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1. Introduction

ABSTRACT

The Andean Cordillera has evolved since the Late Cretaceous in the context of subduction of oceanic litho-
sphere beneath continental lithosphere, making the kinematics between South America and its adjacent
oceanic plates in the Pacific basin valuable to analyze the development of the Andean orogen. The latest
Cretaceous-Cenozoic convergence history in western South America may be divided into three stages. The
youngest Stage 1 (25-0 Ma) is characterized by ENE directed convergence of the Nazca plate toward most
of South America, and by ~E-W subduction of the Antarctic plate beneath southern Patagonia. The Nazca-
South America convergence rate in Stage 1 shows a continuous decrease from the highest values in the
Cenozoic (~15 cm/yr) to the present day values from GPS measurements (~7 cm/yr). Stage 2 (47-28 Ma)
is characterized by NE directed subduction of Farallon with the convergence rate remaining almost constant
during the entire interval. In those times obliquity was dextral in Chile, sinistral in southern Peru, while
almost head-on convergence occurred in central and northern Peru. During latest Cretaceous to Early Eocene
times (Stage 3) the Farallon plate was subducted beneath Pert and the Phoenix plate was subducted farther
south, where a triple junction migrated southward along the Chilean margin. The subduction of the Farallon
plate was rather slow with variable direction imposed by the position of the triple junction, whereas subduc-
tion of the Phoenix plate was rapid (>10 cm/yr) and ESE directed. We present a working hypothesis suggest-
ing no major changes in the age of subducted lithosphere in the Chile trench from Middle Eocene to Late
Oligocene, followed by subduction of progressively older oceanic lithosphere in the early Neogene and pro-
gressively younger lithosphere during the late Neogene and the Quaternary. In addition, it is shown that
South American motion as predicted by available hotspot models has insufficient resolution to be applied
to the analysis of Cenozoic Andean deformation.

© 2012 Elsevier B.V. All rights reserved.

in absence of collisions, involving autochthonous back-arc and mag-
matic arc rocks (Mégard, 1987; Mpodozis and Ramos, 1990; Ramos

The magmatic arc that parallels the western margin of South
America has been almost permanently active since at least the Early
Jurassic, indicating a long-lived subduction history. The coeval evolu-
tion of the continental margin may be divided into two periods.
During Jurassic-Early Cretaceous times most of the margin was very
close to sea level, with back-arc shallow seas and extensional basins.
In contrast, the Late Cretaceous to Recent interval is distinguished by
rising of arc massifs and predominance of horizontal shortening, lead-
ing to progressive crustal thickening, uplift, development of thrust
belts and associated foreland basins. In the northern and southern-
most Andes, some of the tectonic activity from this last evolutionary
period is related to marginal basin closure and island arc accretion
during the Late Cretaceous and Paleogene (e.g. Aleman and Ramos,
2000; Dalziel, 1981; Feininger and Bristow, 1980; Mégard, 1987). In
contrast, the central Andean segment from ca 4° S to ca 45° S evolved
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and Aleman, 2000), a scenario that also characterizes the Eocene to
Recent evolution of the northern and southernmost Andes. These
characteristics led to the consideration of the Andean cordillera as
the type example of noncollisional orogen, formed in the context of
convergence between oceanic and continental lithospheres (Dewey
and Bird, 1970). Thus, Late Cretaceous to Recent relative motion
between South America and its adjacent oceanic plates in the Pacific
basin constitutes valuable information to analyze the development
of the Andean orogen.

The last decade has seen the publication of many new findings and
ideas concerning first order features in the Cenozoic Andes, such as
the amount and timing of horizontal crustal-shortening, origin of
crustal thickness, origin and timing of uplift of the Central Andean
Plateau; shallowing of Wadati-Benioff zones; Cenozoic climate-
tectonics interactions; and others (e.g. Ghiglione et al., 2010;
Hampel, 2002; Hartley, 2003; Ilaffaldano et al., 2006; Lamb and
Davis, 2003; Liu et al., 2003; Martinod et al., 2010; McQuarrie, 2002;
Miiller et al., 2002; Schellart, 2008; Sobolev and Babeyko, 2005;
Tassara et al., 2006; Yafiez and Cembrano, 2004). Both relative plate


http://dx.doi.org/10.1016/j.epsl.2012.03.003
Unlabelled image
http://dx.doi.org/10.1016/j.epsl.2012.03.003
Unlabelled image
http://www.sciencedirect.com/science/journal/0012821X

R. Somoza, M.E. Ghidella / Earth and Planetary Science Letters 331-332 (2012) 152-163

motions in western South America and some models of “absolute”
plate motion have been routinely applied to give a plate tectonic
context in many of the studies reporting new research in the Andes.

The available kinematic models on convergence in western South
America vary depending on the quality and quantity of available
information when each study was performed. The present contribu-
tion is an expansion of the study of Somoza and Ghidella (2005),
who reported updated relative motions between South America and
three of the oceanic plates subducted beneath the continent since
Late Cretaceous: Phoenix, Farallon and Nazca. As in that contribution,
the present one omits the analysis of the Antarctica-South America
convergence because of the durability of the work of Cande and
Leslie (1986). Basically, the Neogene history of convergence in west-
ern South America is as it was reported by Somoza (1998) for the
Nazca-South America pair and by Cande and Leslie (1986) for the
Antarctica-South America pair. Our results and interpretations for
the Paleogene and Late Cretaceous times strongly differ from those
in some of the previous investigations (e.g. Pardo Casas and Molnar,
1987; Pilger, 1984).

In that follows we show, first, a short comparative analysis of the
models of Pilger (1984), Pardo Casas and Molnar (1987), Somoza
(1998) and Somoza and Ghidella (2005). These studies were selected
because their main subject is plate kinematics in the Andean margin
and some of them are usually applied in tectonic investigations.
Continuing, a new dataset of reconstructions is presented and some
characteristics derived from these new data are discussed. Finally, it
is shown that the South American motion as predicted by available
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hotspot (HS) models has insufficient resolution to analyze the
Cenozoic evolution of the Andes.

2. Comparisons between some previous estimates of Nazca
(Farallon) convergence kinematics in western South America

Several models describing the Cenozoic kinematics of conver-
gence in western South America are available in the literature and
some of them are routinely applied for tectonics interpretations.
Although the models may basically agree with each other for the
Late Cenozoic, they strongly differ in their Early Cenozoic predictions.
This makes a comparison and a brief discussion on the origin of the
between-model differences particularly pertinent.

All of these previous studies agree that the convergence direction
was dominantly ENE-WSW in the Late Cenozoic and that it was
roughly NE-SW in the middle to late Paleogene. The kinematic
parameters for Late Cretaceous to Early Eocene times are different
with no coherent pattern, leading both Pilger (1984) and Pardo
Casas and Molnar (1987) to point out the difficulties in interpreting
the kinematics of Farallon-South America during those times. Cande
and Leslie (1986) first envisaged the possibility of subduction of the
Phoenix plate in central and perhaps also in northern Chile during
early Paleogene, a scenario that was reinforced by Somoza and
Ghidella (2005) after applying recently available improvements in
plate reconstructions (see below).

Fig. 1a-d shows the Middle Eocene to Recent convergence rate
between Nazca (Farallon) and South America as predicted in four
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Fig. 1. Convergence rate at 22°S as predicted by a) Pilger (1984), b) Pardo Casas and Molnar (1987), ¢) Somoza (1998), d) Somoza and Ghidella (2005)*. Stars indicate the geologically
current plate motion MORVEL model (DeMets et al., 2010) and instantaneous velocities from GPS (Kendrick et al., 2003). Solid lines represent average velocities for each of the dis-
crete time intervals listed in Table 1. Dashed lines represent a simple, continuous variation of velocity that satisfy the present day GPS datum (Kendrick et al., 2003) and the average
velocity within each interval (see main text).* Note that, because an error in the presentation, the convergence rate from the 11-16 Ma and 16-26 Ma intervals in Fig. 2 of Somoza and
Ghidella (2005) is average together into a single 11-26 Ma interval. The individual values for the 11-16 Ma and 16-26 Ma intervals can be seen in their Cuadro (Table 1).
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previous studies (Pardo Casas and Molnar, 1987; Pilger, 1984;
Somoza, 1998 and Somoza and Ghidella, 2005). In all of the cases
the age of magnetic chrons is assigned according to the Cande and
Kent (1995) timescale. Somoza and Ghidella (2005) have shown
that using the timescale of Gradstein et al. (2004) produces almost
the same convergence rates for the 0-16 Ma interval, and small dif-
ferences (~5%) for most of remainder intervals with exceptions of
the 33-40 Ma (~15% faster) and 47-56 Ma (~15% slower) intervals.

