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[1] Uncommonly long-lived subduction and variable plate geometry along the South
American Andean Plate margin resulted in diverse relationships between magmatic flux and
extensional and contractional deformation, as recorded by the overriding continental plate.
Convergence velocities, absolute overriding plate velocities, and subducting slab ages were
resolved along the trench from 170Ma to the present using a recently developed kinematic
global plate model to identify any relationship between subduction conditions, deformation
style, and magmatic features in the overriding plate. Key correlations reflect the dependence
of macroscopic crustal strain style on subduction mechanism and relative plate vectors.
Extensional back-arc basins involving mafic/oceanic crust developed only when the
overriding plate velocity of South America was directed away from the trench and the
modeled age of the subducting slab was older than 50Myr. The development of fold and
thrust belts, and uplift of major plateaus, was accompanied by trench normal convergence
velocities in excess of 4 cm/yr. Parameters investigated in this study revealed no correlation
with the timing of major magmatic events, nor was any correlation observed with the
structural style of fold and thrust belts.
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1. Introduction

[2] The Andean margin of South America is commonly
considered the type example of an ocean-continent conver-
gent margin. Initially situated along the southwestern margin
of Gondwana prior to its dispersal, this margin has been the
site of subduction since at least the Jurassic [James, 1971;
Coira et al., 1982; Pankhurst et al., 2000; Oliveros et al.,
2006]. During this long-lived subduction, the Andean margin
developed a varied and commonly complex sequence of
superimposed deformation and magmatic events. This paper
examines relationships between conditions imposed on the
margin by the subduction zone(s) and the development of
specific significant geological events in the arc and back-arc
regions of the overriding South American Plate over the past
170Ma. Geological events identified in this analysis needed
to be of sufficient magnitude to have been influenced by
plate-scale processes, with reasonable control on their timing
and duration.
[3] The influence of any given subduction zone(s) on

deformation in the overriding plate has been investigated

along the South American margin by various authors.
Numerous conditions have been implicated as drivers of
deformation and magmatism, including the rate of conver-
gence between subducting and overriding plates [Pilger,
1984; Yáñez and Cembrano, 2004; Capitanio et al., 2011;
Ramos, 2010; Daly, 1989; Pindell and Tabbutt, 1995], the
absolute velocity of South America in a mantle or hot spot
reference frame [Ramos, 2010; Yáñez and Cembrano,
2004; Martinod et al., 2010; Pindell and Tabbutt, 1995],
the model age of the subducting slab [Capitanio et al.,
2011; Yáñez and Cembrano, 2004; Pilger, 1984; Pindell
and Tabbutt, 1995], the dip of the subducting slab [Pilger,
1981, 1984; Jarrard, 1986; Lallemand et al., 2005; Martinod
et al., 2010], trench velocity [Pindell and Tabbutt, 1995;
Oncken et al., 2006; Ramos, 2010], and the lateral width of
the subducting slab [Schellart, 2008; Schellart et al., 2007].
The relative influence of each of these various conditions on
deformation is unclear, as are the effects of any potential inter-
actions between the conditions. As yet no single parameter has
been satisfactorily identified as a primary controller of overrid-
ing plate deformation, implying that interaction between
the conditions likely plays an important role in determining
tectonic regime and deformation style.
[4] A well-constrained data set is essential in elucidating

relationships between subduction zone dynamics and the
geological evolution of the overriding South American
Plate. The identification of plausible correlations between
subduction parameters and deformation requires that the
initiation and duration of any deformation event be precisely
constrained. Recent advances in dating techniques have
provided refined constraints on event ages. In addition,
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data from recent field studies [e.g., Villagómez et al., 2011;
McAtamney et al., 2011] have provided an improved under-
standing of key parts of the Andean margin and more detail
in the nature and timing of deformation and magmatic events.
[5] A recently developed global plate kinematic model

[Seton et al., 2012] allows the reconstruction of tectonic plate
configuration back to 200Ma. It was used to investigate
relationships between subduction and geologic events
recorded by the overriding South American Plate. A hybrid
absolute reference frame comprising a moving Indian/
Atlantic hot spots reference frame [O’Neill et al., 2005]
from 100Ma to the present and a paleomagnetically derived
true polar wander corrected reference frame [Steinberger and
Torsvik, 2008] back to 200Ma is used for the model, with the
Pacific reference frame modified fromWessel and Kroenke’s
[2008] fixed Pacific hot spots to remove certain unrealisti-
cally fast plate motions. This model incorporates the breakup
of the Ontong-Java, Hikurangi, and Manihiki Plateaus
[Taylor, 2006] in the South Pacific, which has repercussions
in the calculated locations of ridge subduction and oceanic
plate velocities experienced by the Andean margin. The
model and associated oceanic crust age grid [Seton et al.,
2012] were used to investigate convergence rates, the abso-
lute motion of South America, and the ages of subducting
slabs in relation to the timing of the development of exten-
sional basins, fold and thrust belts, uplift of the Altiplano-
Puna Plateau, and major magmatic events. This method
implicitly accepts the kinematic model; uncertainties with
respect to plate position and motion increase with age, par-
ticularly in the Pacific region. The model was not itself
explicitly tested. However, a first-order evaluation of the
modeling outcomes is provided by the geological record, as
discussed below. Though slab dip and mantle flow are com-
monly considered significant parameters influencing geo-
metry, plate coupling, and tectonic setting [Jarrard, 1986;
Ramos, 2010], they were omitted from this study as there
are no accurate models of dip or mantle flow patterns back
through time developed independently of the geology of
the margin.

