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[1] We address the question of the late Cenozoic
geomorphological evolution of the central Chile
Andes (33°-35°S), using uplift markers, river
incision, previous and new ages of volcanic bodies,
and new fission track ages. The uplift markers consist
of relicts of high elevated peneplains that evidence
>2 km of regional surface uplift lasting ~2 Ma with
variable amount along an E-W transect. The eastern
Coastal Cordillera was uplifted 1.5-2.1 km at 33—
34°S and <1 km at 35°S, the western Principal
Cordillera was uplifted ~2 km, and the central eastern
Principal Cordillera was uplifted >2.5 at 33°45’S and
~1.5 km at 34°30'S. Erosional response to uplift was
characterized by the retreat of a sharp knickpoint with
celerities between 10 and 40 mm a'. Extrapolation
using a stream power law shows that uplift began
shortly before 4 Ma or at 10.5—4.6 Ma (7.6 Ma central
age) depending on the morphostructural units
involved. The first alternative implies simultaneous
uplift of the continental margin. The second model
(the most reliable one) implies that the uplift affected
together the eastern Coastal Cordillera and the
Principal Cordillera, while the rest of the western
fore arc subsided. This regional uplift can be mostly
balanced by crustal thickening resulting from coeval
shortening related to the out-of-sequence thrusting
event in the Principal Cordillera and the uplift of the
Frontal Cordillera. Simultaneously, emplacement of
the southern edge of the flat slab subduction zone
might have partially contributed to this uplift event.
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1. Introduction

[2] Itis widely recognized that river incision into bedrock
controls landscape evolution and denudation by setting the
base level to the hillslopes and by linking climate and
tectonics to the watershed evolution [e.g., Burbank et al.,
1996; Pazzaglia et al., 1998; Whipple and Tucker, 1999].
Rivers respond to uplift by upstream propagation of a
perturbation (process known as ‘“‘knickpoint retreat’’)
formed in the border of the uplifted surface, which is the
zone where channel slope initially increases. Knickpoint
retreat develops as two end-member models in detachment-
limited systems (i.e., in drainage systems where fluvial
erosion is limited by the detachment of bedrock material),
namely, parallel retreat and slope replacement models
(Figure 1) [e.g., Gardner, 1983; Seidl and Dietrich, 1992].
Therefore erosion is not necessary coeval to uplift, but
actually it can be somewhat delayed depending on stream
hydraulic behavior. Considering that mountain building is
commonly inferred from erosional and sedimentary records,
this delay may lead to misinterpretations of uplift timing.
Moreover, climatic effects can produce changes on erosion
rates [e.g., Molnar, 2004; Babault et al., 2005], therefore it
could induce changes on the timing of this delay.

[3] In the central Chile Andes (33°-35°S, Figures 2¢ and
3), modern orogeny began in the lower Miocene as a result
of inversion of a late Eocene-Oligocene extensional basin
(Abanico basin) [e.g., Charrier et al., 1996, 2002; Godoy
and Lara, 1994; Godoy et al., 1999]. Mountain building
was characterized by crustal thickening (evidenced by
geochemical signatures of igneous deposits in the western
and central sectors of the range [Nystrom et al., 1993]) and
by shortening mostly accommodated in its eastern flank
[e.g., Giambiagi and Ramos, 2002; Fock et al., 2005].
Although some deformed rocks reach more than 5000 m
above sea level (asl), the highest peaks mainly correspond
to volcanoes. This mixed volcanic-tectonic landscape is
presently dissected by valleys as deep as 3000 m.

[4] In spite of this impressive landscape, relief evolution
of this region is almost unknown, in contrast with its
petrologic and structural history. Previous works introduced
the concept of a major exhumation event in the late
Neogene [e.g., Skewes and Holmgren, 1993; Skewes and
Stern, 1996; Maksaev et al., 2003, 2004], emphasizing the
importance of denudation during mineralization in the two
world-class porphyry copper deposits of this zone (EI
Teniente and Rio Blanco-Los Bronces, Figure 2).

[s] The objective of this paper is (1) to present evidence
for rapid and high magnitude surface uplift in the central
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Figure 1. Knickpoint propagation along longitudinal river
profiles. Surface uplift generates a knickpoint that propa-
gates upstream. Knickpoint retreat is represented by two
end-members models: (a) parallel retreat and (b) slope
replacement. Modified after Gardner [1983] and Seidl and
Dietrich [1992].

Chile Andean Cordillera during the late Neogene and (2) to
examine how watersheds evolved and erosion propagated
into the main range. Timing of erosional events is con-
strained by ages of igneous deposits and fission track
thermochronology. Finally, we estimate the onset of surface
uplift and discuss its implications for the evolution of
Andean margin in central Chile.

2. Regional Settings

[6] The Andes are the result of tectonic shortening and
magmatic activity due to an almost uninterrupted subduction
since Jurassic times [e.g., Coira et al., 1982; Jordan et al.,
1983; Allmendinger, 1986; Isacks, 1988]. Current plate
convergence between the Nazca and South America plates
is oriented N78°E and occurs at a rate of ~8 cma ' (Figure 2)
[Gripp and Gordon, 2002].

[7] South of 33°S, the continental border changes its
orientation from N-S, to the north, to NNE-SSW, to the
south (Maipo orocline, Figure 2). In this region, the Andes
are segmented into five trench-parallel continental morphos-
tructural units (Figures 2 and 3), from west to east: Coastal
Cordillera, Central Depression, Principal Cordillera (where
the volcanic arc is emplaced), Frontal Cordillera, and
Foreland. For the discussion related to the uplift patterns,
we subdivided the Principal Cordillera into western, central,
and eastern Principal Cordillera according to the geological
features that we describe in the next paragraphs (Figure 2).
We also subdivided the Coastal Cordillera into an eastern

FARIAS ET AL.: UPLIFT AND EROSION IN CENTRAL CHILE ANDES

TC1005

(eastern Coastal Cordillera) and a western domain (western
Coastal Cordillera).

[8] The western Coastal Cordillera corresponds to a
Paleozoic-Jurassic metamorphic and intrusive basement cov-
ered by late Miocene to Recent marine deposits (Figure 2b).
Marine terraces of probable Pleistocene age were con-
structed on this part of the Coastal Cordillera [see Wall et
al., 1996, and references therein]. In turn, the eastern
Coastal Cordillera is made up by east dipping late Jurassic
to late Cretaceous stratified sequences and Cretaceous
granites [Thomas, 1958].

[9] The Central Depression consists of a Quaternary
sedimentary and ignimbritic cover. This cover has a max-
imum thickness of ~500 m beneath the Santiago valley
[Araneda et al., 2000]. The basement of the Central
Depression corresponds to Mesozoic rocks in its western
side and Cenozoic rocks in its eastern side (Figure 2).
According to gravimetrical analysis in the Santiago depres-
sion [Araneda et al., 2000], this basement presents a river
network morphology, where some summits reach the sur-
face forming isolated hills. Those hills commonly consist of
intrusive rocks. Basement rocks also crop out in junction
ridges (hereafter referred to as “junctions”) between the
Coastal Cordillera and Principal Cordillera (Figure 3).

[10] The western Principal Cordillera consists of Ceno-
zoic sequences that only exhibit important deformation in
its westernmost flank (Figure 2c). The central Principal
Cordillera also consists of Cenozoic rocks, but here the
deformation is more intense. The eastern Principal Cordil-
lera is almost exclusively composed of Mesozoic deformed
sequences. Both the central Principal Cordillera and the
eastern Principal Cordillera constitute the fold-and-thrust
belt in this region.