Convergence rates vary along the margin as the distance between
the observation point and the pole of rotation changes. For simplicity,
the velocities in Fig. 1 correspond to an observation point close to the
trench at 22°S, and the Late Cretaceous-Paleocene convergence rate is
not shown because it will be discussed separately below. To analyze
these diagrams it is worth remembering that they primarily represent
a set of averaged velocities for discrete time intervals. Although
we cannot know the evolution of velocities as a continuous curve,
the area enclosed by the averaged velocity within each discrete
time interval must be the same as the area enclosed by the unknown
curve corresponding to the actual variation of velocity through time
(i.e. area=space= f v dt). The present day convergence rate deter-
mined by GPS measurements adds an additional constraint, so the
dashed lines in the curves of Fig. 1 show an arbitrary continuous-
variation of velocity that satisfies both the GPS datum and the
averaged velocity within each interval as defined by sea-floor data,
resulting that the areas below solid and shaded curves are the same.
We do not claim that these shaded curves represent the actual
continuous-variation of velocity through time but our intention is to
illustrate the simpler curve that agrees with available constraints.

The curves in Fig. 1 show noticeable differences in Paleogene
convergence rate. The Pardo Casas and Molnar's curve shows a strong
maximum averaged-velocity in the 47-40 Ma interval, and a strong
minimum in the 33-28 Ma interval; whereas the Pilger (1984)
curve shows a strong maximum averaged-velocity between 40 and
33 Ma and a remarkable minimum between 47 and 40 Ma, exactly
when the Pardo Casas and Molnar's curve predicts the maximum
convergence rate. In contrast, Somoza and Ghidella (2005) show a
rather constant convergence rate between Middle Eocene and Late
Oligocene (Fig. 1), which is similar to the tendency shown by the
short (going back to just 40 Ma) Oligo-Eocene curve in Somoza
(1998). Somoza and Ghidella (2005) analyzed the source of the Late
Cretaceous and Early Cenozoic differences between their model and
the previous ones, and concluded that the main cause of differences
arises from important improvements in reconstructions of South
America-Africa (Cande et al., 1988; Shaw and Cande, 1990) and of
Marie Byrd Land-Pacific (Cande et al., 1995). In contrast, they noted
that application of different Africa-East Antarctica rotations (e.g.
Molnar et al., 1988; Norton, 1995; Royer and Chang, 1991) does not
significantly change the results.

The contrasts between the Neogene part of the models in Fig. 1 are
smaller than in those for the late Paleogene part, with the observed
discrepancies being related to the methodology that underlie each
curve. The Neogene curves from Somoza (1998) and Somoza and
Ghidella (2005) are mostly made using reconstructions between
Nazca and adjacent oceanic plates derived from seafloor data
(Tebbens and Cande, 1997). The ~25-16 Ma curve of Somoza and
Ghidella (2005) is smoothed with respect to the coeval curve from
Somoza (1998) because they omitted the convergence rate from his
~20-16 Ma (chrons 60-5C) interval because its associated conver-
gence direction was rather discordant with respect to the overall
Neogene convergence direction, suggesting the possibility of some
imprecision somewhere in the circuit (see discussion in Somoza,
1998). On the other hand, the curves from Pilger (1984), Somoza
(1998) and Somoza and Ghidella (2005) show an overall decay of
convergence rate during the Neogene, whereas this is not seen in
the curve of Pardo Casas and Molnar (1987), which shows a maxi-
mum in the ~20-10 Ma interval in between two stages of lower

velocities. These discrepancies are because available seafloor data in
the 80's were not enough to define Nazca—-Pacific or Nazca-Antarctica
reconstructions younger than anomaly 7 times (~25 Ma). Thus, Pilger
(1984) and Pardo Casas and Molnar (1987) estimated their younger
Nazca-Pacific rotations by combining the anomaly 7 Nazca-Pacific
reconstruction with present-day plate motion models available at
that time (Chase, 1978; Minster and Jordan, 1978). Because in their
conception, present-day plate motion models are assumed to be
an acceptable representation of plate motions for the last 3 m.y.
(Chase, 1978; DeMets et al., 1994, 2010; Minster and Jordan, 1978).
Pilger (1984) assumed the validity of the Chase (1978) present-day
plate motion for the last ~5 m.y., whereas Pardo Casas and Molnar
(1987) extended the validity of the Minster and Jordan (1978)
model for the last 10 m.y. These arbitrary (inescapable at the time)
choices determine that the younger part of the plate kinematics
model of Pilger (1984) is closer to the one dominated by seafloor
data (Somoza, 1998) than the younger part of the Pardo Casas and
Molnar (1987) model (Fig. 1).

3. Farallon (Nazca)-South America relative motions since
Late Cretaceous

Relative motion between plates sharing a convergent boundary
must be accomplished by adding finite rotations through a circuit of
plates separated by mid-ocean ridges (e.g. Doubrovine and Tarduno,
2008a; Pardo Casas and Molnar, 1987; Pilger, 1984; Somoza, 1998).
The plate circuit followed in this study is Nazca-East Antarctica-
Africa-South America for the Middle Miocene (16 Ma) to Recent;
and Farallon (Nazca)-Pacific-West Antarctica-East Antarctica—Africa—
South America for the Late Cretaceous to Early Miocene (ca 20 Ma)
reconstructions (see Supplementary data). Many individual rotations
in the plate circuit derive from new seafloor data obtained from both
mapping of seafloor using satellite radar altimetry data (e.g. Sandwell
and Smith, 2009; and references therein) and new identifications
of magnetic lineations, representing important improvements in plate
reconstructions during the last 20 years (e.g. Cande et al., 1995, 2000,
2010; Croon et al., 2008; Miiller et al., 1999; Norton, 1995; Royer and
Chang, 1991; Shaw and Cande, 1990; Tebbens and Cande, 1997).

The magnetic chrons used in the reconstructions represent the
same times as those from reconstructions involving the Nazca and/
or Farallon plates. This way, the reconstructions from chron 3 to
chron 5C correspond to the Nazca-Antarctica rotations of Tebbens
and Cande (1997), whereas chron 7 and older reconstructions corre-
spond to the set of Pacific-Farallon reconstructions of Pardo Casas
and Molnar (1987) and Corréa Rosa and Molnar (1988). Table 1
shows the new set of Nazca-Farallon to South America reconstructions
for chrons 30 (4.9 Ma), 50 (10.8 Ma), 5Cy (16 Ma), 60 (20.2 Ma),
7y (24.8 Ma), 10y (28.3 Ma), 13 m (33.3 Ma); 18 m (39.6 Ma), 21 m
(47 Ma), 25m (56.1 Ma), 31y (67.7Ma) and 32 m (71.2 Ma). The
uncertainties in the rotations were determined according to the method
described by Chang et al. (1990, see also Doubrovine et al., 2008b).
In the Supplementary data we report the individual rotations in the
plate circuit and the analytical values of mean convergence rate and
mean convergence azimuth as seen at nine sites close to the Peru-
Chile trench between 7°S and 49°S, plus an additional site at 3°N repre-
senting the Colombian-Ecuadorian Andes.