2. Overview of Deformation in the Andes

[6] The effects of post-Jurassic deformation along the
western margin of South America can be placed into either
of two broad categories: extension during the Late Jurassic
and Cretaceous, and contraction from the Late Cretaceous
to the present (Figure 1). The margin is divided into five
regions: northern, Peruvian, central, south-central, and south-
ern Andes. This arbitrary division simply facilitates the
discussion and evaluation of complex detail in the history
of the Andean margin and highlights any dependence
between particular geological events and the edge of a
subduction zone in the geological evolution of the region.

2.1. Northern Andes (8°N to 5.5°S)

[7] The region defined here as the northern Andes extends
from Colombia to northern Peru. Tectonic style in the region
was influenced by its interaction with the Caribbean Plate
system [Pindell and Kennan, 2009]. The northern Andean
margin comprises a series of accreted and para-autochthonous
terranes assembled during the late Mesozoic juxtaposed
against autochthonous continental crust [McCourt et al., 1984;

Nivia et al., 2006; Villagómez et al., 2011]. Extension and
lithospheric thinning of the margin occurred from the Late
Jurassic to Early Cretaceous. The igneous Quebradagrande
Complex consists of both mid-ocean ridge basalt and arc-
related rocks, erupted through attenuated crust [Villagómez
et al., 2011]. This event resulted in the Colombian Marginal
Seaway (8°N–5.5°S), a circa 140–130Ma north trending basin
floored by oceanic crust. The basin has been extrapolated to
the proposed Proto-Caribbean Seaway, which began to close
by circa 100Ma [Kennan and Pindell, 2009; Aspden and
McCourt, 1986; Nivia et al., 2006]. Shortening in the early
Cenozoic led to out-of-sequence reactivation of Mesozoic
extensional rifts in and uplift the Eastern Cordillera of
Colombia (6°N–2°N) at circa 60–20Ma [Parra et al., 2009a,
2009b, 2012].

2.2. Peruvian Andes (5.5°S to 14°S)

[8] The region defined here as the Peruvian Andes extends
from northern to southern Peru, terminating at the start of the
Altiplano-Puna Plateau. Late Jurassic and Cretaceous exten-
sion continued along this portion of the margin and led to the
Tithonian (circa 147Ma) [Gradstein et al., 1994] aged opening
of the Huarmey and Cañete Basins [Cobbing, 1978; Atherton
and Aguirre, 1992]. Sheeted mafic dyke swarms and pillow
lavas in the Huarmey Basin (8°S–12°S) are interpreted to
reflect extensive crustal extension [Atherton et al., 1983], on
a scale inadequate to form new oceanic crust [Ramos, 2010].
Crustal extension without the development of new oceanic
crust also formed the Cañete Basin (12°S–16°S) [Atherton
and Aguirre, 1992]. The main phase of subsidence in both
basins occurred in the Albian (circa 99Ma) and sediment ac-
cumulation ceased soon after [Cobbing, 1978]. Components
of the circa 105–37Ma Peruvian Coastal Batholith include
several superunits [Mukasa, 1986] distinct in timing and
geochemistry. The most voluminous flux is recorded by parts
of the circa 86–70Ma Santa Rosa and Tiabaya superunits
[Mukasa, 1986]. Cenozoic contraction first developed in this
region with the middle to late Eocene thin-skinned Marañon
fold and thrust belt (7°S–12.5°S). Reactivation of these thrusts
occurred during a second phase of contraction from circa 20 to
13Ma [Mégard, 1984]. The locus of deformation then shifted
eastward at circa 11Ma to the presently active thin-skinned
northern Peruvian Sub-Andean fold and thrust belt (3°S–11°S)
[Audebaud et al., 1973; Rousse et al., 2003; Mégard, 1984].
To the west of these fold and thrust belts, the circa 13–3Ma
Cordillera Blanca Batholith was emplaced approximately
100 km inboard of the Peruvian Coastal Batholith [Atherton
and Petford, 1996]. Detachment faulting along the western
flank of the Cordillera Blanca Batholith beginning at circa
5Ma resulted in the still active extensional Callejon de
Huaylas Basin (8.5°S–10°S) [Giovanni et al., 2010; McNulty
and Farber, 2002]. The Callejon de Huaylas Basin is one of
only a handful of locations along the margin to record
Cenozoic extension (Figure 1).

