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Abstract

A complex history of subduction, back-arc basin formation, terrane accretion and transpressional
shearing characterizes the evolution of the Caribbean and northern South American margin since
Jurassic times. Quantitative plate tectonic reconstructions of the area do not include Jurassic-
Cretaceous back-arc terranes of which there are both geological and geophysical observations. We
developed a revised plate tectonic reconstruction based on geological observations and seismic
tomography models to constrain the Jurassic-Cretaceous subduction history of eastern Panthalassa,
along the western margin of the Caribbean region. This reconstruction considers the opening of a
Northern Andean back-arc basin at 145 Ma, the Quebradagrande back-arc, closing at 120 Ma and
followed by terrane accretion and northward translation along the South American margin starting
at 100 Ma. This kinematic reconstruction is tested against two previously published tectonic
reconstructions via coupling with global numerical mantle convection models using CitcomS. A
comparison of modeled versus tomographically imaged mantle structure reveals that subduction
outboard of the South American margin, lacking in previous tectonic models, is required to
reproduce mid-mantle positive seismic anomalies imaged in P- and S-wave seismic tomography
beneath South America, 500-2000 km in depth. Furthermore, we show that this subduction zone
is likely produced by a back-arc basin that developed along the northern Andes during the
Cretaceous via trench roll-back from 145 Ma and was closed at 100 Ma. The contemporaneous
opening of the Quebradagrande back-arc basin with the Rocas Verdes back-arc basin in the
southern Andes is consistent with a model that invokes return flow of mantle material behind a
retreating slab and may explain why extension along the Peruvian and Chilean sections of the
Andean margin did not experience full crustal break-up and back-arc opening during the late

Jurassic-early Cretaceous Period.
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1 Introduction

Subduction is a process characterized by retreating trenches and the descending of oceanic
lithosphere into the mantle. In some cases, where a mantle wedge is present above the subducted
slab, back-arc extension between the active volcanic arc/fore-arc and the remnant arc may result
(Hawkins, 1995). While back-arc basins are observed in many of the world’s ocean basins, the
Western Pacific has particularly been dominated by intra-oceanic subduction and episodic back-
arc basin formation since as early as Cretaceous times (e.g. Karig, 1971; Matthews et al., 2015;
Schellart et al., 2006; Sdrolias et al., 2003). In contrast, in the Eastern Pacific, specifically along
the South American margin, back-arc extension leading to seafloor-spreading has not occurred
since the end of the Mesozoic, when it transitioned into a largely compressional margin
experiencing crustal shortening and mountain building (Mpodozis and Ramos, 1990).

Back-arc basins appear to be relatively short-lived and episodic features of subduction
zones, active for only ~10-30 Myr (Faccenna et al., 2001; Schellart et al., 2006). Why back-arc
basin formation is spatially variable across subduction zones remains uncertain. Absolute motion
of the overriding plate has been linked to the style of back-arc deformation, back-arc extension or
compression occurring as the result of upper plate retreat and advance, respectively (Chase, 1978;
Heuret and Lallemand, 2005). Recent numerical modelling has shown that back-arc extension
occurs preferentially where slab widths are narrow, and close to lateral slab edges where rollback
of the slab is greatest (Schellart et al., 2007; Schellart and Moresi, 2013; Stegman et al., 2006).

These results agree with the large trench retreat velocities observed in association with present day
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back-arc extension (Heuret and Lallemand, 2005; Schellart et al., 2007; Sdrolias and Miiller,

2006).