We divided the Late Cretaceous to Recent history of convergence
between Farallon-Nazca and South America into three stages
(Somoza and Ghidella, 2005). Fig. 2 shows the Euler poles that
describe the clockwise rotation of the oceanic plate with respect to
South America for each of the discrete time intervals enclosed by
two successive finite rotations in Table 1. This figure illustrates the
three-stage history of convergence, with the 25 to 0 Ma poles of
Nazca plate forward motion (Fig. 2a) located close to western Wilkes
Land, Antarctica, determining the roughly uniform ENE convergence
of Nazca toward South America during Stage 1. The Nazca-South
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Table 1

Finite reconstructions of Nazca (Farallon) to South America.
Chron Age Lat. (°N) Long. Angle a b c d e f
C3n.3n (0) 4.9 62.05 263.45 -3.87 0.327 0.287 —0.138 0.708 —0.226 0.488
C5n.2n (0) 10.8 63.93 262.81 -9.67 0.383 0.344 —0.031 0.953 —0.046 0.677
C5C.1n (y) 16.0 63.94 26647 -15.04 0.982 0.770 —0.356 1.981 —0.840 1.263
C6n (0) 20.2 58.77 267.57 -20.12 2.667 —0.519 0.613 2.862 —0.128 0.760
C7n (y) 248 61.45 266.58 -26.05 3.074 —0.316 0.535 3.506 —0.542 1.227
C10n.1n (y) 283 66.54 258.65 -28.98 3.379 —0.439 0.927 3.784 —0.722 1.652
C13n (m) 333 68.25 24393 -32.24 2.550 —0.492 1.047 2.982 0.112 0.743
C18n.2n (y) 39.6 68.82 226.57 -37.35 2.689 —0.465 1.068 3.377 —0.000 1.041
C21n (m) 47.1 68.32 214.01 -43.65 2.967 —0.372 1.085 4.162 —0.093 1.989
C25n (m) 56.1 68.50 183.87 -49.37 3.380 0.238 0.087 6.824 —0.240 6.467
C31n (y) 67.7 60.64 171.14 -54.96 8.856 3.391 —7.203 17.447 7.357 31.824
C32n.1n (m) 71.2 58.18 169.51 -55.75 17.255 7.683 —18.627 24.747 —0.092 51.398

Note: Chrons following nomenclature in Cande and Kent (1995), where o, m, y (old, middle, young, respectively) indicate the part of the subchron used to make the reconstruction.

Age is given in Ma.

The covariance matrix is given by the formula: [

ab c
b d e|107°, where the values of a-f are given in radians.

c e f

MORVEL
J— K2003
Stage 3 Stage 2 Stage 1
] ] ] | |
60 50 40 30 20 10 0Ma

15—
10—
5=
Stage 3 Stage 2 Stage 1
| | | | ]
60 50 40 30 20 10 0 Ma

Fig. 2. Poles of rotation (clockwise) of Nazca (Farallon) to South America for each of the time intervals enclose by the reconstructions in Table 1, defining the three stage history of
convergence since Late Cretaceous. a) the 25-0 Ma Stage 1, the overall ENE directed convergence of Nazca is illustrated by three velocity vectors close to the trench at 12°S, 22°S and
32°S. White ellipses show the map-view error of these convergence vectors. The pole representing the interval enclosed by anomalies 10-7 is interpreted as intermediate (see text
for discussion). The pole representing the interval enclosed by anomalies 6-5C plot out of the cluster, see Supplementary data for discussion on the Nazca to Pacific anomaly 6
reconstruction. b) the 47-28 Ma Stage 2 characterized by NE convergence of Farallon along the margin. Examples of convergence vectors as in figure a. The pole for the interval
enclosed by the anomalies 10 and 7 (see above) is also shown. c¢) the 72-47 Ma stage 3 characterized by northward migrating poles of rotation. Note that, for instance, the clockwise
rotation of Farallon with respect to fixed South America associated to the 68-56 Ma pole does not predict convergence of the oceanic plate in central and southern Chile. The
position of rotation poles of Stage 3 is somewhat sensitive to the reconstructions applied in the plate circuit, however the tendency for northward migration of stage poles and
no subduction of Farallon in great part of the Chilean margin is observed irrespective of the used dataset (compare this figure with results in Somoza, 2005 and Somoza and
Ghidella, 2005). d, e) convergence rate seen at 289°E, 22°S (d) and at 280°E, 12°S (e). Gray area shows the uncertainty in convergence rate. Dashed line in Stage 1 depicts the

simpler curve that satisfies plate tectonic and GPS kinematic data for Stage 1.
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America convergence rate for this stage begins with ~15 cm/yr aver-
age for the 25 to 20 Ma time interval followed by deceleration until
reaching the present day instantaneous convergence velocity derived
from GPS measurements (e.g. Fig. 2d,e) (see Supplementary data
for similar results after applying an alternative plate circuit for the
younger part of Stage 1).

For the 47 to 28 Ma interval (Stage 2; Fig. 2b) the poles are located
close to the South Sandwich subduction zone, determining a NNE
directed convergence in Patagonia becoming NE convergence farther
north, imposing dextral obliquity in Chile, sinistral obliquity in south-
ern Peru, and almost head-on convergence in central and northern
Peru. The Farallon-South America convergence rate during Stage 2
is rather constant at the locality, varying along strike from ~6 cm/yr
in northernmost Patagonia to ~10 cm/yr in northern Perd (Fig. 2d,e;
see also Supplementary data). The latter contrasts with the results
in some previous studies which show strong variations between
Middle Eocene and Early Oligocene (Pardo Casas and Molnar, 1987;
Pilger, 1984), highlighting the impact that the new improvements
in the knowledge of seafloor fabric have on the plate circuit. Likewise,
our estimates of convergence rate for the Cenozoic (see also Somoza
and Ghidella, 2005) disagree with those presented by Sdrolias and
Miiller (2006), which show peaks at different ages and much higher
Early Cenozoic values than ours. We suspect that at least part of
these differences could be because Sdrolias and Miiller (2006) used
less accurate Farallon-Pacific rotations (see below) and because
their dataset is not based on seafloor data only (such as ours) but
incorporate HS kinematic models. It is worth mentioning that, in
contrast with the wide agreement about the significance of seafloor
fabric in the context of seafloor spreading theory, there is no consen-
sus on the scope or even the validity of the deep mantle plume hy-
pothesis (e.g. Anderson, 2000; Boschi et al., 2007, 2008; DePaolo
and Manga, 2003; Foulguer and Natland, 2003; Sleep, 2006; see also
www.mantleplumes.org), which by inference may affect the accuracy
of its kinematic derivations. In agreement, we consider more confi-
dent and reliable the classical plate reconstructions based only on
seafloor fracture zones and magnetic anomalies.

In contrast with the stability of poles of rotation in Stages 1 and 2,
the Late Cretaceous to Early Eocene time span is characterized by
important changes in the subduction zone. The poles of rotation for
Farallon-South America tend to be close to the western continental
margin without clustering in a particular zone (Fig. 2c), contrasting
with that it is seen for the younger stages and suggesting a complex
evolution of convergence for the Stage 3 (latest Cretaceous to Early
Eocene). The mean pole of Farallon to South America rotation for
the latest Paleocene to Early Eocene interval is located close to the
western Patagonian margin, and the poles for older intervals are
located farther north regardless of which set of reconstructions is
applied in the plate circuit (Fig. 2c; see also Somoza, 2005; Somoza

Fig. 3. a) Solid square represents the Late Cretaceous paleomagnetic pole for South
America (Somoza and Zaffarana, 2008). Star in the same paleopole in Pacific coordi-
nates using the plate circuit and reconstructions in this paper. Dot is the same paleopole
applying the alternative plate circuit passing from East Antarctica to Australia, then to
Lord Howe Rise and finally to the Campbell Plateau in the Pacific plate (Steinberger et
al., 2004). Note that both plate circuits essentially conduct to the same result. Dashed
curves are Late Cretaceous paleomagnetic colatitudes from DSDP and ODP basalt
cores listed by Sager (2006). The paleomagnetic data from cores 163, 433c, 1203,
165a, 871, 883 and 884 are concordant with the reconstructed position of the Late
Cretaceous pole of South America, whereas the colatitude from core 873-877 is the
only discordant datum from the Pacific. This result supports the validity of both the
plate circuits connecting the Indo-Atlantic and the Pacific realms.b) Black solid line
represents the magnetic anomaly 13 in the Nazca plate. Red line represents its conju-
gate in the Pacific plate rotated back to Nazca using the reconstruction of Corréa Rosa
and Molnar (1988). Green line is the same Pacific magnetic anomaly rotated back to
Nazca applying the reconstruction of Miiller et al. (2008) (also Sdrolias and Miiller,
2006). The result illustrates the different accuracy between the Pacific-Farallon recon-
structions of Corréa Rosa and Molnar (1988) and others available in the literature
(see text for further discussion). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

and Ghidella, 2005). Thus, it is likely that the poles in Fig. 3¢ do not
represent stable convergence conditions within each of the three
intervals between 56 and 71 Ma but they represent the average of
variable kinematic conditions associated to a rather continuous shift
of the instantaneous pole of convergence during pre-Middle Eocene
times.