2.3. Central Andes (14°S to 34°S)

[9] The region defined here as the central Andes comprises
the Altiplano-Puna Plateau and the adjacent foreland of
southernmost Peru, extending through northern and central
Chile to western parts of Argentina. The southern portion
of the Cañete Basin and the southernmost units of the
Peruvian Coastal Batholith both extend southward into this
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Figure 1. (a) Late Jurassic to Cretaceous deformation and magmatic events along the Andean
margin. Note that as much of the crust flooring the mafic back-arc basins is no longer extant the
outlines shown are interpreted potential extents. In the case of the Rocas Verdes Basin, the north-
ernmost ophiolite fragments are reported at 52°S, so this has been used as the northernmost point
in the analysis, but the basin may have stretched farther north. CMS: Colombian Marginal Seaway,
PCB: Peruvian Coastal Batholith, HCB: Huarmey and Cañete Basins, SB: Salta Basin, CCB:
Central Chilean Basin, PFB: Patagonian and Fuegian Batholiths, RVB: Rocas Verdes Basin.
(b) Cenozoic deformation and magmatic events along the Andean margin. EC: Eastern Cordillera of
Colombia, NPSA: North Peruvian Sub-Andean fold and thrust belt (FTB), MAR: Marañon FTB,
CBB: Cordillera Blanca Batholith, CHB: Callejon de Huaylas Basin, PCB: Peruvian Coastal
Batholith, APP: Altiplano-Puna Plateau, SA: Sub-Andean FTB, SBS: Santa Bárbara System, AP:
Argentine Precordillera, SP: Sierras Pampeanas, AC: Aconcagua FTB, LR: La Ramada FTB, MAL:
Malargüe FTB, CM: Chos Malal FTB, G: Guañacos FTB, AG: Agrio FTB, COMB: Coya-Machalí
Basin, CUMB: Cura Mallín Basin, AL: Aluminé FTB, NCCB: Ñirihuau-Collón Curá Basin, PFB:
Patagonian and Fuegian Batholiths, P: Patagonian FTB, MAG: Magallanes FTB. Data sources include
Ramos et al. [1996], Hervé et al. [2007], Atherton and Petford [1996], Kley and Monaldi [2002],
Fosdick et al. [2011], Ramos et al. [2002], Klepeis and Austin [1997], Gubbels et al. [1993],
Allmendinger et al. [1997], Atherton and Aguirre [1992], Marquillas et al. [2005], Zapata and
Folguera [2005], Vietor and Echtler [2006], Mégard [1984], Spalletti and Dalla Salda [1996],
García Morabito and Ramos [2012], Paredes et al. [2009], Ramos and Kay [2006], Mora et al.
[2009], and Giovanni et al. [2010].
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part of the Andes. Cretaceous extension resulted in the
opening of the circa 130–70Ma continental Salta Basin
(22°S–27.5°S) comprising a series of seven subbasins radiat-
ing from a central high [Marquillas et al., 2005; Carrera
et al., 2006; Reyes, 1972] and, immediately to the south,
the opening of the Central Chilean Basin (27°S–34°S) during
Aptian and Cenomanian (circa 120–94Ma) times [Mpodozis
and Allmendinger, 1993; Levi and Aguirre, 1981].
[10] The Altiplano-Puna Plateau of the central Andes is

second only to the Tibetan Plateau in height and extent, and
is the highest plateau associated with abundant and ongoing
arc magmatism [Allmendinger et al., 1997]. It is divided into
two regions based on distinctions in uplift history and
morphology: the Altiplano portion to the north (14°S–22°S)
and the higher Puna portion to the south (22°S–28°S)
[Whitman et al., 1996; Isacks, 1988]. South of the Puna
Plateau, Andean altitudes remain higher than 3 km to circa
34°S [Whitman et al., 1996; Allmendinger et al., 1997].
Crustal uplift to form the Altiplano may have begun as early
as the Eocene, but most uplift is thought to have occurred
between circa 25 and 12Ma. Uplift of the Puna Plateau
commenced between circa 20 and 15Ma and continued until
circa 2–1Ma [Allmendinger et al., 1997]. This region has the
thickest crust of the Andean margin, being circa 60–65 km
thick beneath the Altiplano and approximately 10 km thinner
beneath the Puna portion [Beck et al., 1996; Beck and Zandt,
2002; Gerbault et al., 2005].
[11] On the eastern flank of the Altiplano, in the Eastern

Cordillera, the thick-skinned reactivation of earlier Paleozoic
compressive andMesozoic extensional structures is interpreted
to have occurred between circa 40 and 20Ma; the locus of
deformation is inferred to have migrated eastward after
20Ma to develop a thin-skinned Sub-Andean fold and thrust
belt that is still active [McQuarrie et al., 2005; Gubbels
et al., 1993; Burchfiel et al., 1981; Isacks, 1988]. The contin-
uous nature of the Sub-Andean fold and thrust belt, which
developed along the length of the Altiplano, contrasts with
the varied deformation fabrics in foreland crustal material
adjacent the Puna portion of the plateau. The Puna foreland
comprises several fold and thrust belts and basement terranes
of distinct style and age. Flat slab subduction of the Nazca
Plate between 27°S and 33°30′S [Barazangi and Isacks,
1976] introduced further tectonic complexity in deformed
rocks of the southernmost Puna foreland. A structural inver-
sion of the Cretaceous Salta Basin began after circa 9Ma
[Reynolds et al., 2000] to form the thick-skinned thrust belt
of the Santa Bárbara System (23°S–27°S) at the northern limit
of flat slab subduction [Grier et al., 1991; Kley and Monaldi,
2002]. The influence of flat-slab subduction of the Nazca
Plate is also seen in foreland basement uplifts of the Sierras
Pampeanas (27°S–33.5°S) where large basement blocks were
uplifted in the late Cenozoic, starting from circa 7Ma [Ramos
et al., 2002]. Directly west of the Sierras Pampeanas, thin-
skinned thrusting in the Argentine Precordillera (28°S–33°S)
developed along a Cambo-Ordivician limestone detachment
surface starting at circa 21Ma [Jordan et al., 1993; Vietor
and Echtler, 2006]. To the west and south of the Argentine
Precordillera, a string of fold and thrust belts developed in
close proximity, and at about the same time, but display
distinct structural styles. The La Ramada fold and thrust
belt (31.5°S–32.5°S) records alternating episodes of thin-
and thick-skinned thrusting [Cristallini and Ramos, 2000].

Thin-skinned thrusting, involving a detachment floored
by evaporites, occurred between circa 20 and 14Ma. The
reactivation of Triassic normal faults then led to thick-skinned
style deformation between circa 14 and 12.7Ma. This pro-
duced a sticking point in the foreland propagation of orogeny
and resulted in out-of-sequence thin-skinned thrusting on the
west side of the belt between circa 12 and 9.2Ma [Cristallini
and Ramos, 2000; Ramos et al., 1996]. Thin-skinned thrusting
in the Aconcagua fold and thrust belt (32.5°S–34°S) began at
circa 22Ma, coeval with, or just prior to, uplift in the Puna
Plateau, and continued until circa 8Ma [Ramos et al., 1996;
Ramos, 1985].