[11] The Andean evolution in central Chile (33°-35°S)
comprises multiple stages of extension and contraction
[Charrier et al., 1996, 2007]. The last extensional event
occurred in the Eocene-Oligocene, forming a basin where
the Abanico Formation was deposited (mainly volcanic and
volcaniclastic) [Charrier et al., 2002, 2005; Godoy and
Lara, 1994; Godoy et al., 1999]. The Abanico basin
extended from approximately the central axis of the Central
Depression up to the Chilean eastern Principal Cordillera.
On both margins, the Abanico Formation is presently
separated from the Mesozoic sequences by inverse faults
that correspond to basin-bounding normal faults partially
inverted (Figure 2c). Charrier et al. [2002] proposed that
inversion occurred between 21 and 16 Ma, which mainly
affected the basin borders. This process led to the formation
of a new basin in the central part of the western Principal
Cordillera that was filled by the Farellones Formation (that
represents the Miocene volcanic arc [e.g., Vergara et al.,
1988; Elgueta et al., 1999; Godoy et al., 1999; Charrier et
al., 2002]). The Farellones Formation exhibits growth strata
within its lower portion because of basin inversion; in
contrast, layers younger than ~16 Ma remain almost
undeformed [Fock et al., 2005]. This can be explained by
the eastward migration of deformation toward the eastern
Principal Cordillera at that time. In this area the deformation
continued until ~8.5 Ma, accommodating most of the
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Figure 2. (a) Location of the study region. (b) Geological map of the Andes of central Chile and
Argentina. Only main thrusts active during the Neogene are plotted. (c) Simplified geological profile at
the latitude of Santiago. The Maipo orocline delimits the Aconcagua (AFTB) and the Malargiie (MFTB)
fold-and-thrust belts. Absolute plate velocity in Figure 2a is after Gripp and Gordon [2002], whereas
Figures 2b and 2c¢ are based on the work by Servicio Geologico Minero Argentino [1997], Servicio
Nacional de Geologia y Mineria [2002], Giambiagi et al. [2003], and Fock et al. [2005].

shortening along the N-S trending Aconcagua fold-and-thrust
belt, north of 34°15’S, and along the NNE-SSW Malargiie
fold-and-thrust belt, south of this latitude (Figure 2)
[Giambiagi and Ramos, 2002; Giambiagi et al., 2003; Fock
et al., 2005]. Between ~8.5 and ~4 Ma, high-angle reverse
faults uplifted the Frontal Cordillera [Giambiagi et al.,
2003]. At this time, out-of-sequence thrusts emplaced in
the central and eastern Principal Cordillera, accommodating

~25 km of shortening at 33.5°S [Giambiagi and Ramos,
2002]. After 4 Ma, deformation migrated farther east to the
foreland. At the present, the eastern basin-bounding fault
system of the Abanico basin is still active [Farias et al.,
2006a], but Harvard centroid moment tensor (CMT) focal
mechanisms show almost exclusively strike-slip earth-
quakes. During these tectonic events, the Mesozoic series
situated in the eastern Coastal Cordillera and western
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Central Depression were not subjected to major deforma-
tion, being only tilted eastward forming a gentle homocline
(Figure 2¢) [Thomas, 1958].

[12] During the Neogene, granitic intrusions were
emplaced forming two orogen-parallel belts, namely, a
lower Miocene belt in the westernmost Principal Cordillera,
and a ~10 Ma old belt farther east (Figure 2). The latter
separates the almost undeformed Miocene volcanites of the
western Principal Cordillera from the deformed Cenozoic
series in the central Principal Cordillera (Figures 2b and 3).
In addition, magmatic activity migrated ~15 km to the west
from the ~10 Ma old intrusive belt at 8—4 Ma, coeval with
the emplacement of granitic bodies close to the present-day
volcanic arc (i.e., 15—20 km to the east from the 10 Ma old
belt) [see Deckart et al., 2005; Maksaev et al., 2004; Kay et
al., 2005, and references therein]. The western “arc’ hosted
high concentration of copper and molybdenum, forming the
two giant porphyry copper deposits of central Chile (EI
Teniente and Rio Blanco—Los Bronces, Figure 2). In
addition to high ore concentration, geochemistry departs
considerably from ‘“‘normal arcs” compositions, showing
adakitic-like signatures [Rabbia et al., 2003; Reich et al.,
2003] and signals of asthenospheric source [Kay et al.,
1991, 2005; Kay and Mpodozis, 2001; Stern and Skewes,
1995, 2004; Mathur et al., 2000]. In turn, the “eastern arc”
presents “normal arc” geochemical signatures [Stern and
Skewes, 1995; Kurtz et al., 1997; S. M. Kay and A. Kurtz,
Magmatic and tectonic characterization of the El Teniente
region, Chilean Nacional Copper Corp., unpublished report,
1995], suggesting that porphyry copper-related magmatism
did not correspond to the in the stricter sense arc and that
two arcs coexisted. This process would have happened at
the same time with the settlement of the southern edge of
the flat slab subduction zone immediately north of 33°S [see
Yariez et al., 2001, and references therein].

3. Main Morphological Features

[13] The Chilean Principal Cordillera extends up to the
Pacific-Atlantic drainage divide. Maximum elevations are
located there and consist in part of volcanic edifices as high
as 6800 m asl. In the western Principal Cordillera, elevation
diminishes to 2500—3000 m asl. Altitudes of the Principal
Cordillera also diminish gradually to the south (Figure 4).
This feature is also present in the Coastal Cordillera, where
maximum elevations decrease from 2100 m at 33°S to 1000
m at 35°S.

[14] Five major drainage basins cross the entire Principal
Cordillera in central Chile. From north to south, they
receive the name of their main rivers: Aconcagua, Maipo,
Cachapoal, Tinguiririca and Teno (Figure 3). Catchment
areas differ (Table 1) and seem to be controlled by the
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presence of volcanic edifices. However, the Hack’s law
parameters (an empirical relationship between the stream
length and the area of their basins [Hack, 1957]) for each
basin are relatively similar (Table 1).

[15] Along each valley, main rivers are mostly alluvial
channels where bedrock is not exposed. Only along the
~10 Ma old intrusive belt, rivers incise directly the
bedrock. This feature spatially coincides with the junction
of several tributaries (Figure 3) and with the increase in
local channel slope (Figure 4).

[t6] The valleys in the central Principal Cordillera and
eastern Principal Cordillera are U-shaped, evidencing the
influence of glaciations. Hillslope mass wasting locally
dams the channels forming lakes. Mass wasting also remo-
bilized moraine glacial deposits [e.g., Abele, 1984;
C. Darwin, Letter 501 to J. D. Hooker in October 12th
1849, in More Letters of Charles Darwin: A Record of His
Work in a Series of Hitherto Unpublished Letters, edited by
F. Darwin and A. C. Seward, 1903, available at http://
charles-darwin.classic-literature.co.uk/more-letters-of-
charles-darwin-volume-ii/] being probably enhanced by
shallow seismic activity in this part of the Principal Cordillera
[Farias et al., 2006a].

[17] The valleys in the western Principal Cordillera
present alluvial rivers with alluvial terraces and volcanic
deposits. This zone does not exhibit major evidence for
glacial influence, except near the ~10 Ma old intrusive belt,
where glacial deposits and landforms appear in some valley
bottoms [Borde, 1966].

[18] Longitudinal river profiles systematically show bed-
rock knickpoints along the ~10 Ma old granodioritic belt
(Figure 4). Although this belt is the western edge of the
fold-and-thrust belt, knickpoints suggests a higher resis-
tance to erosion of the granitic rocks than the encasing
stratified rocks. In addition, glaciers advanced down to this
zone. This feature was described by Borde [1966] in the
Maipo basin, who interpreted it as a “verrou glacier” (zone
where the presence of more resistant rocks produced a local
increase on elevation and diminution of channel width along
a glacial trough). At the exit into the Central Depression,
rivers (that behave as alluvial channels) also exhibit knick-
points (Figure 4). This has been correlated with recent west
vergent thrusting in the cordilleran front in Santiago along
the San Ramon-Pocuro fault [Rauld et al., 2006]. However,
south of the Santiago depression (Figure 3), the mountain
front is less sharp and knickpoints are better correlated with
the lower Miocene intrusive belt. This feature suggests a
mixed tectonic-lithologic control on evolution of the west-
ern edge of the Principal Cordillera.