Schellart et al. (2007) also showed that wide subduction zones, as occurs along South
America, are near stationary near their center, with trench retreat velocities increasing towards the
slab edges, inducing back-arc extension. This is consistent with the distribution of Jurassic-
Cretaceous back-arc basins along the western South American margin (Fig. 1). These range from
“aborted” marginal basins to oceanic-floored back-arcs revealing a pattern of decreased crustal
attenuation towards the center of the margin (Mpodozis and Ramos, 1990). The back-arc origins
of the late Jurassic-aged Rocas Verdes ophiolites in the southernmost Andes and mid-Cretaceous
transition to compressive deformation of the margin has been well constrained (e.g. Calderén et
al., 2007; Dalziel et al., 1974; Stern and De Wit, 2003). Uncovering the tectonic history of the
Northern Andes however has proven more challenging, because it is obscured by successive
phases of extension, terrane accretion, and large magnitude dextral shearing as the result of
interaction with the Pacific-derived Caribbean plate during Cenozoic times (Kennan and Pindell,
2009; Ramos, 2010; Sarmiento-Rojas et al., 2006). This includes the Alao and Quebradagrande
Terranes of the Northern Andes, where limited reliable geochemical and radiometric data result in
conflicting interpretations, which include mid-ocean ridge, back-arc, oceanic arc, continental arc,
and ensiliac marginal basin origins for these units (Cochrane et al., 2014; Gonzalez, 1980; Nivia
et al., 2006; Spikings et al., 2015; Villagomez et al., 2011). Consequently, this possible Andean

back-arc basin has been largely overlooked in tectonic reconstructions of the region.
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Figure 1. Basemap of seafloor bathymetry from ETOPO1 (Amante et al., 2009) with simplified
boundaries of Cretaceous back-arc and extensional basins of the western South American margin

(from Maloney et al., 2013). Present-day plate boundaries (Bird, 2003) are shown as thick black
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Black box shows the region in Figure 2.

Of the few studies that have considered a Cretaceous Andean back-arc basin (e.g. Kennan
and Pindell, 2009; Pindell et al., 2012), none have ever been tested in a kinematic sense (i.e. in
terms of Euler pole rotations and block outlines) or linked to the implied evolution of the
surrounding plate margins, and in particular the evolution of the seafloor, in a self-consistent

manner.

Seismic tomography studies have recently been used to identify seismically fast volumes
in the mantle associated with past subduction systems (Domeier et al., 2016; Shephard et al., 2017,
van der Meer et al., 2010; van der Meer et al., 2017). This approach has been particularly applied
to North America where an analysis of the onshore geology coupled with seismic tomography
images have indicated several generations of marginal and back-arc basins along this margin
throughout the Mesozoic and early Cenozoic (Shephard et al., 2013; Sigloch and Mihalynuk,
2013). van Benthem et al. (2013) identified upper mantle slabs that indicate significant eastward
motion of the Caribbean plate relative to the Americas since Eocene times. However, lower and
mid-mantle anomalies evident in P- and S-wave tomography models beneath the northern South
American margin, have yet to be extensively studied. Determining the origin of these anomalies

can shed light on the subduction history of the Andean margin.

In areas where the geological history is heavily fragmented, as is the case in the Northern
Andes, combining limited geological observations with seismic tomography and mantle
convection models is useful to discriminate between alternative tectonic scenarios from predicted

present-day mantle structure.
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Here we combine onshore geological data, mantle tomography images and numerical
models of past global mantle flow to investigate alternate geodynamic scenarios for the Cretaceous
evolution of the northern Andes-Caribbean region. We develop a new plate kinematic and
seafloor-spreading reconstruction of the northern Andean-Caribbean margin that considers the
early-Cretaceous opening and mid-Cretaceous closure of a back-arc basin along the Andean
margin. This reconstruction is used as time-dependent boundary condition in global numerical
models of mantle flow. We compare the predicted regional thermal structure of the mantle to
seismic tomography models for our tectonic model and two previous end-member scenarios (based
on Ross and Scotese (1988) and Boschman et al. (2014)) and assess these results in the context of

back-arc basin evolution.

2 Geological background

The northern Andes can be broadly divided into two geochemically distinct basement
provinces, separated by a ~2,000 km tectonic suture that extends through the Ecuadorian and
Colombian cordilleras (Villagomez et al., 2011). Allochthonous, ultramafic and mafic units define
an oceanic province to the west of the Romeral Fault System, constituting the basement of the
Western Cordillera and Cauca—Patia Valley in Colombia (Villagémez et al., 2011) (Fig. 2). This
sequence is geochemically equivalent to the plateau basalts of the Caribbean Large Igneous
Province (CLIP), having formed in an intra-oceanic hotspot setting during 99-87 Ma (Kerr et al.,
1997; Spikings et al., 2015; Vallejo et al., 2006; Villagobmez et al., 2011). The accretion of CLIP
material is thought to have added at minimum 5.6 x 10° to 9.4 x 10° km?® (Cochrane et al., 2014)
of new crust to the South American margin at 75-73 Ma as a result of the collision of the eastward

moving Caribbean plate with the northern Andean margin at this time (Vallejo et al., 2006; Vallejo
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et al., 2009). Within Ecuador, these rocks are represented by the Pifion, Palaltanga, and San Juan
formations, whilst in Colombia they correspond to the Calima Terrane (Toussaint and Restrepo,

