represents about 80%
of the total shortening across the chain at approximately 33.8°S (see Table 1).

In the structural model presented in this work (Fig. 7), some faults in the central and
eastern Principal Cordillera are not consistent with the eastward tectonic transport of the upper
crustal detachment. This is the case of the west-vergent Chacayes-Yesillos fault (Fig. 7a), which
must be connected to a deeper detachment, likely corresponding to the lower crustal detachment
predicted by the yield strength envelopes analysis. Because the Chacayes-Yesillos fault was
active during the out-of-sequence thrusting event between 8.5 and 4 Ma [Fock et al., 2006], it
would be related to the reactivation of the high-angle faults that controlled the block-like uplift of
the crystalline basement that forms the Frontal Cordillera [Giambiagi et al., 2003].

Considering the timing of deformation, most of the shortening occurs during three major
events at 33.8°S (Table 1). (1) Abanico basin inversion (~ 16 km of shortening between 22 and
16 Ma, and 6 km of shortening in the eastern Principal Cordillera before 15 Ma), (2) thin-skinned
fold-and-thrust belt development in the eastern Principal Cordillera (24 km of shortening between
16 and 8.5 Ma [Giambiagi and Ramos, 2002]), and (3) uplift of the Frontal Cordillera (15 km of
shortening between 8.5 and 6 Ma) and out-of-sequence thrusting in the central-eastern Principal
Cordillera (17 km of shortening between 8.5 and 4 Ma [Giambiagi and Ramos, 2002]). The out-
of-sequence thrusting event in the eastern Principal Cordillera represents a disruption of the
eastward migration of shortening. Shortening migrated eastward along the detachment until the
high-angle basement faults rooted in the Frontal Cordillera were reactivated. This reactivation
caused the return of the deformation to the axis of the mountain belt as out-of-sequence thrusting
(c.f., Cristallini and Ramos [2000]; Giambiagi et al. [2003]).

After 4 Ma, shortening migrated to the foreland, accommodating about 6 km of
shortening [Giambiagi and Ramos, 2002]. In turn, the high Cordillera has not accommodated
shortening since that time, but strike-slip deformation is presently reported by seismicity [Farias
et al., 2006].

Table 1. Shortening™* across the Andes at 33.8°S

First stage Second Third Four Stage
22-15 Ma Stage Stage 4-0 Ma Total
15-8.5Ma 8.5-4 Ma
Abanico basin 16° 16
Eastern Ppal. Cord. 6 24 17 47
Frontal Cordillera 15 15
Foreland 6 6
Total 22 24 32 6 84
* Approximated shortening [km]
¥ Estimated in this work. The remaining values according to Giambiagi and Ramos [2002]
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8. Implications for mountain building in subduction zones

Before 22 Ma, the crustal thickness was moderate (<35 km thick), being approximately
uniform beneath both western and eastern flanks of the Abanico basin as suggested by studies on
the geochemistry of the basin-related volcanic rocks (e.g., Fuentes [2004]; Kay et al. [2005];
Mufioz et al. [2006]). Although both flanks of the Abanico basin had similar initial crustal
thickness before inversion and have accommodated a similar amount of shortening, the present-
day crust is ~ 20 km thicker below the eastern boundary of the basin (central Principal Cordillera)
(Fig. 8). This suggests that some of the 4/5 of the total surface shortening of the chain
accommodated east of the Abanico basin by east-vergent thrust-systems has been transferred to
the west beneath the detachment as a “simple shear mode” (in the sense of Allmendinger and
Gubbels [1996]). The importance of deep shortening in the western part of the chain is also
supported by the fact that most of the surface and rock uplift of the western and central Principal
Cordillera occurred between 10 and 4 Ma, even though most of the surface shortening was
accommodated before 16 Ma [Farias et al., 2007]. Likewise, the advance to west of the crust
beneath the detachment would be opposed by the increasing rigidity of the lithosphere in the
forearc (Fig. 6). This opposition seems to be evidenced by the seismic cluster located in the ramp
immediately above the Moho (Fig. 8).

A major east-vergency ramp-flat structure, whose geometry is also controlled by the
rheology of the continental plate, has been already proposed for the Northern Chile margin by
Farias et al. [2005] and Tassara [2005] based on the works of Isacks [1988] and Lamb et al.
[1997], among others. These authors proposed that this structure would be connected to the
detachment fault that prolongs through the Altiplano to the Eastern Cordillera and Subandean
zone where most of the shortening has been accommodated [e.g., McQuarrie, 2002]. To the
west, the ramp encloses upward a rigid forearc acting as a pseudo-indenter that resists the
westward advance of the crustal mass located beneath the detachment. It results in crustal
thickening in the Precordillera and Western Cordillera, in a zone where the surface shortening has
been moderate and essentially older than uplift [e.g., Garcia, 2002; Victor et al., 2004; Farias et
al., 2005; Hock et al., 2007; Riquelme et al., 2007].