[19] In the Central Depression and Coastal Cordillera,
main rivers are characterized by a minor channel slope and
by an alluvial bed. Bedrock rivers appear only and almost

Figure 3. Main morphological features of central Chile and sample locations. The main mountain drainage basins are
indicated: Aconcagua, Maipo, Cachapoal, Tinguiririca, and Teno. Dotted line in the Central Valley corresponds to the
western boundary of the Abanico basin (0 km reference). The ~10 Ma old intrusive belt is shown in order to display the
separation between the central and western Principal Cordillera. Swath box shown are those displayed in the Figure 4.
(a)—(e) Detailed regions showing the location of some samples used in this work.
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Table 1. Morphometry of Main Mountain Catchments in Central
Chile

Mountain Drainage Area, Hack’s Law Hack’s Law
Drainage Basin m? Exponent 4" Constant £, m* " R
Aconcagua 2.08 x 10° 1.71 8.60 0.97
Maipo 495 x 10° 1.88 243 0.96
Cachapoal 272 x 10° 1.75 6.02 0.95
Tinguiririca 1.82 x 10° 1.66 15.18 0.98
Teno 1.42 x 10° 1.49 91.72 0.98
Mean values® 1.76 6.12

“Hack’s law relates the drainage area to the length of the main river along
the watershed. See also section 5.2.

“Calculated from values of the Maipo, Cachapoal, and Tinguiririca
basins.

systematically in a 20- to 40-km-wide belt adjacent to the
coastline in the western Coastal Cordillera, evidencing
recent surface uplift of this zone (Figure 3).

4. Evidence for Regional Surface Uplift

4.1. Emergence of Bathyal Deposits in the Western
Coastal Cordillera

[20] Near the coast at 33°-34°S (Figures 2, 3, and 5),
Encinas et al. [2006a, 2007] and Finger et al. [2007]
described lower bathyal deposits overlain by shallow water
sediments, which show at least 2 km of uplift occurring in
Pliocene times. This process has been observed as far as
45°S [Encinas et al., 2007; Melnick and Echtler, 2006].

[21] Emergence of bathyal deposits to shallow water
environment would have concluded at the Zanclean [Encinas
et al., 2006a, 2006b, 2007]. The date of emersion is inter-
preted by (1) a laharic deposit overlying the bathyal deposits
and (2) by foraminifers contained in the deep facies suc-
cession and shallow water deposits. Encinas et al. [2006b]
reported three K-Ar ages for the laharic deposit (4.2 + 0.8,
4.7 £ 0.4, and 7.7 £ 1.0 Ma) and one more reliable Ar/Ar
age (2.7 £ 0.3 Ma total gas age). Likewise, foraminifers date
the bathyal deposits (at 34°S) between 10.9 and 4.4 Ma
[Finger et al., 2007]. Therefore more than 2 km of uplift
would have been occurred after 4.4 (youngest age for the
bathyal deposits) and likely prior to 2.7 Ma (oldest age for
the deposition of the lahar).

[22] These deposits and their bedrock constitute the floor
of Pleistocene marine terrace surfaces [see Wall et al., 1996,
and references therein]. The present-day elevation of these
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surfaces represents a surface uplift of ~400 m after the great
emergence described above. The uplift of these terraces has
been controlled by vertical parallel-to-the-coastline faults
[Rodriguez et al., 2007], forming the 20—40 km wide belt
where rivers cut directly on bedrock (Figure 3).

[23] Moreover, this process would have partially blocked
the drainage, thus inducing sedimentation on the Central
Depression. This can explain the thick sedimentary filling of
the Central Depression [Farias et al., 2006b]. Because of
the sedimentary filling, both the width of the valleys and the
local base level were increased after burial of the preexisting
river network beneath the Central Depression and eastern
Coastal Cordillera. Thus the present-day morphology of the
zone adjacent to the eastern Coastal Cordillera exhibits a
landscape that appears to be more mature than the one
observed in the Principal Cordillera (Figure 5).

4.2. High Elevated Peneplains in the Eastern Coastal
Cordillera

[24] Between 33°S and 34°S, the eastern Coastal Cor-
dillera rises up to ~2150 m asl (Figures 5 and 6a). To the
south, maximum elevations decrease to <1000 m asl at 35°S
(Figure 4). Highest summits of the Coastal Cordillera are
flat-shaped, evidencing a relict continental surface of ero-
sion [Briiggen, 1950; Borde, 1966]. The highest surfaces are
mostly constructed on Cretaceous intrusive bodies; in turn,
Mesozoic stratified sequences are better correlated with
valley bottoms (Figure 2). Neither sediments nor volcanic
deposits covering these surfaces have been reported.

[25] Several other surfaces at different elevations can be
observed [Borde, 1966], however they are much smaller and
less developed than the highest ones (Figure 4). Because of
the absence of structures offsetting the different levels, their
origin should be the base level fall. These surfaces have
been interpreted as relicts of uplifted peneplains (peneplains
in the sense of Phillips [2002]), i.e., they were constructed
near its absolute base level [Briiggen, 1950; Borde, 1966].
Uplifted peneplains can be developed at high elevation if a
barrier exists [Babault et al., 2005]; in such model, depo-
sition should occur. This is not observed on the eastern
Coastal Cordillera, even though sediments could have been
removed. Moreover, we consider unlikely the existence of a
barrier because the surfaces are immediately to the east of
Miocene-Pleistocene marine deposits and landforms. Thus
peneplains should have developed close to the sea level.
Considering that the sea level has not changed more than a
few hundred meters [Haq et al., 1987; Miller et al., 2005],
the elevation of the highest peneplains evidences surface

Figure 4.

(a) Topographic swath profiles along the axis of each drainage basin. Swaths boxes are shown in Figure 3.

Profile curves represent maximum, mean, and minimum elevations. Profiles are oriented N88°E, N90°E, N113°E, N114°E,
N117°E (orthogonally oriented respect to the orogen strike), with swath width of 36, 80, 54, 40, and 38 km for the
Aconcagua, Maipo, Cachapoal, Tinguiririca and Teno swaths, respectively; i1 —i13 are the markers of incision (see Table 2).
Solid lines on the maximum profiles are the correlation between the relicts of the peneplain surface. It can be observed that
some vertical offset occurs, mainly along the San Ramoén-Pocuro fault, including its southward prolongation (SRPF).
(b) Comparison between maximum elevations. It can be noted that elevation diminishes gradually to the south.
(c) Comparison between minimum elevations. In contrast to Figures 4a and 4b, the profiles in Figure 4c are horizontally
fitted to the knickpoints situated close to eastern boundary of the Central Depression.
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Figure 5. Three-dimensional view of the fore arc between 33°S and 34°S showing the evidence for
surface uplift. The evidence consists of (1) relicts of peneplains surfaces and (2) emerged bathyal deposits
along the coast. Junction ridges between the eastern Coastal Cordillera and the western Principal
Cordillera (in addition to other features, see text for further explanation) evidence the erosive nature of
the Central Depression. Relicts of peneplains in the eastern Principal Cordillera can be correlated
with similar surfaces in the western Principal Cordillera. However, these surfaces are vertically offset by
the San Ramon-Pocuro fault. Maximum upheaval related to this fault would be <1.1 at this zone. Thus
~1.3 km of the great scarp present immediately east of Santiago should be the result of erosion rather

than tectonic activity along the cordilleran front.

uplift of 1.5-2.1 km at the latitude of Santiago, and ~1 km
at 35°S.

[26] Because the highest peneplains are constructed on
intrusive rocks and valleys are better correlated with stratified
(mostly volcanic and volcanoclastic) rocks, preservation of
high elevated peneplains would have been allowed by higher
erosional resistance of intrusive rocks.