2.4. South-Central Andes (34°S to 42.5°S)

[12] The region defined here as the south-central Andes
extends south from the termination of the Puna Plateau
through to central Chile. Widespread extension and rifting
took place in this region prior to the period investigated in
the study with the opening of the Triassic Neuquén Basin
[Vergani et al., 1995], and reactivation of these structures
plays an important role in the later tectonic evolution of the
region. An early phase of contractional deformation in the
late Mesozoic resulted in the formation of a series of fold
and thrust belts. The northernmost of these, the Chos Malal
fold and thrust belt (36°S–37.5°S), records thin-skinned
deformation with a detachment surface along Late Jurassic
evaporites [Folguera et al., 2007]. Timing of deformation
in the belt is poorly constrained to sometime between the
middle to Late Cretaceous, with a pulse of uplift recorded
at circa 70Ma [Burns, 2002; Burns et al., 2006; Kay et al.,
2006]. Following south from the Chos Malal belt, the Agrio
fold and thrust belt (37.5°S–38.5°S) records a combination
of deformation styles from circa 102 to 70Ma with thick-
skinned reactivation of Neuquén Basin normal faults in
the inner sector and thin-skinned thrusting in the outer,
forelandward sector [Zamora Valcarce et al., 2006; Zapata
and Folguera, 2005]. Reactivation of Neuquén Basin faults
is also recorded from at least circa 75 to 65Ma in the thick-
skinned Aluminé fold and thrust belt (38.5°S–40.5°S)
[García Morabito and Ramos, 2012].
[13] This region records Cenozoic (Oligocene-Miocene)

extension in a string of basins, with rare equivalent structures
elsewhere along the margin. Active extensional faulting in the
northernmost basin, the Coya-Machalí Basin (33°S–36°S),
took place from circa 34 to 23Ma [Charrier et al., 2002;
Godoy et al., 1999]. Farther south, extension in the Cura
Mallín Basin (36°S–38°S) occurred from circa 26 to 20Ma
[Burns et al., 2006; Jordan et al., 2001]. The southernmost of
these basins is the circa 34–18Ma Ñirihuau-Collón Curá
Basin (40°S–42.5°S) [García Morabito and Ramos, 2012;
Franzese et al., 2011;Rapela et al., 1983;Giacosa et al., 2005].
[14] The Oligocene-Miocene extensional phase was

followed by a period of renewed contraction that involved
the development of new fold and thrust belts and the
reactivation of preexisting ones. The Malargüe fold and
thrust belt (34°S–36°S) developed immediately south of the
Aconcagua belt (central Andes) and is characterized prima-
rily by thick-skinned deformation [Kozlowski et al., 1993;
Ramos et al., 1996] that involved the reactivation of exten-
sional structures of the Triassic Neuquén Basin [Giambiagi
et al., 2008]. The main phase of deformation in the Malargüe
fold and thrust belt occurred between circa 15 and 8Ma,
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although deformation continued until circa 1Ma [Giambiagi
et al., 2008; Turienzo, 2010; Ramos et al., 1996]. Dominantly
thick-skinned reactivation in the Chos Malal fold and thrust
belt occurred from circa 15 to 12Ma and involved the
inversion of Early Jurassic extensional structures as well as
the reactivation of Late Cretaceous thrust faults [Kay et al.,
2006 Folguera et al., 2007]. West of the Chos Malal belt, clo-
sure of the Cura Mallín Basin accompanied the development
of the Guañacos fold and thrust belt (36.5°S–37.5°S) starting
at circa 9Ma [Folguera et al., 2006; Burns et al., 2006].
Deformation in this belt is predominantly thin-skinned north
of 37°S, with a mix of thick- and thin-skinned styles south
of 37°S [Folguera et al., 2006, 2007]. South of the Chos
Malal belt, the Agrio fold and thrust belt experienced thick-
skinned reactivation from circa 7 to 5Ma associated with the
closure of the southern portion of the Cura Mallín Basin
[Zapata and Folguera, 2005]. Reactivation of the Aluminé
fold and thrust belt from circa 11 to 3Ma accompanied the
closure of the Ñirihuau-Collón Curá Basin [García Morabito
et al., 2011; Rosenau et al., 2006], the southernmost of the
Oligocene-Miocene extensional basins.

2.5. Southern Andes (42.5°S to 56.5°S)

[15] The region defined here as the southern Andes consists
of central to southernmost Chile and central to southernmost
western Argentina. It is south of the former Ñirihuau-Collón
Curá Basin and extends to the southernmost point of South
America. Widespread grabens and half grabens that include
silicic volcanic rocks of the Tobifera Formation developed
along this portion of the Andean margin between circa
178 and 153Ma; they have been interpreted as marking
the onset of Gondwana dispersal [Bruhn et al., 1978;
Pankhurst et al., 2000].
[16] Arc-derived plutonic rocks extend continuously along

the plate margin in this region to Tierra del Fuego [Stern and
Stroup, 1982;Hervé et al., 1984]. They form a distinct belt that
includes the North Patagonian Batholith (40°S–47°S), the
South Patagonian Batholith (47°S–53°S), and the Fuegian
Batholith (53°S–56°S). Each of the batholiths formed mostly
during two episodes of magma flux, of distinct ages. A first
episode of the North Patagonian Batholith lasted from circa
140 to 95Ma and a second from circa 20 to 8Ma [Pankhurst
et al., 1999]. The South Patagonian Batholith mostly formed
between circa 157 and 137Ma [Hervé et al., 2007], with a
subsidiary episode between circa 25 and 15Ma [Hervé et al.,
2007]. The circa 157Ma episode was partially contempora-
neous with silicic volcanism of the Tobifera Formation [Hervé
et al., 2007]. Episodic development of this batholith continued
throughout much of the Cretaceous, the magma flux migrating
westward with time until circa 75Ma. The Fuegian Batholith
in Tierra del Fuego records a circa 141–81Ma episode,
followed by a 20Myr hiatus before magmatism resumed in a
second episode that extended from circa 60 to 34Ma [Hervé
et al., 1984; Halpern, 1973].
[17] The opening of the Rocas Verdes back-arc basin