1994),

This accreted oceanic sequence is juxtaposed against the para-autochthonous and
autochthonous units comprising an eastern continental province (Villagomez et al., 2011). The
continental basement is interpreted to represent the southern passive paleo-continental margin of
the Proto-Caribbean Sea, conjugate to the southeastern Chortis margin (Boschman et al., 2014;
Villagémez et al., 2011). These units are comprised of Grenvillian-aged (~1.0 Ga) gneisses and
schists, Paleozoic unmetamorphosed and metasedimentary rocks (Restrepo-Pace, 1992; Restrepo-
Pace et al., 1997), overlain by a thin Cretaceous sedimentary cover sequence, intruded by plutons

ranging in age from ~235-160 Ma (Kennan and Pindell, 2009; Villagomez et al., 2011).
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Figure 2. Terranes indicating back-arc extension and major fault systems of the northern Andes.
CAF: Cauca—Almaguer Fault, PLT: Peltetec Fault, SJF: San Jeronimo Fault, SPF: Silvia—Pijao

Fault. Terrane boundaries from Spikings et al. (2015).

In Colombia, the Romeral Fault System, interpreted as a tectonic suture zone, can be
divided into three major branches: the San Jerénimo, Silvia—Pijao and Cauca—Almaguer Faults,

that extend southwards merging with the Peltetec Fault zone in Ecuador (Villagomez et al., 2011).
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Entrained within this fault system are the Quebradagrande and Arquia complexes, of central
importance to this study (Fig. 2). The origin of these units is debated, with interpretations including
mid-ocean ridge (Gonzalez, 1980), oceanic arc (Villagobmez et al., 2011), continental arc

(Cochrane et al., 2014) and ensiliac marginal basin (Nivia et al., 2006).

Lithologies of the Quebradagrande Complex are dominated by low-grade metamorphosed
gabbros, diorites, basalts, andesites, and pyroclastics (Nivia et al., 2006; Villagomez et al., 2011),
covered by marine and terrestrial rocks of the Abejorral Formation which host Hauterivian to lower
Albian fossils (Gonzalez, 1980). These units are bound to the east by the San Jeronimo fault,
juxtaposed against the Triassic-Paleozoic continental rocks of the Central Cordillera. The
Quebradagrande Complex is considered to be coeval with the undated Alao Arc of Ecuador,
displaying a similar structural position relative to the continental basement (Spikings et al., 2015;
Villagémez et al., 2011). Moreno-Sanchez and Pardo-Trujillo (2003) collectively referred to these
units as the Quebradagrande-Alao complex. Mora-Bohdrquez et al. (2017) identified an oceanic
terrane within the Lower Magdalena Valley, which they considered to be the northward

continuation of the Quebradagrande terrane.

Limited geochemical studies of the igneous units that comprise the Quebradagrande and
Alao sequences suggest that these rocks formed in a variety of tectonic environments, spanning
calk-alkaline to tholeiitic compositions (Nivia et al., 2006; Spikings et al., 2015; Villagomez et al.,
2011). Early radiometric dating of the suspect terranes of the Northern Andes region relied on
K/Ar and Rb/Sr dating methods. However, partial resetting of the Rb/Sr and K/Ar isotopic systems
and daughter isotope loss as a consequence of a sustained active margin through to the present
day, led Spikings et al. (2015) to consider these studies unreliable. Villagobmez et al. (2011) and

Cochrane (2013) reported concordant zircon U-Pb dates of magmatic rocks of the Quebradagrande
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Complex of 114.3 + 3.8 Ma (tuff) and 112.9 £ 0.8 Ma (diorite) which overlaps with the

Hautevarian-early Albian fossil ages for this unit (Gonzalez, 1980).