4.3. Relict Peneplains in the Principal Cordillera

[27] In the western Principal Cordillera, and in some
places of the central Principal Cordillera, several flat ero-
sional surfaces are located between 2600—3200 m asl
(Figures 4, 5, 6b, 6¢, and 6d). These surfaces were mainly
constructed on the Farellones Formation, and their devel-
opment probably was responsible for the destruction of the
volcanic edifices of this unit. These surfaces gently dip to
the west (1-3°) (Figure 4). Knickpoints as high as 1 km
separate major valleys downstream from a less incised
(<100 m) network upstream developed on the peneplain
surfaces. Therefore the upstream part of the rivers corre-
sponds to an initial network developed before the relative
base level fall responsible for canyons incision. The incision
that produced major valleys corresponds to either the uplift
of the peneplain surface or the opening of a closed basin.
The second alternative would require that the peneplains

formed already at high elevation [Babault et al., 2005] and
the presence of a barrier responsible for the closure of the
basin. This barrier could be the deformed belt along the
westernmost Principal Cordillera (see Figures 2c¢ and 5).
However, peneplains extend to the Central Depression and
eastern Coastal Cordillera forming some junctions between
both ranges (Figures 4 and 5). Thus the existence of a
closed basin is unlikely during the development of the
peneplains. Therefore they would have been initially
developed at low elevation.

[28] The peneplains present some vertical offsets. One of
them can be related to the scarp of the San Ramoén-Pocuro
fault and its prolongation south of Santiago (Figures 3, 4,
and 5). This scarp has its maximum height immediately east
of Santiago (~2400 m high), where it is ~30 km long. In
this zone, the base of the scarp is located along the eastern
edge of the Central Depression. However, in the northern
and southern parts of the Santiago depression, the base of
the scarp is located in a westward prolongation of the
western Principal Cordillera and the scarp is 700—1100 m
high. In these places, the range extends to west forming
junctions with the eastern Coastal Cordillera. Within the
Santiago depression, some isolated hills seem to have also
formed part of junctions (Figure 5). In fact, gravimetrical
analyses show that these hills form ridges beneath the
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Table 2. Age of Incision Markers
Height,
Long Lat m asl Rock Age, Ma® Method Reference
il —70.7933 —34.746 650 basaltic andesite 1.2540.03 Ar/Ar (WR) this work®
i2 —70.7301 —34.7796 810 basaltic andesite 1.2440.05 Ar/Ar (WR) this work®
i3 —70.7358 —34.7321 916 basaltic andesite 1.06+0.03 Ar/Ar (WR) this work”
i4 —70.6645 —34.7803 925 ignimbrite 0.803+0.133 Ar/Ar (fs) this work®
i5 —70.5757 —34.2699 800 pyroxene andesite 1.8+0.4 K/Ar (WR) Charrier and Munizaga [1979]
i6 —70.5516 —34.2266 900 pyroxene andesite 1.8+£0.2 K/Ar (WR) Charrier and Munizaga [1979]
i7 —70.5167 —34.216 880 pyroxene andesite 2.3+0.2 K/Ar (WR) Charrier and Munizaga [1979]
i8 —70.3917  —34.1175 2850 dacitic dike 3.85+0.18 Ar/Ar (hbl) Maksaev et al. [2004]
9 —70.52 —34.8525 2800 basaltic andesite 0.95+0.24 K/Ar (WR) Arcos [1987]°
il0  —70.4691 —34.9816 2800 pyroxene andesite 1.101£0.068  K/Ar (WR) Arcos [1987]°
ill —70.294 —33.0025 3200 dacitic dike 5.88+0.27 U/PB zrn maximum age Deckart et al. [2005]
4.5540.18 U/PB Zrn minimum age Deckart et al. [2005]
4.916+0.091 U/PB zrn mean weighted age ~ Deckart et al. [2005]
il2 —70.0991 —33.7716 3650 biotite dacite 1.20+0.19 Ar/Ar plateau (hbl) Baeza [1999]°
1.05+0.02 Ar/Ar plateau (bt) Baeza [1999]°
i13 —-70.2 —33.7974 1500 ash deposit 0.4540.06 zircon fission track Stern et al. [1984]

?All K-Ar and Ar/Ar ages with 2¢ error. Zircon fission track age with 1o. WR, whole rock; bt, biotite; fs, feldspar; hbl, hornblende; zrn, zircon.

"See auxiliary material section S1 for details.

“Datation performed at the Laboratory of Geochronology, University of California, Berkeley.
9Datation performed at the Department of Geological Science, University of California, Santa Barbara.

sedimentary infill of the Central Depression [Araneda et al.,
2000]. According to these data, these ridges correspond to
interfluves of a buried drainage network, which evidence
the erosive nature of the Central Depression. Farther south
at 34°35'S, the Principal Cordillera also joins the Coastal
Cordillera (Figure 4), and the scarp is less sharp and lower
than in Santiago (600—800 m high).

[29] Because the scarp height shows local variations, its
height cannot be completely considered as the result of fault
activity (see Figures 4 and 5). Therefore the upheaval
resulted from faulting can be only estimated from the offset
of the peneplain surface. Thus faulting would have pro-
duced a relative uplift of 0.7—1.1 km at the latitude of
Santiago and 0.6—0.8 km at 34°30’S (Figure 4). The rest of
the scarp height should then be the result of differential
erosion in response to surface uplift [Borde, 1966; Farias et
al., 2006b].

5. Erosional Response of the Landscape to
Surface Uplift

5.1. Timing of Incision in the Principal Cordillera

[30] Close to the Rio Blanco—Los Bronces porphyry-
copper deposit (western Principal Cordillera at ~33°S), the

La Copa volcanic-porphyric complex has sensitive high-
resolution ion microprobe (SHRIMP) #**U/?°Pb zircon
ages between 4.55 + 0.18 and 5.88 + 0.27 Ma (4.92 +
0.09 Ma calculated weighted mean age, Table 2) [Deckart et
al., 2005]. The top of the unit is at ~3900 m asl and
approximately coincides with the elevation of the peneplain
surface at this place (Figures 5 and 6b). The dated sample
was collected at ~3200 m asl, close to the lowest altitude
observed for the contact between this complex and the host
rock that corresponds to middle Miocene intrusives [see
Deckart et al., 2005, and references therein]. At the present,
the Aconcagua river is ~2 km below this contact. Thus
incision has mainly occurred after ~5 Ma in the western
edge of the Principal Cordillera at 33°S.

[31] About 30 km upstream from the Central Depression
near the El Teniente porphyry copper (western Principal
Cordillera in the Cachapoal basin), lavas and plutons reach
altitudes between 2850 and 3950 m asl (Figure 6e). The
base of the volcanic and intrusive bodies is ~2 km above
the present-day thalweg (sample i8 in Table 2). This base
corresponds to a flat discordance that can be correlated,
based on its elevation, with the peneplain surface in the
western Principal Cordillera. These units have a youngest
“OAr°Ar age of 3.85 + 0.18 Ma [Maksaev et al., 2004]. In
addition, 150 m above the valley bottom of the Cachapoal

Figure 6. Pictures of the evidence for surface uplift in the study region. (a) View to one of the highest peneplain relicts in
the eastern Coastal Cordillera, northwest of Santiago. (b) View to the Principal Cordillera from the Coastal Cordillera in the
ridge junction located north of Santiago. (c) View to the peneplain relicts in the western Principal Cordillera in the Maipo
river. (d) View to peneplain relicts in the western Principal Cordillera, south of the Teno valley. (e) Incision markers in the
Cachapoal valley near the El Teniente copper mine (western Principal Cordilelra). (f) 0.45 Ma old ash deposit over the ~10 Ma
old intrusives in the Maipo river. (g) The Altos del Padre volcanic complex in the Tinguiririca valley. (h) Tinguiririca lavas
close to the ~10 Ma old intrusive belt. (i) Approximately 1.05 Ma intrusive in the Volcan valley (central Principal Cordillera in

the Maipo basin).
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river (at ~880 m asl), Charrier and Munizaga [1979]
reported lava deposits with K/Ar ages of 2.3 + 0.2 Ma
(oldest age) and 1.8 = 0.4 Ma (youngest age) (Figure 6e).
Therefore incision mostly occurred between 3.85 and 2.3 Ma
at this place.