As noted above, the motion of the oceanic plate toward South
America for each interval is represented by clockwise rotation about
the stage poles shown in Fig. 2. In this context, and regardless the
possible variability of convergence parameters, the 68 to 56 Ma
stage pole indicates that the Farallon plate diverged from southern
and possibly also central Chile (Fig. 2c) during the latest Cretaceous
and most of the Paleocene. Evidences of subduction along the whole

— anomaly 13 in Nazca

\ — anomaly 131in Pacific rotated back
to Nazca (Rosa and Molnar, 1988)
anomaly 13 in Pacific rotated back
to Nazca (Mller et al., 2008)

SAmerica
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Andean margin since the Jurassic and lack of Late Cretaceous-
Paleocene marginal basins in Chile points that the simpler solution
for the above observation is subduction of another plate, the likely
candidate be the Phoenix plate, as it was first envisaged by Cande
and Leslie (1986). This interpretation further predicts a southward
migrating triple junction along great part (most?) of the Chilean mar-
gin from the latest Cretaceous to possibly Early Eocene times. Overall,
the latest Cretaceous to earliest Cenozoic subduction of the Farallon
plate beneath Chile was rather slow with variable direction in concert
with the southward migration of the triple junction, at time that
south of the triple junction the subduction of the Phoenix plate was
rapid (>10 cm/yr) and ESE-WNW directed (see below). This inter-
pretation, based on observation of seafloor tectonic fabric, strongly
contrasts with the scheme of Sdrolias and Miiller (2006), who based
on a hybrid model including HS and less accurate rotations (see
below) mentioned subduction of the Pacific-Farallon and Pacific-
Antarctic ridges beneath the Andes, which is negated by the seafloor
fabric in the South Pacific (e.g. the traces of the Pacific-Phoenix-
Farallon and Pacific-Antarctica-Farallon triple junctions, see Figs. 4,
5).

The transition from Stage 2 to Stage 1 is a major Cenozoic event in
the plate kinematics of western South America, and is likely related to
the process that led to the split of the Farallon plate to form the Nazca
and Cocos plates (e.g. Lonsdale, 2005). Somoza and Ghidella (2005)
discussed that the accuracy of the high convergence rates determined
for the early Stage 1 depends on the reliability of the Early Miocene

157

reconstructions between Pacific and Nazca. Direct (seafloor derived)
determination of reconstructions for those times has been difficult
because plate boundary reorganizations and microplate formations
in the central Pacific basin produce gaps in the coverage of magnetic
anomaly identifications. In fact, the Early Miocene Pacific-Nazca
rotations in previous studies were based on interpolations involving
reconstructions of anomaly 7 (~24.8 Ma; Pardo Casas and Molnar,
1987; Pilger, 1984) or anomaly 8 (~25.8 Ma; Somoza, 1998; Somoza
and Ghidella, 2005). Recent studies (Barckhausen et al, 2008),
however, attained reliable identifications of magnetic anomalies in
the central Pacific and determined new Nazca to Pacific rotations for
anomalies 6By (22.6 Ma) and 6Co (24.12 Ma). We used these data
to obtain a new Nazca to South America reconstruction for anomaly
6By which allowed calculating a 22.6-16 Ma stage reconstruction.
The associated 22.6-16 Ma Nazca-South America mean convergence
rate at 22° S is ~16 cm/yr, compatible (slightly higher) with the
velocities shown in Fig. 2d. The data, then, strongly suggest that the
increase in convergence rate between Stage 2 and Stage 1 is not an
artifact related to scarcity of magnetic anomaly identifications in the
central Pacific but a real feature of the plate kinematics in western
South America.

Another point to explore is how long the transition from Stage 2
to Stage 1 was. The major plate tectonic event in those times was
the division of the Farallon plate into the Nazca and Cocos plates. In
this context, the old boundary of our Stage 1 (anomaly 7, ~25 Ma)
predates the earliest seafloor associated to the Nazca-Cocos ridge
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and slab-window volcanism (see further discussion in Somoza, 2005 and Somoza and Ghidella, 2005).c) One effect of the Eocene plate reorganization in the southeast Pacific (after
Cande et al., 1982). Gray zone is seafloor created in the Phoenix-Pacific ridge. A propagating ridge (PR) allows a piece of this sea floor to be captured by the Antarctic plate (45 Ma
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little when a single spreading corridor is subducted.

(~23 Ma; Barckhausen et al., 2008; Lonsdale, 2005). In fact, the anom-
aly 7 magnetic lineations in the central Pacific look parallel to the
trend of the late Paleogene magnetic lineations, and the change to a
new, Nazca-type trend begins to be observable from anomaly 6C
(~24 Ma) lineations. The latter characteristics led Lonsdale (2005)
to suggest that the entire Farallon plate began to rotate to a Nazca-
like orientation just before its final rupture. This is likely why,
although the 25-20 Ma rotation of the oceanic plate to South America
includes pre- and post-breakup seafloor data, the corresponding pole
is not intermediate between Stage 2 and Stage 1 but looks as part of
the Stage 1 cluster (Fig. 2a). In contrast, the Farallon to South America
pole for the ca 28-25 Ma interval (anomalies 10-7) plots in an inter-
mediate position between the Stage 2 and Stage 1 clusters (Fig. 2a,b),
and its associated mean convergence rate (~11 cm/yr at 22°S) is also
intermediate between the late Paleogene and the latest Oligocene-
earliest Miocene convergence rates shown in Fig. 2d. It is likely
then, that the rotation of the 28-25 Ma interval averages variable
convergence conditions related to the shift from Stage 2 to Stage 1.
We conclude that the passage from Stage 2 to Stage 1 convergence
types in western South America would have been gradual, preceding
by some m.y. the creation of seafloor in the Cocos-Nazca spreading
axis.

The transition from Stage 3 to Stage 2 in Peru is characterized by an
increase in the Farallon-South America convergence rate (Fig. 2d).
This acceleration of convergence coincides in time with the Paleogene
increase discussed by Pardo Casas and Molnar (1987), although it is
remarkably less abrupt. On the other hand, our paleogeographic inter-
pretation points out that the equivalent increase in Chile would have
been preceded by a slowdown associated to the passage of the triple
junction at the site (i.e. Phoenix to South America convergence was

substantially faster than Farallon to South America convergence during
early Paleogene times, see above).