To the west along the Silvia—Pijao fault, the Quebradagrande complex is in faulted contact
with garnet-bearing amphibolites and lawsonite-glaucophane schists that constitute the Arquia and
Barragan sequences (Spikings et al., 2015; Villagomez et al., 2011). Villagomez et al. (2011) and
Spikings et al. (2015) suggested that the Arquia and Barragdn complexes are the along-strike
equivalent of the Raspas and Peltetec complexes in Ecuador, consisting of oceanic crust that
mainly formed at a mid-ocean ridge, which was subsequently metamorphosed to high-to medium
P-T conditions in an east-dipping subduction zone that gave rise to the Quebradagrande complex.
Recent work conclude that variation in LREE enrichment, magmatic composition, and detrial
zircon ages within the Quebradegrande complex can be explained by its formation over thin

continental and newly formed oceanic back-arc related crust (Jaramillo et al., 2017).

Spikings et al. (2015) suggested that trench roll back and extension of the continental crust
during ~145-114 Ma would have been sufficient to generate mafic magmas of T-MORB affinity
and marine environments, consistent with the geological characteristics of the Quebradagrande
and Alao complexes. Kennan and Pindell (2009) referred to this extensional feature as the
“Colombian Marginal Seaway”, a wide back-arc basin that formed a southward propagating arm
of the Proto-Caribbean. This is consistent with the timing of a latest Jurassic—Hauterivian (144-
127 Ma) extensional event identified by (Sarmiento-Rojas et al., 2006) in the Eastern Cordillera
of Columbia. Additionally, Early Cretaceous intrusions in the Eastern Cordillera are attributed to
rifting by Vasquez and Altenberger (2005). The width of the Colombian marginal Seaway and
total orthogonal displacement of the Quebradagrande arc relative to South America is unknown.

Villagémez et al. (2011) suggested that the T-MORB crust of the Quebradagrande Arc formed the
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relict basement of the Colombian Marginal Seaway and was originally entrained between the arc

rocks and the continental terranes but has since been displaced.

Villagomez et al. (2011) proposed that “°Ar/*?Ar ages of 117-107 Ma obtained in the
Arquia complex (Villagomez Diaz, 2010) represent cooling ages during retrogression from peak
metamorphic conditions. These ages are interpreted to correspond with the obduction, exhumation
and accretion of the Arquia complex onto the Quebradagrande Arc and the continental margin in
a compressive event that closed the Quebradagrande basin (Sarmiento-Rojas et al., 2006). This
compression has been attributed to increased westward motion of the South American continent
as a consequence of the opening of the South Atlantic during mid-Cretaceous times (Eagles, 2007,

Ramos, 2010).

2.1 Peruvian Andes

South of the Huancacamba deflection, there is also evidence of back-arc extension recorded
in the West Peruvian Trough (WPT), a major depositional structure that includes the north-south
trending Casma-Huarmey and Canete Basins (Atherton and Aguirre, 1992; Cobbing, 1978).

However, there have been few studies of the geochemistry and age of these basins.

These basins are thought to have opened during Tithonian times, experiencing maximum
subsidence during Albian times, during which up to 9,000 m of basinal fill accumulated (Atherton
and Aguirre, 1992; Atherton and Webb, 1989). The thick marine volcanic fill of the Casma-
Huarmey Basin consists of pillow and sheet lavas, tuffs, hyaloclastites, and volcaniclastics
associated with dyke swarms, sills and gabbros (Atherton, 1990; Petford and Atherton, 1994). A

clear trend towards increasingly LIL and LREE depleted basalts towards the top of the basin is
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attributed to extensive crustal thinning, ultimately leading to the generation of new tholeiitic
oceanic crust (Atherton and Webb, 1989; Petford and Atherton, 1994). A comparison of the
Casma-Huarmey Basin facies with modern basin settings lead Atherton and Webb (1989) to
suggest that the basin developed in a relatively isolated deep-sea environment with no continental
input, characterised by a slow mid-ocean ridge (MOR) spreading system. The extent of crustal
thinning is debated, with some researchers suggesting that extension did not occur on the scale
required for the generation of new oceanic crust in this region, and are instead referred to as

“aborted” marginal basins (Mpodozis and Allmendinger, 1993; Soler and Bonhomme, 1990).