(52°S–56°S) at circa 152Ma [Calderón et al., 2007] was
accompanied by the development of oceanic crust [Dalziel
et al., 1974]. Basin inversion has been inferred to be related
to a change in the absolute plate motion of South America at
circa 100Ma [Somoza and Zaffarana, 2008; Ramos, 2010,
this study]. By circa 92Ma convergence had resulted in the
formation of the thin-skinned Magallanes fold and thrust belt

(52°S–56°S) and associated foreland basin [Fildani et al.,
2003; Fildani and Hessler, 2005; Nelson et al., 1980]. The
Magallanes fold and thrust belt is the southernmost segment of
the Patagonian fold and thrust belt (47°S–56°S). Constraints on
the timing of deformation in northern segments are poor;
deformation is variously recorded to have occurred sometime be-
tween the Maastrichtian and middle Miocene (circa 71–13Ma)
in some locations [Suárez et al., 2000; Kraemer, 1998].
Thrusting continued in the Magallanes fold and thrust belt
until the late Oligocene/early Neogene [Klepeis, 1994]. Sinistral
strike-slip faults observed in the foreland [Cunningham, 1993]
are inferred to have dominated deformation in the region after
the main thrusting events [Klepeis, 1994].

3. Subduction Parameters

[18] Parameters characterizing plate motion at the sub-
duction margin were resolved at 55 points along a defined
Andean trench from 170Ma to the present. Point spacing
was chosen to give good coverage of the margin. The plate
model used in this study is composed of rigid, undeformable
plates, with South America treated as a single rigid block
such that the overriding plate velocity used in the analysis
is that of the South American craton. Any smaller block rota-
tions, such as that between Patagonia and the rest of South
America, and the introduction of the Scotia Plate in southern-
most South America at 40Ma have not been considered. This
oversimplification is likely valid for only some portions of
the Andean margin. In regions of the Andean margin that
experienced oroclinal bending, such as the Bolivian or
Patagonian Oroclines, the effect of block rotations are likely
to be appreciable. For instance, parts of the Patagonian
Orocline record rotations of circa 90° relative to the South
American craton [Cunningham et al., 1991]. In these regions
care must be taken when interpreting the results and the study
can be viewed as an investigation of only first-order effects.
[19] The shape and position of the defined subduction

trench relative to the South American craton were also kept
constant. Therefore, changes in shape or position of the
trench resulted in some of the 55 points being slightly offset
from the actual trench position. In extreme cases, several of
the northernmost points were no longer within reasonable
distance of the active subduction trench; for example, some
were located in the central regions of the Caribbean Plate.
Therefore, data for these points after 70Ma were ignored.
As the development of the Eastern Cordillera of Colombia
occurred during this interval, that event has been neglected
from the analysis. Several other geologic events have neces-
sarily been excluded from analysis due to inadequate
constraints on timing of initiation and duration of the event.
These excluded events include the Cretaceous-aged first
episode of thrusting in the Chos Malal fold and thrust belt
of the south-central Andes and the development of portions
of the Patagonian fold and thrust belt of the southern Andes
north of 52°S.
[20] Though South America was the only continental

plate of interest, the Pacific margin interacted with several dif-
ferent oceanic plates. These include the Farallon, Phoenix,
Chasca, Catequil, Antarctic, Nazca, and Cocos Plates; the
evolving plate configuration is illustrated in Figure 2. The
Chasca and Catequil Plates are new plates that are introduced
in the kinematic model developed by Seton et al. [2012].
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[21] Uncertainties exist in the plate configuration at the
northern and southern limits of the margin, particularly at
early times of the analysis. In the northern Andes, continental
microplates are suggested to have existed between the
present-day Colombian margin and the subduction trench
[Ross and Scotese, 1988; Kennan and Pindell, 2009;
Jaillard et al., 1995; Pindell and Dewey, 1982], potentially
introducing a further level of complexity in interactions
between the subduction zone and South America. However,
as the geometry, locations, and motions of these postulated
microplates are poorly constrained [Jaillard et al., 1995],
and are not included in the global kinematic model, they were
omitted from this analysis and only first-order effects from
the subducting Farallon Plate on the overriding South
American Plate were considered. At the southern end of the
margin, there is a possibility that the Antarctic Peninsula
may have lain immediately west of the southernmost extent
of the South American Pacific margin during parts of the
Mesozoic [Lawver et al., 1998; Ghidella et al., 2002; Jokat
et al., 2003; Hervé et al., 2006]. Therefore, subduction might

not have occurred along the posited margin for some of the
earliest times investigated, as the earliest evidence of subduc-
tion along this portion of the margin corresponds to circa
157Ma components of the South Patagonian Batholith
[Hervé et al., 2007]. However, as both the position of the
peninsula and the timing of exactly when overlap between
the peninsula and southernmost South America ceased are
poorly constrained, subduction parameters were extracted
as if subduction did occur along this portion of the South
American margin for the entire period investigated.
[22] The first subduction parameter is the age of the

subducting slab, established by sampling the reconstructed
age grid at 55 points along the defined trench; the position
of a representative 10 of the 55 points is shown in Figure 3.
The absolute plate velocity of South America was deter-
mined normal and parallel to the trench (Figure 4). In the case
of the trench normal absolute velocity, positive values indi-
cate that the overriding South American Plate was moving
toward the trench at that time, whereas negative values reflect
motion away from the trench. Trench parallel northward
motion of the overriding South American Plate is indicated
by positive values, and negative values indicate trench paral-
lel motion to the south. Similarly, relative convergence
velocities between South America and the various subducting
oceanic slabs were determined both normal and parallel to
the trench (Figure 5). Positive trench normal convergence
velocities indicate convergence between South America and
the subducting plate, whereas negative values indicate diver-
gence. In the case of trench parallel convergence rates, posi-
tive values indicate right-lateral motion along the margin and
negative velocities indicate that motion was left-lateral.