4. Discussing some aspects of the reconstructions and of the
plate circuit

Although the West Indian Ridge System (WIRS) was the plate
boundary between East Antarctica and Africa since the break-up of
Gondwana, several reconstructions between these plates were made
by combining data from the western, central and eastern Indian mid-
ocean ridges (e.g. Molnar et al., 1988; Royer and Chang, 1991) which
allowed a more complete and robust set of Africa-East Antarctica
rotations. However, the development of the East Africa Rift System in
the Late Cenozoic divided the eastern half of Africa into three indepen-
dent plates (Nubia, Lwandle, and Somalia), whose roughly N-S bound-
aries merged in the WIRS, which passed thus to be the boundary of each
of them with East Antarctica. In the last years they were improvements
in the knowledge of the relative motion between these four plates
sharing the WIRS in the late Neogene (e.g. DeMets et al, 2010;
Homer-Johnson et al., 2007; Royer et al., 2006). Cande et al. (2010)
have shown that the small amount of late Neogene relative motion
between these four plates have little impact on the Early Cenozoic finite
rotations between East Antarctica and Africa that are determined by
considering Africa as a single plate all the time. Likewise, we found
that correcting the Neogene rotations in order to obtain true East
Antarctica to West Africa (Nubia) reconstructions produces small
changes in the Nazca to South America convergence parameters
obtained by assuming Africa as the single, pre-Great Rift Valley
African-plate. In fact, the rotations with and without the corrections
lead to similar Nazca to South America convergence direction, whereas
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the corrected dataset produces a small (< 0.5 cm/yr) increase in conver-
gence rate for the younger intervals.

For many years, the possibility of an important although unac-
counted amount of motion between West and East Antarctica has
been invoked as one of the possible causes for disagreement between
paleomagnetically determined paleolatitudes and those determined
assuming motion of the Pacific plate with respect to a fixed HS grid
(e.g. Acton and Gordon, 1994; Gordon and Cox, 1980). As an alterna-
tive to resolve this disagreement, it was proposed that there existed
an unobserved plate boundary within the Pacific basin south of
45°S (Acton and Gordon, 1994; Corréa Rosa and Molnar, 1988;
Engebretson et al., 1984; Gordon and Cox, 1980; Gordon and Jurdy,
1986). Research in the last decade has shown that the Cenozoic rela-
tive motion between East and West Antarctica seems to be very small
(e.g. Cande et al., 2000), suggesting that the disagreement between
paleomagnetism and fixed Pacific HS models could be an intrinsic
problem in the conception of the latter (e.g. Cande et al., 1995;
Norton, 1995; Tarduno et al., 2003). Using the East to West Antarctica
step in the plate circuit, we have shown (Somoza, 2005; Somoza and
Ghidella, 2005) that the South American pole for the Late Cretaceous
agrees very well with coeval paleomagnetic data from the Pacific,
further supporting little motion between the Antarcticas since Late
Cretaceous (see also Doubrovine and Tarduno, 2008b). This is illus-
trated in Fig. 3a after applying this plate circuit and the set of recon-
structions used in this paper.

Nevertheless, an alternative plate circuit connecting Indo-Atlantic
and Pacific realms has been recently proposed (Steinberger et al.,
2004), which passes from East Antarctica to Australia, then to Lord
Howe Rise and finally to the Campbell Plateau in the Pacific
plate. Fig. 3a shows that the paleomagnetic test using this alternative
plate circuit gives the same result as when the East-West Antarctica
circuit is applied (see also Doubrovine and Tarduno, 2008b). Thus,
Fig. 3a provides paleomagnetic support to both the occurrence of
small relative motion between East and West Antarctica at least
since 71 Ma (Cande et al., 2000) and the fit between Lord Howe
Rise and Campbell Plateau proposed by Steinberger et al. (2004).

The fit between Late Cretaceous paleomagnetic data from the
Pacific and South America indicates that any unobserved problem
in determining the Farallon-South America kinematics would arise
from inaccuracies in the Late Cretaceous to Early Cenozoic spreading
history of the Pacific-Farallon ridge. The Pacific-Farallon reconstruc-
tions older than anomaly 13 (~33 Ma) are based on seafloor data
from the Pacific plate alone and assuming symmetric spreading in
the Pacific-Farallon ridge (e.g. Corréa Rosa and Molnar, 1988).
Somoza and Ghidella (2005) explored the possibility of persistent
asymmetric spreading in the Pacific-Farallon ridge as the cause
for the observed shift of the Late Cretaceous to Early Eocene stage
poles in Fig. 2c. They applied up to 50% of accumulated asymmetric
spreading for each of the ~10 m.y. time intervals that represent
each of the stage rotations shown in Fig. 2¢, a value that is larger
than any observed seafloor spreading asymmetry since the Late
Cretaceous (Miiller et al., 1998). Somoza and Ghidella (2005) found
that the assumed asymmetry does not change the northward shift
tendency shown by the stage poles, strongly increasing it when the
supposed asymmetry persistently favors the Pacific plate.

Recent reevaluation of Farallon-North America relative motions
(Doubrovine and Tarduno, 2008a) used plate circuits based on both
the Indo-Atlantic to Pacific paths mentioned above and two different
sets of Pacific-Farallon reconstructions: Engebretson et al. (1984)
and Miiller et al. (2008). In contrast, we used the Late Cretaceous to
Paleogene reconstructions of Corréa Rosa and Molnar (1988) for the
Pacific-Farallon pair (see also Somoza, 2005; Somoza and Ghidella,
2005). Cande and Haxby (1991) have shown that the Pacific-
Farallon rotations of Corréa Rosa and Molnar (1988) lead the Late
Cretaceous and Paleogene magnetic anomalies in the Pacific to a bet-
ter agreement with their conjugates preserved in the Nazca plate

than the reconstructions of Mayes et al. (1990) do (see Fig. 8 in
Cande and Haxby, 1991). Fig. 3b shows a comparison between the
anomaly C13 reconstructions of Corréa Rosa and Molnar (1988) and
that of Miiller et al. (2008) (also Sdrolias and Miiller, 2006) after ro-
tating the C13 magnetic chron in the Pacific back to the Nazca plate.
The result clearly shows that the reconstruction of Corréa Rosa and
Molnar (1988) is acceptably accurate whereas the one from Miiller
et al. (2008) is not accurate, and the same age reconstruction from
Engebretson et al. (1984) (not shown) produces even worse correla-
tion than the one of Miiller et al. (2008). Similar result may be observed
when older anomalies are compared, with the reconstructions of
Corréa Rosa and Molnar (1988) always showing a tendency to produce
a better fit than others, although tight fits are not observed in these
cases. These observations strongly suggest that the Pacific to Farallon
reconstructions of Corréa Rosa and Molnar (1988) are more accurate
than others available in the literature, so it would be interesting to re-
examine the recently determined Farallon to North America relative
motions and their tectonic implications (Doubrovine and Tarduno,
2008a) by using the Corréa Rosa and Molnar (1988) Pacific-Farallon
rotations.

5. Exploring the latest Cretaceous to Eocene Phoenix-South
America convergence and speculations on the age of subducted
lithosphere since Middle Eocene

The Cretaceous and Cenozoic plate tectonics in the southeast
Pacific was dictated by interactions between the Pacific, Farallon,
Phoenix and Antarctic plates. Information about the kinematics in
the Pacific-Phoenix spreading center may be extracted from an
almost continuous record of Cretaceous seafloor preserved west of
the trace of the Pacific—Farallon-Phoenix triple junction in the Pacific
plate (Cande et al.,, 1982; Larson et al., 2002) and from a piece of
Paleocene-Early Eocene oceanic lithosphere that was originated in
that ridge and later captured by the Antarctic plate (Cande et al.,
1982). These records allow some estimation of Pacific-Phoenix rela-
tive motion assuming symmetric spreading. Somoza and Ghidella
(2005) applied Antarctica-Phoenix rotations made by C. DeMets
(in Gordon and Jurdy, 1986) to estimate the Phoenix-South America
kinematics for latest Cretaceous-Paleocene times. They determined
that the latest Cretaceous-Paleocene convergence between Phoenix
and South America was ESE-WNW and rapid, about 14 cm/yr in
southernmost South America. Overall, a fast (>10 cm/yr) more or
less ESE-WNW convergence of Phoenix in those times may be con-
sidered as a suitable working tool.

In contrast with the case of the Pacific-Phoenix spreading center,
no seafloor formed in the Phoenix-Farallon ridge is preserved. How-
ever, some clues about the kinematics in the latter spreading center
may be extracted by assaying closure of velocity triangles in the
Pacific-Farallon-Phoenix triple junction (e.g. Larson et al., 2002),
which suggests similar (~10-20° apart from each other) direction of
spreading in both of the ridges that bounded the Phoenix plate near-
by the triple junction (e.g. Larson et al., 2002; see also Fig. 4).