[32] About 10—15 km upstream from the Central Depres-
sion in the Tinguiririca valley, ~1.1 Ma old lavas (il —i3)
are located ~150 m above the thalweg. About 15-20 km
upward from there, these deposits sealed a paleovalley
situated 200—-250 m above the river (i4 in Table 2).
Upstream from the ~10 Ma old intrusive belt, the 1.1—
0.9 Ma old Altos del Padre volcanic complex (i19-i10 in
Table 2) [Arcos, 1987] settled on a flat discordance above
the Abanico Formation (Figures 6g and 6h). The base of this
unit is at 2850—2750 m asl (1150 m and 1450 m above the
Tinguiririca and Teno rivers, respectively). Hence mean
incision has occurred at rate of 1.3—1.5 mm a ' since
~1.1 Ma, similar to the incision rate calculated in the
western Principal Cordillera in the Cachapoal basin, even
though incision was older there.

[33] In the eastern edge of the central Principal Cordillera
in the Volcan river valley (Maipo river basin), a 1.05—

1.20 Ma old pluton (sample 112 in Table 2) intrudes the
Abanico Formation [Baeza, 1999]. The roof of this body is
at 3650 m asl, i.e., almost 2 km above the valley bottom and
~500 m below the top of the hillslope (Figure 6i). In
addition, about 150 m above the river, an ash deposit
covering a thin layer of fluvial deposits emplaced over the
10 Ma old intrusive belt has an age of 0.45 + 0.06 Ma [Stern
et al., 1984] (sample i13 in Table 2, see Figure 6f).
Therefore 2.4 km of incision occurred between 1.1 and
0.45 Ma at this place (~2.8 mm a~! of mean incision rate).

[34] Figure 7 sums up the data evidencing surface uplift.
Incision in the eastern Coastal Cordillera and Central
Depression has been ~1.8 km, at the latitude of Santiago,
and ~0.8 km, at 35°S. Incision has been 2—2.5 km in the
western Principal Cordillera, and between 1.5 (at 34°30'S)
and 2.5 km (at 33°45'S) in the central Principal Cordillera
and eastern Principal Cordillera. Therefore minimum sur-
face uplift should be smaller than or equal to the incision in
each region. Because at each location the incision was very
rapid, we infer that the uplift would have also occurred very
rapidly in >2 Ma.
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Figure 8. Fission track ages projected on profiles perpendicular to the orogen strike. The 0 km is as in
Figure 4. Distribution and age of lithological units and magmatic/hydrothermal events permit their
correlation with some fission track ages and interpret exhumation (see text). Age range for the Abanico
Formation is after Gana and Wall [1997], Vergara et al. [1999], Charrier et al. [2002], Fuentes et al.
[2002], and Fock et al. [2005]; for the Farellones Formation is after Vergara and Drake [1978], Beccar et
al. [1986], Aguirre et al. [2000], and Fuentes et al. [2002]; for the magmatic and hydrothermal activity in
porphyry copper systems is after Vergara and Drake [1978], Maksaev et al. [2004], and Deckart et al.
[2005]; and for the ~10 Ma old intrusive belt is after Vergara and Drake [1978], Kurtz et al. [1997], and

Cornejo and Mahood [1997].

5.2. Fission Track Ages

[35] Figure 8 shows the 41 apatite fission track (AFT)
and the 14 zircon fission track (ZFT) ages obtained in this
study (see Figure 3 for sample location and auxiliary
material' section S2 for details)." Most of the samples were
collected near the valley bottoms. Data are plotted as a
function of the distance from the Mesozoic-Cenozoic con-
tact in the Central Depression (see Figures 2 and 3 for the
location of this contact). In the central Principal Cordillera
and eastern Principal Cordillera, AFT ages range between

1.4 and 10 Ma. Because these ages are much younger than
the host rocks (Mesozoic and Eocene—lower Miocene), they
correspond either to exhumation or cooling after resetting
by postdepositional magmatic activity. It is likely that the
ages that fall close to 10 Ma correspond to cooling ages
after the heating produced by the emplacement of the
~10 Ma old intrusive belt. It is unlikely that the youngest
ages are related to such a process because the youngest
intrusive bodies are very small in comparison with the
10 Ma old belt. For example, the ~1.2 Ma old pluton
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Figure 9. Analysis of incision markers and knickpoint retreat in the Tinguiririca and Cachapoal basins.
Markers are plotted along transect perpendicular to the orogen strike. On the basis of the markers in the
Cachapoal river valley, the mean position of the knickpoint between 3.85 and 2.3 Ma was 44 km
downstream from the drainage divide, while in the Tinguiririca river, the knickpoint at 1.1 Ma was 25 km
downstream from the drainage divide. Considering the mean distance between both knickpoints, the
retreat celerity ranges between 6.5 and 19 mm a~' with a central value of 9.6 mm a~' (Table 3). The
markers of the rest of the basins are also displayed as reference. The star shows the prolongation of base
of the lava layer observed downstream. Ages are in millions years ago.

located at the Volcan valley extents over less than 1 km?.
Neglecting the ~10 Ma old AFT ages, the main population
of AFT ages ranges from 1 to 5 Ma. Therefore AFT ages in
the central Principal Cordillera and eastern Principal Cor-
dillera could represent exhumation rather than a magmatic/
hydrothermal heating and cooling effect.

[36] In turn, AFT ages obtained in the western Principal
Cordillera fit well with depositional ages of the Abanico and
Farellones formation, except near the porphyry copper
deposits (Figure 8). We suspect that youngest cooling ages
close to these deposits mark the magmatic and hydrothermal
activity there. In fact, the youngest U/Th-He age of 2.4 Ma
obtained by Mclnnes et al. [2005] close to the El Teniente
mine is very similar to the oldest age obtained for the lava
deposit close to the thalweg in the Cachapoal river (2.3 +
0.2 Ma). This situation is in agreement with a magmatic
heating and cooling effect rather than exhumation. On the
other hand, the similarity between the AFT and depositional
ages obtained in the western Principal Cordillera shows that
rocks were not heated above 110—125°C.

[37] In summary, fission track ages suggest that exhuma-
tion occurred mostly after 5 Ma in the central and eastern
Principal Cordillera, which is consistent with the age of the

main event of incision. On the other hand, exhumation in
the western Principal Cordillera, eastern Coastal Cordillera,
and Central Depression has not been large enough to expose
rocks that underwent apatite fission track resetting during
the Neogene. In spite of the good correlation between larger
incision in the central and eastern Principal Cordillera and
the AFT ages, the presence of <5 Ma old plutons at this
place can alternatively explain the younger cooling ages.