4. Results

[23] A comparison of model data pertinent to convergence
rate, absolute plate motion, and the model ages of subducting
slabs along the South America Pacific margin establishes
some distinctive correlations with its geologic record, inclu-
ding the development of extensional basins, fold and thrust
belts, uplift of plateaus, and major magmatic events (Table 1).
All correlation coefficients found during the analysis are low
(less than 0.39), but all have p values of much less than 1%,
indicating that they are statistically significant. Low coeffi-
cients are expected. There will be errors in the attributed age
and duration of recorded geological events, as well as in the
oceanic crust ages and plate motions of the model used. Slab
age and plate motion data become more uncertain with age.
All of these factors can be expected to contribute to decreasing
any correlation between the variables considered. In this con-
text, correlations are considered strong if they have correlation
coefficients with an absolute value over 0.30 (for the parame-
ters stipulated), are considered weak for coefficients between
0.30 and 0.10, and are uncorrelated for parameters with coef-
ficients less than 0.10.
[24] Periods of recorded crustal extension accompanied

a range of tectonic scenarios. However, there is a strong
correlation (coefficient 0.32) between the development of
marginal basins floored by oceanic crust and the absolute
motion of South America having been directed away from
the trench, accompanied by the subduction of oceanic crust
older than 50Myr (Table 1), where Myr denotes million
years since the crust formed at a ridge. Neither the motion
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Figure 2. The various plate configurations along the
Andean margin from 170Ma to the present in a fixed South
America reference frame. Time ranges for when the given
configuration existed are given, while the age in brackets is
the actual reconstruction age. FAR: Farallon Plate, PHX:
Phoenix Plate, ANT: Antarctic Plate, CHA: Chasca Plate,
CAT: Catequil Plate, COC: Cocos Plate, NAZ: Nazca Plate.
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of South America nor the model age of the subducted slabs
individually correlates well with the progression from crustal
extension to back-arc spreading (Figures 3 and 4). Though
east directed motion of the South American Plate occurred
along much of the margin between circa 160 and 120Ma,
oceanic crust developed only at those segments of the

margin where comparatively old ocean crust was subducted.
Examples include the formation of the Colombian Marginal
Seaway in the northern Andes and the Rocas Verdes Basin
of the southern Andes (Figure 1). A strong correlation (coef-
ficient 0.33) can also be established between these events and
normal convergence velocities less than 0 cm/yr, though this
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association is weakened by being absent from northern parts
(north of 54.5°S) of the Rocas Verdes Basin.
[25] The development of the Altiplano-Puna Plateau of the

central Andes and its flanking fold and thrust belts was
accompanied by high relative trench normal convergence

rates (magnitude>4 cm/yr). This relation can be extrapolated
for almost all compressional events recorded by the margin.
An exception is the Magallanes fold and thrust belt in the
Southern Andes (Figure 1); its development was accom-
panied comparatively low positive or negative convergence
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Figure 5. Trench normal convergence velocity between South America and the relevant downgoing slab,
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rates (magnitude <2 cm/yr). The correlation coefficient for
contraction events that developed contemporaneous with
high convergence rates is 0.21 but increases to 0.32 if the
Magallanes fold and thrust belt is excluded from the analysis.

5. Discussion

[26] Temporal and spatial associations between geological
events and the plate parameters outlined above beg explana-
tory geodynamic mechanisms. In a global context, subduction
zone polarity appears to be a strong determinant in the likeli-
hood of developing back-arc basins, with most marginal
basins being developed over west dipping subduction zones
[Dickinson, 1978; Doglioni, 1995; Doglioni et al., 2007].
The marginal basins of the Andean margin are thus part of a
rarer group of back-arc basins developed along east dipping
subduction zones and likely required the presence of unique
conditions along the subduction zone to enable formation.
The opening of mafic-floored back-arc basins along the
South American margin was clearly associated with the trench
normal absolute velocity vector being directed away from the
trench. This conclusion agrees with the findings of other stud-
ies, which have indicated that absolute overriding plate veloc-
ity is a primary control on the tectonic regime of convergent
margins [Heuret and Lallemand, 2005; Oncken et al., 2006;
Ramos, 2010]. Although overriding plate velocity alone has
been suggested as a dominant factor on upper plate defor-
mation [Heuret and Lallemand, 2005], other studies suggest
that the differential velocity between the overriding plate and
the trench is a stronger determinant of upper plate strain
[Oncken et al., 2006; Ramos, 2010]. As the plate model used
does not currently incorporate trench motions, this study
did not quantitatively consider this differential velocity as a
parameter; however, trench velocity is considered to be itself
dependent on the overriding plate velocity [Oncken et al.,
2006; Ramos, 2010], and so the first-order correlation observed
with the overriding plate velocity agrees with these studies.
[27] Alone, the effect of the overriding plate velocity

directed away from the trench appears inadequate to facilitate
crustal separation and, for example, microcontinent dispersal.
The development of back-arc basins in the northern and south-
ern Andes regions was associated with the subduction of
oceanic slabs older than 50Myr. The effect of slab age
on subduction dynamics is ambiguous. The buoyancy (age,
thermal regime), rigidity, and the extent of coupling with the
overriding plate, together with other parameters, have been
shown to have a dependency on slab age yet are also consid-
ered to have distinct, commonly competing effects [Forsyth
and Uyeda, 1975; Di Giuseppe et al., 2009; Yáñez and
Cembrano, 2004].
[28] Trench rollback, whereby the subduction zone hinge

moves away from the overriding plate, is likely an important
condition in the development of mafic-floored back-arc basins
[Oncken et al., 2006; Ramos, 2010]. However, as the model
used in this analysis does not incorporate deformation of
the trench, it cannot be used to provide a record of rollback
along the margin. Slab age is sometimes employed as a proxy
for trench rollback as rollback is commonly considered a conse-
quence of the subduction of old, dense oceanic crust; younger
slabs are commonly considered comparatively buoyant and thus
able to resist subduction leading to trench advance [Molnar
and Atwater, 1978; Dewey, 1980; Garfunkel et al., 1986].