Reconstructing of the Phoenix-Farallon-Pacific triple junction
with respect to South America and considering the above inference
on the velocity triangles suggest that the latest Cretaceous-
Paleocene magnetic lineations from the Phoenix-Farallon spreading
center were oriented NE to NNE with respect to the present day con-
tinental margin, suggesting a NE to NNE oriented Phoenix-Farallon
plate boundary, as Cande and Leslie (1986) first envisaged. It is
worth mentioning that NE to NNE orientation for the Phoenix—
Farallon plate boundary was also shown by the maps in Gordon and
Jurdy (1986), although these authors reconcile the paleomagnetic
and HS reference frames by including a distinct South Pacific plate
(their Chatham Rise plate), the existence of which is not invoked in
our analysis (Fig. 4, see also discussion in Section 4). Fig. 4a,b shows
two possible paleogeographic scenarios for the southeast Pacific
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basin in the latest Cretaceous. Both of these options satisfy the re-
quirements imposed by the position of the Pacific-Farallon-Phoenix
triple junction with respect to South America, the preserved seafloor
belonging from the Phoenix-Pacific spreading center in Antarctica
(Cande et al., 1982) and the evidence against Farallon-South America
convergence in most of Chilean margin shown in Fig. 2c. The true con-
figuration of the Phoenix-Farallon plate boundary cannot be directly
determined, nevertheless the Farallon-Phoenix-South America triple
junction would have alternated between trench-ridge-trench (TRT)
(likely dominant?) and trench-fault-trench (TFT) configurations.
The averaged southward motion of the triple junction would have
been >20 cm/yr. Overall, lithosphere of the Phoenix plate subducted
south of the triple junction converged much faster and was younger
than Farallon lithosphere subducted north of triple junction. Along
strike in the margin, the age of the subducted oceanic lithosphere
increased faster north of the triple junction, where in turn progressive
clockwise rotation of convergence direction during triple junction
migration is predicted (see also Somoza and Ghidella, 2005). It is
worth noting that our estimates of Phoenix-South America conver-
gence are similar in both direction and rate to the estimates of
convergence between Phoenix and West Antarctica during the Late
Cretaceous-Paleocene (McCarron and Larter, 1998), in agreement
with that would be expected by considering regional paleogeography.
The age of subducted oceanic lithosphere has been proposed as a
possible factor in controlling the upper plate tectonics (e.g. Yafiez
and Cembrano, 2004). Closure of velocity triangles in the southward
migrating Pacific-Farallon-Phoenix triple junction requires similar
spreading direction for the Farallon-Phoenix and the Phoenix-Pacific
ridges during mid-Cretaceous to Early Eocene times (Fig. 4; see also
Larson et al., 2002). Fig. 5a shows Late Cretaceous and Paleogene
magnetic anomalies of the Pacific plate from the Pacific-Farallon
spreading center rotated back to the Nazca plate using the Corréa
Rosa and Molnar (1988) reconstructions. The figure also shows
South America rotated back to its 25 Ma position relative to a fixed
Nazca. The dashed lines represent the approximate trend of Farallon-

Phoenix magnetic lineations in the Farallon plate, as predicted by paleo-
geography in Fig. 4. Considering the South America-Nazca convergence
direction during Stage 1 (arrows), the figure proposes slight aging
of subducted lithosphere at the site during Early Miocene passing to
subduction of progressively younger lithosphere when this latter was
the one originated in the Pacific-Farallon ridge. Fig. 5b shows the pre-
dicted situation for stage 2 times, when the Farallon-South America
convergence direction was closer to the proposed trend of magnetic
lineations from the Farallon-Phoenix ridge, suggesting that the age of
oceanic lithosphere arriving at a certain position in the trench changed
little from Middle Eocene to mid-Late Oligocene times. Thus, going from
Fig. 5b to Fig. 5a allows a crude estimation of the age of subducted lith-
osphere since about Middle Eocene time. Note that this evolutionary
model strongly contrast with the model of Sdrolias and Miiller (2006),
with which we must disagree (see discussion above, in Section 3).

6. On the “absolute” motion of the continental plate and Cenozoic
Andean tectonics

Determining the motion of plates relative to the deep mantle
would greatly improve our knowing of the plate driving forces and
their relative contributions to plate tectonics. For more than three
decades efforts were made to develop and refine absolute plate mo-
tion models based on HS tracks. This kinematic approach assumes
that intraplate volcanic chains form because plates move over plumes
that rise vertically from the lowermost mantle and have negligible
motion in a mantle reference frame (e.g. Engebretson et al., 1984;
Morgan, 1971; Miiller et al., 1993; Wessel and Kroenke, 2008;
Wilson, 1963). However, during the last years several workers have
noted inconsistencies between paleomagnetic and fixed HS reference
frames (Norton, 1995; Somoza and Zaffarana, 2008; Tarduno and
Cottrell, 1997; Tarduno et al.,, 2003). The development of moving
HS reference frames (O'Neill et al., 2005; Steinberger and O'Connell,
1998; Steinerger, 2000; Torsvik et al., 2008), based on mantle convec-
tion models and calibrated by paleomagnetic paleolatitudes, reduced

‘ arrows point to the 80-0 Ma
1 Africa-South America finite rotation

Fig. 6. Elements in the kinematic model of Silver et al. (1998). Arrows converge in the pole of 80 Ma finite reconstruction of South America and Africa (Shaw and Cande, 1990).
Circles are small circles with respect to that reconstruction pole. Note that the South Atlantic mid-ocean ridge (SA MOR) is almost parallel to a meridian of the 80 Ma Africa to
South America reconstruction pole. Gray area in the inset shows the South American motion with respect to the hot spot model of O'Connor and le Roex (1992), the one applied
by Silver et al. (1998). Dotted line in the inset shows the full vector in Fig. 1 of Silver et al. (1998). See main text for discussion.
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but not canceled the discrepancies between HS and paleomagnetic
reference frames (Poblete et al., 2011; Somoza and Zaffarana, 2008).

In the last few years, some valuable contributions on Andean
geodynamics (e.g. Babeyko and Sobolev, 2008; Oncken et al., 2006;
Quinteros et al., 2006; Sobolev and Babeyko, 2005) were made by
applying an “absolute” plate motion model arising from an approach
that decomposes the South American motion with respect to the
African hotspots into two rather arbitrary directions (Silver et al.,
1998). Somoza and Ghidella (2005) criticized the methodology and
the results of Silver et al. (1998) arguing that HS models lack the
appropriate resolution to define changes in “absolute” upper plate
motion suitable for their correlation with the Cenozoic evolution of
the Andes.

Fig. 6 shows the main elements in Fig. 1 of Silver et al. (1998),
where they show a decomposition of both the Africa-South America
relative motion (Shaw and Cande, 1990) and the forward motion of
Africa and South America with respect to the African hotspots
(O'Connor and le Roex, 1992) into components parallel and perpen-
dicular to the circles centered in the of 80 Ma finite reconstruction
pole between Africa and South America (see Fig. 6). The South
Atlantic mid-ocean ridge-system, oriented N10W (i.e. “approximately”
N-S, as claimed by Silver et al., 1998), is almost parallel to a meridian
of this finite reconstruction pole (Fig. 6). Thus, Fig. 1 in Silver et al.
(1998) shows the velocity vectors decomposed into components
approximately parallel and perpendicular to the South Atlantic mid-
ocean ridge. Silver et al. (1998) show a Neogene increase in the compo-
nent of velocity perpendicular to the mid-ocean ridge while at the same
time their approach leads to a simultaneous decrease in the component
of velocity parallel to the mid-ocean ridge. Somoza and Ghidella (2005)
have shown that the vectorial sum of the Silver et al. (1998, their Fig. 1)
components (i.e. their true velocity vectors) is almost constant for
the last 50 m.y. (see inset in Fig. 6). In the Andean zone, the directions
of the components perpendicular and parallel to the small circles
centered in the 80 Ma South Atlantic finite rotation are about 20° arc
removed from the E-W and N-S directions suggested by Silver et al.
(1998) for their components (see Fig. 6). More important, these direc-
tions represent nothing related to Andean tectonics, because the true
reference frame there should be imposed by the vector of “absolute”
motion as seen in the Andean undeformed foreland and the trend of
the boundary of the deformation zone (e.g. the continental margin),
as it is considered in transpression analyzes. The approach of Silver
et al. (1998) seems to be designed to analyze the behavior of transforms
in the Africa-South America plate boundary instead of Andean
tectonics.