5.3. Estimating Celerities and Shape of Upstream
Propagation of the Erosion

[38] On the basis of the data presented above, it is
possible to estimate where knickpoints were located during
the upward propagation of the erosion. Particularly, three
knickpoint positions and their respective ages can be
directly interpreted from these data. The first one can be
inferred in the central Principal Cordillera along the Maipo
basin, where the knickpoint crossed between 1.2 and
0.45 Ma (Figure 9). Likewise, the knickpoint crossed the
zone close to the El Teniente mine along the Cachapoal
basin between 3.85 and 2.3 Ma. The position and age of the
knickpoints in these basins, however, is only roughly
estimated on the basis of this methodology.
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Table 3. Calculation of Knickpoint Celerity®
Parameter Value Description Reference
Calculation of the Erodability Constant K
b 44,000 m distance of 3.85—2.3 Ma old knickpoint see Figure 9
from the drainage divide
a 25,000 m distance of the 1.1 Ma old knickpoint see Figure 9
from the drainage divide
h 1.76 reciprocal of Hack’s law values obtained in
section 3 (Table 1)
ke 6.12 m%%* constant of Hack’s law
m 0.5 adimensional exponent of the stream power law
n 1 adimensional exponent of the stream power law
Cha 0.0065ma" minimum mean speed between both knickpoints values obtained in
section 5.3 (see Figure 9)
0.0190ma' maximum mean speed between both knickpoints
0.0096 m a~'® central mean speed between both knickpoints
K 273 x 1077 a~! (minimum) erodability constant of the stream power law calculated from
equation (A7)
7.97 x 1077 a~' (maximum)
4.03 x 107" a~" (central)®
Calculation of the Onset of the Surface Uplifi
d 140,000 m distance from paleocoast up to the drainage divide
e 44,000 m distance of the 3.85-2.3 Ma old knickpoint
from the drainage divide
Cye 0.01446 m a~! minimum mean speed between d and e calculated from
equation (A6)
0.04226 m a~! maximum mean speed between d and e
0.02135ma'® central mean speed between d and e
T = (d-¢)/Cy. 2.27 Ma (minimum) timing for arrival to the Principal Cordillera

6.64 Ma (maximum)
4.50 Ma (central)®

Ty 4.57 Ma (minimum)
10.49 Ma (maximum)
7.58 Ma (central)®

age of the onset of surface uplift

Calculations were made using the equations in Appendix A.

®Central value obtained from the mean age of knickpoint pass in the Cachapoal river between 2.3 and 3.85 Ma (3.075 Ma) and subsequent calculations.

[39] In turn, the ~1.1 Ma old lavas deposited in the
Tinguiririca valley mark very well the position of the
knickpoint at that time. The lavas are situated very near
the valley bottom in the western Principal Cordillera. In
turn, the bedrock where the lavas were deposited increases
its elevation up to ~1.5 km above the valley bottom near
the ~10 Ma old intrusive belt (Figure 9). Moreover, the
geometry of the thalweg where the lavas were deposited
(Figure 9) can be interpreted as the result of knickpoint
retreat under a parallel-retreat model (see Figure 1).

[40] Morphometric parameters between the Tinguiririca
and Cachapoal basins (Hack’s law parameters, see Table 1)
can be considered comparable. However, the much larger
drainage area of the Maipo basin does not allow a quanti-
tative comparison with the other basins. Because of this, we
made a quantitative analysis of the knickpoint positions and
timing in the Cachapoal and Tinguiririca valleys (Figure 9).

[41] This procedure shows that the knickpoint at 2.3—
3.85 Ma was situated 44 km from the drainage divide, and
that at 1.1 Ma, it was situated 19 km upward (25 km from
the drainage divide, see Table 3). Using these values, the
knickpoint retreat celerity between these two points ranges
between 6.5 and 19 mm a~ ' with a central value of 9.6 mm

a~'. It is necessary to point out that knickpoint celerity is a
mean value that is only valid for the segment between two
knickpoint locations; in fact, celerity should vary with
drainage area (see Appendix A for further explanation about
the stream power model). Thus it is not valid to use directly
this value to estimate the age of the onset of knickpoint
retreat.

[42] In order to estimate this age, we used a stream power
law model for detachment-limited systems based on the
work by Whipple and Tucker [1999] (see Appendix A). The
stream power law relates the erosion rate to the drainage
area A4 (as proxy for discharge) and the slope S (see equation
(A1)). We assumed values for the nondimensional constants
n and m of the stream power law to be 1 and 0.5,
respectively. We used n = 1 because this value is consistent
with the observed parallel retreat [cf. Tucker and Whipple,
2002]. Moreover, m = 0.5 is consistent with predicted
values of the m/n ratio, which commonly fall into a narrow
range near 0.5 [see Whipple and Tucker, 1999, and references
therein]. We also used the parameters of Hack’s law
previously calculated (Table 1). On the basis of these
assumptions, we determined an erodability constant K
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Table 4. Summary of Some Knickpoint Retreat Speed Estimates®
Location Knickpoint Retreat Rate, mm a ™' Timescale, years Reference
Dead Sea basin 0.25-0.50 10°—107 Haviv et al. [2003]
Hawaii 0.5-2 10° Seidl et al. [1994]
SE Australia ~2.0 107-10% Nott et al. [1996]
Northern Chile ~10 10°—-107 Schlunegger et al. [2006]
Utah ~10 10°~10* Phillips et al. [2004]
Andes of central Chile 6.5-19, Principal Cordillera 10°-107 this work
14.5—-42.3, Coastal Cordillera
and Central Depression
San Jacinto mountains, 12—-44 10° Dorsey and Roering [2006]
California
Jalisco, Mexico 36 10° Righter [1997]
SE Spain 200 10*-10° Mather et al. [2002]
Costa Rica arc 200-250 10° Marshall et al. [2003]
Yalobusha river, 5.4 x 10 to 1.55 x 10* >4 Simon and Thomas [2002]
Mississippi basin
Homichitto river, 1.5 x 10% t0 9.4 x 10° 60 Daniels [2002]

Mississippi basin

“Note that sites are in descending order according to their knickpoint retreat celerity.

ranging between 2.7 x 107" a~' and 8.0 x 107" a~' (see
Appendix A and Table 3).

[43] These values allow us to compute a mean celerity
function depending on the downstream distance (see
Appendix A). Integrating the celerity, the model suggests
that knickpoint retreat began at 10.5—4.6 Ma if it started in
the western edge of the eastern Coastal Cordillera (expected
coastline at this time), and at 5.6—2.9 if it started in the
western edge of the Principal Cordillera (western scarp of
the mountain belt, namely, the San Ramoén-Pocuro fault and
its southward prolongation). These ages correslgond to
retreat celerities ranging between 10 and 40 mm a™°, which
can be considered as slow-to-mean values (see Table 4).

6. Discussion

[44] The relicts of peneplains located near the summits of
the eastern Coastal Cordillera and in the Principal Cordillera
show that an uplift occurred at a regional scale but not
necessary at the same time everywhere. Furthermore,
emerged marine sediments near the present-day coastline
(western Coastal Cordillera) show that this area has been
also considerably uplifted. Next, we address the following
questions that our data cannot solve directly: (1) Did the
peneplains of the eastern Coastal Cordillera and western
Principal Cordillera correspond the same surface? (2) Was
the uplift in the continental margin contemporaneous every-
where? (3) When did it occur? (4) Which were the controlling
mechanisms for regional uplift in this region?

[45] First, we propose to correlate the peneplains of the
eastern Coastal Cordillera with those of the western Princi-
pal Cordillera that are facing each other. The main problem
of this correlation is the lack of an age for the peneplains of
the eastern Coastal Cordillera. There, fission track ages have
provided Eocene ages, which coincide with the beginning of
the extension that led to the development of the Abanico
basin. It is unlikely that low-temperature thermochronom-

eters show younger ages because more than 10 km of
exhumation would be required to record exhumation
because of the low geothermal gradient estimated for this
area [e.g., Oleskevich et al., 1999; Yanez and Cembrano,
2004]. The absence of volcanic and sedimentary cover on
the surfaces makes particularly difficult to date these pene-
plains. Furthermore, because the primary surfaces are de-
graded, cosmogenic dating would reflect younger ages than
the peneplanation event. In spite of these problems, it is likely
that two offset peneplain surfaces facing each other would
have belonged to the same surface because both the most
prominent offset correlates with an active fault (San Ramon-
Pocuro fault and its southward prolongation) [Rauld et al.,
2006] and the surfaces present a great morphological
similitude.