This could present a tidy explanation for the opening of
mafic-floored back-arc basins facilitated by slab retreat from
the subduction of old oceanic crust. However, in recent years
the accepted relationship between slab age and trench move-
ment has been challenged. A global compilation of absolute
motions established the inverse relationship: older slabs
advance toward the overriding plate and younger ones retreat
[Heuret and Lallemand, 2005]. Older, stronger oceanic
lithosphere supposedly resists bending at the subduction zone,
resulting in trench advance, whereas younger, weaker crust
subducts more easily resulting in trench retreat [Di Giuseppe
et al., 2009]. Instead of trench rollback, a potential first-order
explanation for the correlation could be suction force, being
derivative from the effect of subducted lithosphere displacing
mantle material, in turn causing the overriding continental
plate to be pulled toward the trench [Elsasser, 1971; Forsyth
and Uyeda, 1975]. As older oceanic lithosphere tends to be
thicker [Parsons and McKenzie, 1978], the subduction of
relatively old oceanic lithosphere should displace proportion-
ately more mantle material, inducing a stronger suction force
than in the case of the subduction of younger lithosphere. In
situations where the velocity of the overriding plate is nega-
tive, the tensile stress in the back-arc region can be envisaged
as sufficient to induce crustal splitting, provided a preexisting
weakness is present [Shemenda, 1993].
[29] An alternative explanation for the development of

mafic-floored back-arc basins at only the northern and south-
ernmost extents of the subduction margin involves a model
whereby lateral slab width controls deformation in the over-
riding plate [Schellart et al., 2007; Schellart, 2008]. In this
model, mantle flow around the edges of a subducting slab en-
ables rollback, facilitating lithospheric extension more easily
at the edges of long subduction zones. Conversely, the lack
of mantle escape flow in central portions of a subduction
zone retards trench rollback. This effect may also explain
why the development of mafic-floored back-arc basins does
not occur at some other locations along the margin where
the conditions of a negative overriding plate velocity and
subducting slab age greater than 50Myr are met (e.g., Point
49, Figures 3 and 4). However, location along the subduction
zone cannot control the timing of the development of
extension, and under this alternative model, the direction of the
velocity of the overriding plate still seems to be a primary control
on the initiation of mafic-floored back-arc basin extension.
[30] Modeled trench normal convergence rates less than

0 cm/yr (i.e., extensional) were associated with the opening
of the Colombian Marginal Seaway (northern Andes) and
the southern portion of the Rocas Verdes Basin (southern
Andes). However, this condition does not appear essential
to the development mafic-floored basins, as it was not associ-
ated with the opening of the northern portion of the Rocas
Verdes Basin. Geological complexity of the Rocas Verdes
Basin confounds easy interpretations. Geochemical distinc-
tions between mafic rocks in southern and northern portions
of the basin indicate that the basin was wider in the south than
in the north, originally leading to an interpretation that crustal
separation initiated in the south and propagated northward
[de Wit and Stern, 1981; Stern and de Wit, 2003]. However,
recent detrital zircon spectra from Rocas Verdes sedimentary
rocks are more consistent with synchronous rifting along the
length of the basin [McAtamney et al., 2011], requiring an
alternative explanation for distinctions between the southern
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and northern mafic rocks. Convergence rates less than 0 cm/yr
in the south but not in the north could have facilitated greater
extension in the south and could explain the differences in
basin width.
[31] The development of fold and thrust belts and plateau

uplift along the South American margin, features commonly
associated with crustal compression, seems to require contrib-
uting effects from parameters additional to those investigated
here. Trench normal convergence velocity in excess of 4 cm/yr
was correlated with the development of most contractional
features, excluding the Magallanes fold and thrust belt. A high
convergence rate could reasonably be expected to facilitate a
compressive strain regime in the overriding continental plate,
assuming regular plate coupling. However, convergence rates
along the margin have been as high or higher during periods
of extensional deformation or no contractional deformation
(Figure 5). Therefore, while high convergence rates may
facilitate the development of fold and thrust belts and plateau
uplift, in isolation from other conditions, they are insuffi-
cient to drive overriding plate contraction. The age of the
subducting slab has been suggested to have influenced
the rise of the Andes, as the age of the Nazca Plate, with the
oldest crust subducting in the center of the margin, correlates
well with height and crustal thickening along the Andean
margin [Capitanio et al., 2011; Yáñez and Cembrano,
2004]. However, when the effect of slab age was examined
in this analysis, it was found that correlation coefficients
decreased slightly from 0.21 for convergence rate alone to
0.20 for combined convergence rate and slab age. The effect
was slightly larger when the Magallanes fold and thrust belt
was excluded from the analysis; the coefficients decreased
from 0.32 to 0.30 for convergence rate alone and combined
convergence rate and slab age, respectively. The subduction
of slabs older than 50Myr is largely absent from the develop-
ment of fold and thrust belts in the Peruvian and south-central
Andes, especially during the early episodes of thrusting in the
Agrio and Aluminé fold and thrust belts (Figure 3). Clearly, if
subducting slab age does play a role in contractional deforma-
tion in the overriding plate, it is not straightforward. It should
also be noted that although the trench normal absolute velocity
of South America is low in magnitude during these compres-
sion events, it is still positive, potentially contributing to the
compressive regime.
[32] The Magallanes fold and thrust belt of the southern