Fig. 7 shows the results of South American motion with respect
to HS applying the traditional methodology on several Indo-Atlantic
(Fig. 7a) and Pacific (Fig. 7b) HS models. Overall, the results in Fig. 7
suggest that the temporal variations of South American “absolute”
velocity as predicted by both fixed and moving HS models do not
have enough resolution to be used for studying the Central Andean
evolution in the Cenozoic.

Nevertheless, some qualitative aspects may be considered. Several
lines of evidence suggest that the South Atlantic mid-ocean ridge was
migrating westward since Late Cretaceous and this migration acceler-
ated at times of the development and culmination of Africa-Europe
collision (O'Connor and Duncan, 1990; Silver et al., 1998; Somoza
and Zaffarana, 2008). This is because the combination of both the
continued accretion of oceanic lithosphere in the South Atlantic
ridge and the Africa slowdown since Late Cretaceous implies that
the South Atlantic mid-ocean ridge episodically moved westward,
with most of the expansion being accommodated by westward
motion of South America. Both GPS derived data and estimates of
present-day plate motion (DeMets et al., 2010; Jin and Wang, 2008)
indicate about 3 cm/yr full spreading in the South Atlantic, whereas
seafloor data indicate an average of 4 cm/yr for both the 0-9 Ma
and the 9-19 Ma time intervals (e.g. Shaw and Cande, 1990). Thus,
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Fig. 7. Motion of South America according to hotspot models as seen in a foreland
locality at 300°E, 20°S. Reconstructions are made for the same times used by Silver
et al. (1998) and velocities are represented in the graph as they did in theirs. a) Indo
Atlantic models: fixed hotspot models of O'Connor and le Roex (1992) and Torsvik
et al. (2008) (FHS OR92 and FHS TVO08, respectively), and moving hotspot model of
O'Neill et al. (2005) (MHS ONO5). Sam-Af represents the rate of full spreading in the
South Atlantic according to reconstructions of Shaw and Cande (1990). Star is the
rate of present-day Africa-South America relative motion derived from GPS measure-
ments. The GJ86 curve represents the kinematics according to the mixed (Pacific and
Indo-Atlantic) hot spot model of Gordon and Jurdy (1986). b) Pacific models: fixed hot-
spot models of Raymond et al. (2000) and Wessel and Kroenke (2008) (FHS RM00 and
FHS WKO08, respectively), and moving hotspot model of Torsvik et al. (2008) (MHS
TV08). The mixed GJ86 curve is also shown together with the Pacific models.

kinematics in the South Atlantic (Fig. 7a) suggests an acceleration of
full-spreading from about 3 to 5cm/yr starting between 50 and
40 Ma and culminating at 30-35 Ma, followed by a deceleration
from about 5 to 3 cm/yr in the last 20 m.y. In this context, and consid-
ering progressive African slowdown, it may be reasonable to consider
that the South American “absolute motion” may have been between
~3 and ~4 cm/yr during the last 40 m.y., although it is not possible
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to quantitatively yield a reliable determination of the evolution of the
velocity of continental drift.

7. Conclusions

The latest Cretaceous-Cenozoic convergence history in western
South America may be divided into three stages. The youngest Stage
1 (25-0 Ma) is characterized by ENE directed convergence of the
Nazca plate toward most of South America, and by ~E-W subduction
of the Antarctic plate beneath southern Patagonia. In this stage, the
convergence rate shows a continuous decrease from the highest
value in the Cenozoic (average between 25 and 20 Ma) to the present
day values measured by GPS. Stage 2 (47-28 Ma) is characterized by
NE directed subduction of Farallon, with the convergence rate
remaining almost constant during the entire interval. During those
times obliquity was dextral in Chile, sinistral in southern Peru and
almost head-on convergence occurred in central and northern Peru.

During latest Cretaceous to Early Eocene times (Stage 3) the Farallon
plate was subducted beneath Perti and the Phoenix plate was subducted
farther south, where a triple junction migrated southward along the
Chilean margin. The subduction of Farallon was rather slow with vari-
able direction imposed by the position of the triple junction, whereas
subduction of Phoenix plate was rapid (>10 cm/yr) and ESE directed.

Comparison of Late Cretaceous paleomagnetic data from South
America and Pacific confirms that the previously observed disagree-
ment between paleomagnetically determined paleolatitudes in the
Indo-Atlantic and Pacific realms and those determined assuming
motion of Pacific plate with respect to a fixed HS grid is related to
intrinsic problems of the fixed hotspot hypothesis. On the other
hand, we present an exercise suggesting no major changes in the
age of subducted lithosphere in the Chile trench from ~47 to
~28 Ma, followed by subduction of progressively older oceanic litho-
sphere from ~24 to ~16 Ma and finally changing to subduction
of progressively younger lithosphere from ~ 16 Ma till present. Finally,
it is shown that South American motion as predicted by available
hotspot models has insufficient resolution to be applied to the analy-
sis of Cenozoic Andean deformation.
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Supplementary Data

1) Finite reconstructions — plate circuit

Chron Age rotations
C3n.3n (0) 4.9 A+H+K
C5n.2n (o) 10.8 A+H+K
C5C.In(y) 16.0 A+H+K
Cén (0) 20.2 B+D+H+K
C8n.ln(y) 25.8 B+D+H+K
ClOn.ln(y) 28.3 B+D+H+K
C13n (m) 33.3 C+D+G+I+K
Cl8n.2n (y) 39.6 C+D+G+I+K
C2ln(m)  47.0 C+D+G+I+K
C25n (m)  56.1 C+D+G+I+K
C31n (y) 67.7 C+D+G+J+K
C32n.In(m) 71.2 C+D+G+J+K
ROTATIONS
Nazca to Antarctica
Chron Age Lat.(°N) Lona.(°E)  anale source
C3n3n(0) 49 48.23 260.25 -2.81 A
C5n.2n(0) 108 52.66 260.58 -7.26 A
C5C.In(y) 16.0 53.01 260.61 -111 A
Farallon to Pacific
Chron Age Lat.(°N) Lona.(°E)  anale source
Cén (0) 20.2 62.38 266.98 -31.01 B
C7(y) 24.8 63.88 265.25 -38.81 B
Cl0n.1n(y) 28.3 67.34 259.92 -43.44 B
C13n(m) 333 69.85 253.87 -49.54 C
Cl18n.2n (y) 39.6 73.13 245.92 - 56.86 C
C2ln(m) 470 74.76 237.64 - 64.98 C



C25n (m)  56.1 78.94 223.39 -71.40 C
C31n (y) 67.7 80.16 208.74 -77.87 C
C32n.1n(m) 712 80.43 204.19 - 80.04 C
Pacific to West Antarctica

Chron Age Lat.(°N) Lona.(°E)  anale source
Cén (0) 20.2 74.00 289.84 16.73 D
C7(y) 24.8 74.51 290.34 19.92 D
Cl0n.1n (y) 28.3 74.41 290.5 22.57 D
Cl3n(m) 333 74.44 295.26 27.17 D
Cl8n.2n (y) 39.6 74.87 305.54 32.19 D
C2ln(m) 47.0 74.52 309.81 37.00 E
C25n (m)  56.1 72.76 306.22 41.79 E
C31n (y) 67.7 69.33 306.56 51.05 E
C32n.ln(m) 712 6851 308.14 54.51 F