The east-vergent ramp emerging from the interplate contact area has been visualized at
different latitudes along the margin, intersecting the slab approximately at the same depth (~ 60
km). Hypocentral location of earthquakes within the overriding plate show that such a structure is
active at 19°S [Comte et al., 1999; David et al., 2002] and 27°S [Comte et al., 2002; Pardo et al.,
2002], and seismic images visualize a strong west-dipping reflector immediately above the slab at
~ 38°S [Gross et al., 2007].

If the intersection of the ramp with the slab is actually located everywhere at similar
depths in the Chilean forearc, it is likely that this structure is controlled by processes directly
related to the subduction factory. In fact, this intersection coincides with the deepest limit of the
seismogenic contact along the Chilean subduction zone (i.e, along which thrust interplate
earthquakes occur; Suarez and Comte [1993]; Fig. 8). In addition, the continental mantle in this
zone presents sharp variations on V), and V,/V (Fig. 5), which are probably related to mantle
serpentinization because the referred intersection also coincides with the 400°-500°C isotherm
(Fig. 6 and 8), which is upper limit of serpentinite stability [Carlson and Miller, 2003].
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Cordillera, Frontal Cordillera, and foreland after Giambiagi and Ramos [2002]. Moho depth after Tassara et al.
[2006]. 400°C isotherm based on Oleskevich et al. [1999] and Yafiez and Cembrano [2004].

Empirical relationships between the degree of mantle serpentinization and V), [Carlson and
Miller, 2003] predict that the observed discontinuity would correspond to a change from ~ 0% to
20% of serpentinization at the conditions of pressure-temperature expected for that zone. In
addition, the high V,/V ratios observed at shallower depths than 60 km in the mantle wedge (Fig.
5) are also consistent with serpentinization (e.g., Kamiya and Kobayashi [2000]).

It is clear that an important shift on the mechanic behavior along the interplate contact
occurs in the intersection of the ramp with the slab at nearly 60 km depth, which seems to be
controlled by the thermal state. Following Lamb and Davis [2003] and Lamb [2006], the stress
produced by the plate convergence is mostly transferred to the overriding plate along the
seismogenic interplate contact (Fig. 8). Likewise, Tassara [2005] proposed that the rigid
behavior of the forearc (which is also strongly coupled with the slab) would promote more
effectively the stress transfer to the continent. In this context, the ramp structure would not only
control the strain transfer, but also delimitate upward the rocks that transmit part of the plate
convergence forces toward the continental lithosphere, thus primarily controlling mountain
building.
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Based on the evidence presented in this work, the ramp-detachment structure seems to be
the first-order feature controlling the transference of strain and stress from the subduction zone to
the mountain belt not only in the Andes of Central Chile, but also probably along the entire
Andean margin. Because this structure should be strongly controlled by the subduction factory
processes, it is likely that the model presented in this work holds for other mountain belts formed
in a subduction regime.

9. Conclusions

Using the seismicity recorded in Central Chile by permanent and temporary networks, we
performed a 3D tomography inversion that led to the relocalization of the most reliable
hypocenters. We showed the presence of a crustal-scale ramp-flat structure that connects the
subduction zone at ~ 60 km depth with the mountain belt at ~ 10 km. The flat segment crosses the
entire mountain belt and correlates with the east-vergent detachment that accommodated most of
the upper crustal shortening during the Neogene mountain building.

Geological cross-sections show that in the Chilean side of the belt, upper-crustal
shortening was much smaller than in the Argentinean fold-and-thrust belts (1/5 versus 4/5 of the
total shortening). In the western part of the Central Chile Andes, surface shortening does explain
neither the present-day crustal thickness nor the uplift of this side of the mountain belt. In fact,
most of the Neogene crustal thickening and uplift of the western part of the Central Chile Andes
would result from the shortening accommodated beneath the detachment.

Despite huge latitudinal contrasts in the morphological and tectonic evolution of the
Chilean Andes, a similar general lithospheric structural scheme in which a major east-vergent
fault system emerges from the interplate contact area at ~ 60 km depth and controls the
structuration of the Andes has been proposed for Northern Chile. Inferences made on the south-
central Chile region also suggest such a structure there. The intersection of the ramp with the slab
coincides with the deepest limit of the seismogenic interplate contact. It is also marked by sharp
variations in the overriding mantle seismic velocities that can be interpreted as a result of
serpentinization of the lithospheric mantle wedge. Thus, we suggest that the subduction factory
strongly controls the tectonic behavior of the forearc, producing the weak zones in which strain is
transferred to the mountain range from the plate interface. The major east-vergent ramp
delimitates upward rigid rocks that transmit part of the plate convergence forces toward the
continental lithosphere.

This model suggests that the east-vergent ramp-flat structure is the first-order structure in
the Andean mountain belt orogeny. Because this structural architecture is strongly controlled by
the subduction factory, this model might be potentially applicable to other subduction margins.
Hence, this architecture should be considered in models of the relationship between subduction
processes and the overriding plate deformations.
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