Andes presents an exception to the correlations established
from other fold and thrust belts along the South American
margin. Its development was accompanied by low trench
normal convergence velocity: always less than 4 cm/yr and
occasionally negative (tensional). The most probable causes
of this inconsistency involve simplifications made in investi-
gating the subduction parameters, namely that both internal
deformation of South America and any change in trench
geometry were disregarded. The portion of the South American
Plate now in the southernmost Andes experienced shortening
sufficient to bury components to circa 10–12 kbar [Klepeis
et al., 2010; Maloney et al., 2011], but the global plate model
used currently has no mechanism to incorporate the effects of
such shortening on the geometry of a plate. The Patagonian
Orocline initiated during or has become more pronounced
since the mid-Cretaceous [e.g., Kraemer, 2003] resulting in
changes in the shape of the margin that should influence plate
velocities at relevant parts of the trench.

[33] An essential point to recall when interpreting these
results is that correlations highlighted by this analysis do
not necessarily imply causal relationships. Geodynamic
mechanisms outlined above indicate that potential causal
relationships may exist, but are not required by the results.
In cases where the proposed mechanism agrees with results
of previous studies, such as the tectonic control provided
by the direction of overriding plate motion, the likelihood
of the existence of a causal relationship is high.
[34] Several noncorrelations are additionally notable,

as they allow parameters modeled in this study to be
discounted as the primary drivers of a given geological
event. For instance, periods inferred to have been accompa-
nied by a high magmatic flux do not seem to correlate with
any of the investigated parameters, either singly or in com-
bination. Thus, it is inferred that high recorded rates of mag-
matic flux were not controlled by any of subducting slab
age, absolute overriding plate velocity, or convergence
velocity. In addition, the subduction of spreading ridges,
commonly invoked as a cause of orogenesis initiation
[Palmer, 1968; Ramos, 2005], has no correlation with any
type of deformation and thus appears to have had a negligi-
ble effect on foreland deformation along the Andean margin
(Figures 3–5). This study also separated structural styles of
fold and thrust belts but failed to determine any correlation
between any of the modeled subduction parameters and
the development of thin- or thick-skinned thrusting. The
reactivation of Mesozoic extensional structures to form
thick-skinned fold and thrust belts is common along the
margin, recorded in the Eastern Cordillera of Colombia,
the Santa Bárbara System, and various thrust belts of
the Neuquén Basin [Parra et al., 2009a, 2009b; Reynolds
et al., 2000; Grier et al., 1991; Giambiagi et al., 2008;
Ramos et al., 1996; Zapata and Folguera, 2005; Folguera
et al., 2007;García Morabito et al., 2011]. However, earlier
Mesozoic deformation does not appear to be uniquely
deterministic of contractional deformation style. For in-
stance, during the middle to Late Cretaceous episode of
thrusting, the Chos Malal fold and thrust belt developed a
thin-skinned style due to the availability of detachment
surfaces despite the presence of earlier extensional features
which were reactivated in the second deformation episode
of the belt [Folguera et al., 2007]. In contrast with Kley
et al. [1999], rather than being dominantly controlled by
inherited Mesozoic extensional structures, thrusting style
appears to be the result of the interplay of various factors
including Mesozoic deformation, contrasts between differ-
ing lithologies or sediment thickness, and the orientation
of preexisting structures.
[35] This investigation focused on the relationships between

geology and the forces acting at the subduction zone at
the boundary of the interacting plates, but forces acting
internally on the overriding plate have been omitted as a
quantitative assessment of these forces would be beyond
the scope of this study. Thickening or thinning of the litho-
sphere in response to subduction along the margin can intro-
duce lateral contrasts in the gravitational potential energy of
a region which results in ductile flow of the lithosphere to
reduce those contrasts [Rey et al., 2001]. Therefore, gravita-
tional forces can lead to deformation independent of the
subduction zone parameters and may be a factor in some of
the observed discrepancies.
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[36] This investigation has assumed that the kinematic
model used to determine the subduction-related parameters
accurately represents conditions along the margin back to
170Ma. However, there can be significant variations between
models, particularly at older times. Themethod outlined in this
paper could easily be adapted to test several different models
to determine which best reproduces the major geological
events in the overriding plate. Such a test could determine
whether the observed correlations are robust across the models
or potential artefacts of specific models.

6. Conclusions

[37] The examination of the Andean margin over the past
170Ma has allowed for the determination of the conditions
imposed by the subduction zone necessary for the develop-
ment of geological events in the overriding plate. Key findings
include the following:
[38] 1. Continental extension may reflect a series of distinct

conditions for which no correlation could be established.
Nonetheless, extension that progresses to forming new
oceanic crust requires that the trench normal absolute velocity
of the overriding plate be directed away from the trench and
that the age of the subducting slab be older than 50Myr.
[39] 2. Plateau uplift and the development of fold and

thrust belts generally developed in the presence of trench
normal convergence velocities greater than 4 cm/yr.
[40] 3. Trench normal convergence velocities greater than

4 cm/yr prior to the development of contractional features
indicate that while high convergence velocities may facilitate
shortening of the overriding crust, other conditions are neces-
sary for the initiation of contraction.
[41] 4. The direction of the motion of the overriding plate

appears to control the overall tectonic regime.
[42] 5. No correlations could be established between the

modeled subduction parameters investigated and major
magmatic events, or with the structural style developed in
fold and thrust belts.
[43] 6. Spreading ridge impingement on the margin was

uncorrelated with the initiation of orogenesis.
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