West Antarctica to East Antarctica

Chron Age Lat.(°N) Lona.(°E)  anale source
Cl3n(m) 333 18.15 162.15 -0.66 G
Cl18n.2n (y) 39.6 18.15 162.15 -1.30 G
C2ln(m) 470 18.15 162.15 -1.70 G
C25n(m) 561  18.15 162.15 -1.70 G
C3ln(y) 677 1815 162.15 -1.70 G
c32nln(m) 712 1815 162.15 -1.70 G

East Antartica to Africa

Chron Age Lat.(°N) Lona.(°E)  anale source

C3n3n(o) 4.9 8.2 310.60 0.69 H
C5n.2n(0) 10.8 8.2 310.60 1.53

C5C.In(y) 16.0 9.95 311.65 2.23 H
Cén (0) 20.2 10.7 312.10 2.78 H
C7(y) 25.8 12.69 311.84 3.74 H



Clon.in(y) 283  11.69 311.72 4.45 H

Cl3n(m) 333  12.69 315.39 5.64 1,
Ci8n.2n(y) 396  13.80 316.25 6.96 1,
C2ln(m) 470  11.27 318.45 8.61 Iy
C25n(m) 561  9.86 314.76  10.53 Iy
C3ln(y) 677 222 319.26 12,50 J
c3nin(m) 712  1.70 318.78  13.49 J

Africa to South America
Chron Age Lat. (°N)  Lona. (°E) anale source

C3n3n(0) 49  62.05 319.41 -1.61 K
Cs5n.2n(0) 108  62.05 319.41 -3.54 K
C5C.An(y) 160  59.35 322.15 5.8 K
Cén(0) 202  58.77 322.68 -7.49 K
C7(y) 258 5759 323.73 -9.57 K
cion.in(y) 283  57.00 324.84  -11.14 K
Cl3n(m) 333  56.17 326.36  -13.49 K
Cl8n2n(y) 396  57.10 327.00  -16.41 K
c2ln(m) 470  56.95 328.85  -19.44 K
C25n(m) 561  61.35 32779 -22.27 K
C3ln(y) 677  63.88 326.39  -25.54 K
C32nin(m) 712  63.41 326.62  -26.57 K

Sources:

A: Tebbens and Cande (1997); B: Pardo Casas and Molnar (1987), C: Corréa Rosa and Molnar (1988); D: Croon et
al. (2008); E: Cande et al. (1995), F: S.C. Cande (in Mller et al., 2000); G: Cande et al. (2000); H: Royer and Chang
(1991), I: Cande et al. (2010; a= dataset 1, b= dataset 2), J: Molnar et al. (1988); K: Muiller et al. (1999)

Note:

For the present study we adopted the Farallon to Pacific anomaly 7 reconstruction of Pardo Casas and Molnar (1987)
because no error is available for the anomaly 8 reconstruction of Tebbens and Cande (1997), which we used in our
previous contributions (Somoza, 1998; Somoza and Ghidella, 2005). As in previous contributions, the older Nazca to

Pacific reconstruction in the present study is derived from the anomaly 6m (19.6 Ma) rotation of Pardo Casas and



Molnar (1987) because availability of error estimates, although it is worth noting that, due to the scarcity or
absolutely lack of conjugate pairs of crossings of anomaly 6 within individual Pacific-Nazca spreading corridors,
Pardo Casas and Molnar (1987) determined his anomaly 6m rotation by interpolation between their anomaly 7
reconstruction and their 10 Ma Pacific-Nazca rotation derived from present-day plate motion (see last part of Section
2 in the main text). Using this interpolated reconstruction, however, does not affect the reliability of the results (see

discussion about anomaly 6By reconstruction between Pacific and Nazca, Section 3 of main text).

2) Nazca (Farallon) — South America convergence parameters from 7°S to 42°S

The tables below show the mean convergence rate (v, cm/yr) and mean convergence azimuth (Az., °E) for each
interval as seen in eight sites close to the Peru-Chile trench. The azimuths indicate the motion of the oceanic plate
towards South America. Values from intervals marked with asterisks may be not accurate (see main text). Care must
be taken when using the parameters from the older intervals to analyze the tectonics in the Andes of Colombia and
Ecuador because the possibility of late accretionary events (collision of either oceanic plateau or marginal basin) in
those times (i.e. no Andean-type tectonics). Analytical values predicting divergence were omitted (-), although it may
be true that Farallon diverged from South America in those times, our suggestion is the presence of an intervening

plate converging with the continent (see main text for discussion). Note that ages are rounded.

Interval | 3°N, 282°E | 7°S, 278%E | 12°S, 280°E | 17°S, 285°E | 22°S, 289°E
(Ma) Y Az. Y Az. Y Az. Vv Az. Vv Az.
5-0 7.7 | 80.1 | 83 (828 | 85 82 87 | 828 | 88 | 78.1
11-5 |11.8| 81.1 |10.5|83.3|10.7| 82,6 |10.9| 83.3 | 109 | 79.3
16-11 | 10.0| 85.2 | 10.8 |(87.6 |11.1| 86.7 |114| 875 |115| 82.4
20-16 | 9.7 | 73.1 [11.1] 79 |11.9 78 126 | 741 |13.2| 71.8
24-20 | 135|849 | 143 |86.5|145| 859 |14.6| 86.5 |14.6 83
33-28 | 95 | 599 | 9.2 |566| 87 | 55.7 | 81 | 566 | 7.3 | 53.8
40-33 | 10.6| 63 |10.2| 60 | 9.7 | 59.3 9 60 8.2 | 57.8
47-40 1102|654 | 98 [63.1| 94 | 625 | 88 | 63.1 | 8.1 | 61.8

56-47* | 8.7 | 923 | 6.9 | 87.2| 5.9 90 5 99.7 | 4.2 111

68-56* | - - 49 |255| 44 | 163 | 35 | 259 | 2.8 | 353.2

Interval | 27°S, 288°E | 32°S, 287°E | 37°S, 285°E | 42S, 285°E | 49S, 284°E
(Ma) Vv Az. Vv Az. Vv Az. Y Az. Vv Az.
5-0 88 | 786 | 87 | 789 | 86 | 79.7 | 85 | 79.7 - -

11-5 |109| 79.3 [10.8| 79.6 | 10.6| 80.2 |10.4| 80 - -
16-11 |115| 828 |11.4| 83.2 | 11.3 84 11.1| 84.3 | 10.6 | 84.6
20-16 |135| 73 |138| 74 14 75.6 |141| 757 | 14 | 77
24-20 | 144 | 829 |14.2| 83.1 |139| 836 |134| 834 |126 | 76.7
33-28 | 6.9 | 503 | 65 | 463 | 6.2 | 414 | 57 | 359 | 5.2 | 26.7
40-33 | 7.7 | 547 | 7.2 | 51 6.8 | 464 | 6.2 | 422 | 5.6 | 334
47-40 | 76 | 588 | 7.2 | 558 | 6.7 | 521 | 6.2 48 55 | 415
56-47* | 3.1 | 115 | 21 (1233 1 141 - - - -
68-56* | - - - - - - - - - -




3) Stage 1 — Comparison of convergence rate using the Nazca-Antarctica rotations for the 16-0 Ma time span

(this paper) with an alternative circuit following the Nazca-Pacific + Pacific-Antarctica rotations

The figure below shows the convergence rate curves for Stage 1 as seen at 22°S for: 1) this paper (red) using the
Nazca-Antarctica rotations of Tebbens and Cande (1997) for the 16-0 Ma interval; 2) Mayes et al. (1990) (blue) using
their Nazca to Pacific rotations for the Neogene; 3) Wilder (2003) (green) using his Nazca to Pacific rotations for the
Neogene. In the two latter cases the circuit was completed with the Pacific to Antarctica rotations of Croon et al.
(2008). Numbers below the curves are mean convergence azimuth for each interval of Mayes et al. (1990) and Wilder
(2003) (each with the respective color). Although the ages of reconstructions are different, the general tendency to a

Late Cenozoic slowdown in observed in all the cases.
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