[46] As previously mentioned, the San Ramdn-Pocuro
fault (and its southward prolongation) would have produced
no more than 1.1 km of relative upheaval on the eastern
block (western Principal Cordillera) at the latitude of
Santiago, and no more than 800 m at 35°S. Because the
incision in the western Principal Cordillera at 34°S was
more than 2 km, the Principal Cordillera and eastern Coastal
Cordillera should have been uplifted during the same event
with a greater offset (30% more) east of the San Ramodn-
Pocuro fault, including its southward prolongation. Most of
this differential uplift probably occurred during the main
regional uplift event because only ~150 m of incision
occurred in the main rivers of the western Principal Cordil-
lera after 2.3 Ma. If effectively the surfaces observed in the
eastern Coastal Cordillera and western Principal Cordillera
corresponded to the same peneplains, the uplift would have
began at 10.5—4.6 Ma according to our erosion model.

[47] The emergence of marine deposits in the western
Coastal Cordillera occurred between 4.4 and 2.7 Ma. The
similitude between the youngest extreme for the onset of
knickpoint retreat from the western edge of the eastern
Coastal Cordillera (4.6 Ma), and the oldest extreme for the
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emergence of marine deposit in the western Coastal Cor-
dillera (4.4 Ma) suggests that regional and sudden uplift
occurred shortly before 4 Ma. This model would have
affected the entire Coastal Cordillera and Principal Cordil-
lera (model 1, Figure 10a).

[48] However, we propose an alternative model based on
complementary evidence and the synchronism with major
geodynamic events in this region (model 2, Figure 10b).
This model suggests that the western Coastal Cordillera and
the offshore fore arc were uplifted after the eastern Coastal
Cordillera and Principal Cordillera and that the uplift
magnitude was different in each zone. We base this propo-
sition on the following facts. In the eastern Coastal Cordil-
lera, the relicts of peneplains decrease in elevation from
2100 at 33°S to <1000 m asl at 35°S. Although the
peneplain surface could have had variable altitudes before
uplift, this strong decrease indicates that the uplift also
decreased to the south. The situation described above seems
to be supported by the fact that the elevation of the western
Principal Cordillera decreases southward approximately at
the same rate as that of the eastern Coastal Cordillera
(Figure 4). This feature is also supported by an approxi-
mately similar southward rate of reduction of the crustal
thickness [see Tassara et al., 2006]. In turn, the magnitude
of uplift of the western Coastal Cordillera has been showed
to be nearly the same from 33°-34° to 45° [Encinas et al.,
2007; Finger et al., 2007; Melnick and Echtler, 2006]. This
suggests the existence of a fault system separating the
western from the eastern Coastal Cordillera. Such a fault
system has been described by Melnick et al. [2006] at 37—
38°S and can be inferred by the location of bedrock rivers
along the mainstreams near the coast (see Figure 5).
Concerning the onset of uplift in both parts (i.e., western
Coastal Cordillera and eastern Coastal Cordillera—western
Principal Cordillera), if we consider a 3.4 Ma age (mean
age) for the emergence of the bathyal deposits and a 7.6 Ma
age (central age, see Table 3) for the onset of knickpoint
retreat, it is possible to conclude that the western Coastal
Cordillera was uplifted after the rest of the Andes of central
Chile. However, this is a somewhat weak argument consid-
ering the uncertainty on the incision model used to estimate
the erosion onset.

[49] In spite of this, three other major events in this
region occurred between 10 and 4 Ma: (1) at ~10 Ma the
southern edge of the flat slab subduction zone reached its
present-day location at ~33°S [Ydriez et al., 2001] (the
southern boundary of the flat subduction is at 33°S, namely,
the north boundary of the study area), (2) the uplift of the
Frontal Cordillera and the development of out-of-sequence
thrusts in the central eastern Principal Cordillera, and (3) a
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high subsidence of the western Coastal Cordillera and the
offshore fore arc [Encinas et al., 2007; Finger et al., 2007].

[50] Some works have related the flattening of the slab to
the reactivation of high-angle basement structures, which
resulted in the uplift of the Frontal Cordillera and Precor-
dillera, and in the subsequent activity of out-of-sequence
thrusts in the Principal Cordillera [e.g., Ramos et al., 2002;
Giambiagi and Ramos, 2002]. The out-of-sequence thrust-
ing event in the central eastern Principal Cordillera lasted
until ~4 Ma. At this time, shortening migrated farther east
to the foreland. In fact, present-day deformation within the
Principal Cordillera is mainly related to strike-slip kinemat-
ics according to the Harvard CMT focal mechanism for
shallow earthquakes M>5 recorded during the last three
decades [Farias et al., 2006a]. We propose that the fore-
landward migration of shortening would have occurred
because of the large elevation reached by the mountain belt
after the main surface uplift event (Figure 10b); that is, the
increase in vertical stress would have resulted large enough
to prevent contraction within the mountain belt and to
produce the migration of the shortening to the lowlands
(see, for example, the model of Dalmayrac and Molnar
[1981]). This migration would have been also favored by a
decreasing convergence rate at this time [Somoza, 1998]
that would have led to a decrease in the horizontal stress.
Therefore elevation reached by the mountain belt at ~4 Ma
would not differ too much from its current elevation and is,
thus, consistent with great uplift at 10—4 Ma.

[51] Between 10 and 4 Ma, the western Coastal Cordil-
lera was subsiding [Finger et al., 2007; Encinas et al.,
2007]. Encinas et al. [2007] considered that the only
reliable process that could produce this subsidence is the
tectonic erosion of the continental margin. This process
occurring in the coastal offshore fore arc could be consistent
with contemporaneous uplift of the rest of the Andes in the
study region (see the model of Lamb and Davis [2003]). On
the other hand, Melnick and Echtler [2006] proposed that
uplift of the bathyal deposits would have been the result of
frontal accretion and subduction of water-rich material due
to an increase on sediment flux incoming to the trench
(Figure 10b). Melnick and Echtler proposed that the onset
of glacial denudation in the already uplifted high Andes
would have propitiated this process. We consider likely that
fluvial erosion of the mountain belt in response to the
surface uplift could have also contributed to increase the
sediment flux incoming to the trench (Figure 10b). This is
because knickpoints arriving in the western Principal Cor-
dillera at 3.8—2.3 Ma would have increased the rate of
sedimentary production, which is consistent with the ages
for the onset of the uplift of the western Coastal Cordillera
and the offshore fore arc.

Figure 10. Models for surface uplift. (a) Model 1. This model implies that uplift occurred shortly before 4 Ma. Uplift in
this model affected simultaneously the offshore fore arc, Coastal Cordillera and Principal Cordillera. (b) Model 2. This
model implies that uplift occurred in the eastern Coastal Cordillera and Principal Cordillera, while the offshore fore arc and
western Coastal Cordillera subsided at this time. Following to the model proposed by Melnick and Etchler [2006], in this
scenery the erosion in the already uplifted Principal Cordillera and eastern Coastal Cordillera would have increased the
sediment flux into the trench, thus inducing the uplift of the offshore fore arc and western Coastal Cordillera after 4 Ma.
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(a) Model 1: uplift at ~4 Ma (coupled Coastal Cordillera)
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Table 5. Calculation of Crustal Shortening, Thickening and Uplift*
Final Length Mean Final Crustal
of the Thickness T of the
Zone Affected by Shortened Shortening Zone Affected by Thickening Uplift
Model Shortening Zone L AL Shortening AT AR®
1 Trench to Frontal Cordillera 330 32 40-50 2.7-34 0.63-0.79
2 eastern Coastal Cordillera, 160 32 50-60 8.3-10.0 1.49-1.79

Principal Cordillera, and
Frontal Cordillera

“Mean uplift affecting the zone comprised between the trench and the Frontal Cordillera (model 1 in section 6) and between the eastern Coastal

Cordillera and the Frontal Cordillera (model 2).
®Calculated using equation (B3).

[52] As previously mentioned, the most likely model
(model 2, Figure 10b) implies that regional uplift and
deformation in the Principal Cordillera were coeval. How-
ever, the shortening accommodated between 10 and 4 Ma
was only ~32 km at the latitude of Santiago [Giambiagi
and Ramos, 2002]. Even though shortening could be under-
estimated, such a magnitude of shortening would produce
1.5—1.8 km of mean surface uplift from the eastern Coastal
Cordillera to the Frontal Cordillera (see Table 5 and
Appendix B). This uplift equals the minimum surface uplift
estimated for the eastern Coastal Cordillera, but it is
relatively similar to the mean uplift at 35°S. Unfortunately,
there is no estimation for the magnitude of shortening at
35°S. In spite of this, we suspect that this should be lesser
because crustal thickness is about 10 km minor than at 33°S
[see Tassara et al., 2006]. Therefore the crustal shortening
occurring at this time could not explain completely the
observed surface uplift.

[53] The establishment of the southern edge of the flat
slab subduction zone (33°S) at ~10 Ma would have
produced changes in the upper mantle material distribution
beneath the mountain belt. This process probably induced
material displacement to the south and to the southeast [cf.
Wagner et al., 2005], which could produce changes in the
floatability of the continent [see Yariez et al., 2001, and
references therein]. We agree with the fact that flat subduc-
tion should not significantly affect regions situated ~200 km
to the south (i.e., at 35°S). However, this is consistent with
the southward decrease in elevation of the mountain belt.
Therefore it is reasonable to propose that surface uplift
would have been mainly the result of tectonic shortening
and partially as a consequence of the effects related to the
flattening of the slab.

7. Summary and Conclusions

[s4] On the basis of morphological analysis and fission
track and radiometric data, we presented evidence for rapid
and high magnitude regional uplift of the Andes of central
Chile. Evidence can be synthesized as follows: (1) high-
elevated peneplains in the eastern Coastal Cordillera and in
the western Principal Cordillera and (2) more than 2 km of
incision in the Principal Cordillera.

[s5s] Peneplains in the eastern Coastal Cordillera and in
the western Principal Cordillera would have corresponded
to the same surface prior to the onset of the uplift. Offset
between them would be the result of the activity of the San
Ramén-Pocuro fault, including its southward prolongation.
This offset implies that this fault would have produced
<I.1 km of relative upheaval on the Principal Cordillera at
the latitude of Santiago and 800—600 m at 35°S. Most of
the uplift of the eastern Coastal Cordillera and Principal
Cordillera would have occurred during the same event.

[s6] Peneplain elevations show that the eastern Coastal
Cordillera underwent 2.1-1.5 km of surface uplift at the
latitude of Santiago, and<l km at 35°S. Peneplains and
incision markers show that the western Principal Cordillera
has been uplifted ~2 km, and the central Principal Cordil-
lera and eastern Principal Cordillera were uplifted between
1.5 km (at 34°30'S) and >2.5 km (at 33°45'S).

[57] Incision rates show minimum values between 1.0—
1.7 mm a~' across the Principal Cordillera along a short
period (~1-2 Ma). Incision occurred sooner in the western
Principal Cordillera than in the eastern Principal Cordillera,
which is evidence for the delay in the propagation of the
erosion. Using incision markers, knickpoint retreat celerity
ranges between 6 and 19 mm a~'. Modeling using a stream
power law for detachment-limited systems gives velocities
of knickpoint retreat between 10 and 40 mm a~' for the
segment comprised from the paleocoast (western edge of
the eastern Coastal Cordillera) to the western Principal
Cordillera. This estimation shows that knickpoints arrived
in the western Principal Cordillera 2—6 Ma after the onset of
surface uplift, and >2 Ma later in the eastern Principal
Cordillera. These results reveal that the erosional response
to uplift could have been delayed 5—10 Ma. Therefore
different methodologies based on erosional and sedimentary
records that are commonly used to interpret ancient or
recent uplift would need to be reevaluated.

[58] On the basis of our estimations, surface uplift would
have begun between 10.5 and 4.6 Ma (central age at 7.6 Ma)
and lasted about 2 Ma. Because our estimation for the onset
of surface uplift is very rough, we proposed two models for
the timing and the zones affected by surface uplift. The first
proposition implies that surface uplift would have com-
menced shortly before 4 Ma affecting the zone comprised
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from the offshore fore arc to the Principal Cordillera. The
second model suggests that the western Coastal Cordillera
and the offshore fore arc began to be uplifted after the uplift
of the eastern Coastal Cordillera and Principal Cordillera.
We consider that the second model is more reliable because
three major tectonic events occurred at the same time in the
study region, which could also explain the surface uplift.
These processes are (1) the establishment of the southern
edge of the flat subduction region at its present-day location
at ~10 Ma, (2) the uplift of the Frontal Cordillera and out-of-
sequence thrusting in the eastern central Principal Cordillera,
and (3) high subsidence of the offshore fore arc and western
Principal Cordillera. On the other hand, it has been previ-
ously proposed by other authors that the uplift of the offshore
fore arc and western Principal Cordillera would have been a
consequence of large sediment income in the trench. This
process could be the end result of the erosion in response to
the surface uplift.

[59] Concluding, the great surface uplift would be the
result of the tectonic shortening that affected the eastern and
central Principal Cordilleras between 8.5 and 4 Ma, and the
influence produced by the flattening of the slab in the
northern part of the study region.

Appendix A: Estimation of Mean Knickpoint
Retreat Celerity

[60] Erosion in detachment-limited systems can be
modeled by a stream power law, which relates the
incision rate £ with the drainage area 4 (as a proxy of
the discharge) and the channel slope S [Howard, 1980]:

E ({)Z K14n7 S}’l

5 (A1)

where m and n are positive nondimensional constants and
K is the dimensional coefficient of erosion. This relation-
ship can be rewritten in the form of a nonlinear kinematic

wave equation [e.g., Rosenbloom and Anderson, 1994;
Whipple and Tucker, 1999]:

827 mon—1 % %

E__KAS 8x78x< , (A2)

where C ~ KA™S "' is the wave speed. From Hack’s
law, the drainage area can be approximated by the
distance x downstream from the drainage divide along
the main trunk:

A= k",

where k, is a dimensional constant and / is the reciprocal
of the Hack exponent. Combining (A2) with (A3), the
wave speed equation can be reduced to one dimension:

(A3)

= Kk

C(x) (A4)
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[61] Considering n = 1, equation (A4) takes a simplified
form

C(x) = Kk™"x'"™.

(AS)

[62] Given two points along the main river (x = @ and x =
b from the drainage divide, a < b), the average wave celerity
is represented by

hm)

b
KK™(1 —
Cup = (b—a) [/C } (b— )wl,ha,n%

al hm)

(A6)

[63] Knowing the average wave speed between two
points (b* and «*), the mean erodability constant K can
be evaluated:

C %
(b* —a*)

b*l—hm o
km(1 — hm)

a*l—hm
K =

(A7)

[64] Inversely, knowing K it is possible to evaluate
equation (A6) and thus extrapolate the result to other seg-
ments of the main rivers.

Appendix B: Calculation of Surface Uplift
Due to Crustal Shortening

[65] Crustal thickening in mountain ranges mainly results
from tectonic shortening. In a two-dimensional analysis,
crustal thickening (A7) resulting from tectonic shortening
(AL) can be calculated using the following relationship:

L
“riar)

where L and T are the final crustal length and thickness,
respectively. Surface uplift (A#) resulting from Airy iso-
static compensation after thickening (A7) is defined by

(L+AL)~(T—AT):L-T<:>AT:T(1

Ab=-L AT,
5.6

(B2)
considering normal crustal and mantle densities of 2.8 X
10% and 3.3 x 10 kg m, respectively.

[66] Combining (B1) with (B2),

Tt
56\ L+AL
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