Crustal extension in the southern part of the WPT was not as extensive and did not result
in the development of new oceanic crust. The southern Cafiete Basin developed on the Precambrian
Arequipa Massif, thinning along southward propagating faults (Atherton and Aguirre, 1992). The
bimodal calc-alkaline rocks that characterize the volcanic fill of this basin are sourced from
enriched mantle beneath the Arequipa Massif, contrasting tholeiitic basalts of equivalent age in
the Huarmey Basin to the north (Atherton and Aguirre, 1992). The Cretaceous collapse and closure
of these back-arc basins along the Andean margin are attributed to the opening of the South
Atlantic and subsequent westward motion of the South American plate (Mpodozis and
Allmendinger, 1993). However, in a recent study, the change from extension and back-arc basin
opening to shortening and back-arc basin closure has been ascribed to the change from upper
mantle subduction to whole mantle subduction along the South American subduction zone

(Schellart, 2017).

3 Plate tectonic reconstructions
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3.1. Previous reconstructions

The evolution of the Northern Andes has been strongly influenced by the interaction of the

margin with the Caribbean plate during Cenozoic times (Kennan and Pindell, 2009).

Ross and Scotese (1988) were amongst the first to use studies of the spreading history of
the Cayman Trough derived from magnetic anomaly data (Rosencrantz et al., 1988; Ross et al.,
1986) to constrain the mid-Eocene to present day motion of the Caribbean plate. The Cayman
Trough represents one of the few elements of the Caribbean that can be reconstructed with a
reasonable level of certainty, due to its preserved magnetic lineations, and is therefore consistently
reconstructed across multiple studies. Magnetic anomalies elsewhere in the Caribbean are sparse
due to the eruption of mantle plume derived basalts at 91-88 Ma (Sinton et al., 1998), forming the
Caribbean Large Igneous Province (CLIP) (Fig. 3). The thickened crust of the Caribbean Sea is
attributed to this event, effectively covering the spreading history of much of the Caribbean Sea

with these volcanic rocks.
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Figure 3. Present-day plate boundaries and major faults of the Caribbean region (Pindell and
Kennan, 2009; Serrano et al., 2011; Villagomez et al., 2011). The extent of the Caribbean Large

Igneous Province (CLIP) is shown in grey.

This has led to the rise of a variety of competing tectonic interpretations that can largely
be divided into two end-member scenarios for the origin of the Caribbean plate: an “Intra-Americas
origin” (James, 2005, 2009; Meschede and Frisch, 1998) and the more widely supported “Pacific
origin” (Bouysse, 1988; Duncan and Hargraves, 1984; Kennan and Pindell, 2009; Miiller et al.,
1999; Nerlich et al., 2015; Pindell and Dewey, 1982; Pindell et al., 2012; Pindell and Barrett, 1990;

Pindell and Kennan, 2009; Ross and Scotese, 1988; Whattam and Stern, 2015).

The accretion of oceanic plateau basalt and island arc terranes along the northwestern
Andes combined with large magnitude dextral shear is best explained by the interaction of the
Andean margin with the Great Arc of the Caribbean that formed at the leading edge of the
Caribbean plate (Kennan and Pindell, 2009), a central component of “Pacific origin” models.
Volcanic arc material and high-pressure, low-temperature (HP-LT) metamorphic rocks found
along the circum-Caribbean margin, from Central America to the Aves Ridge and Lesser Antilles,
and the Greater Antilles, including Cuba, Jamaica, Hispaniola and Puerto Rico are interpreted as
the remnants of this former volcanic arc, initially forming at the subduction boundary between the
future Caribbean plate and Proto-Caribbean Ocean (Burke, 1988). Pindell et al. (2012) suggest this
arc first formed above a southwest dipping subduction zone at ~135 Ma, along an existing sinistral
‘inter-American’ transform, which previously connected the North and South American
Cordilleras. The oldest magmatic arc rocks attributed to the Great Arc dated at ~132 Ma in the

Devils Racecourse Formation, Jamaica (Hastie et al., 2009) and ~133 Ma in the Mabujina
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Amphibolite Complex, Cuba (Rojas-Agramonte et al., 2011). The oldest reported single cooling
age of HP-LT rocks of the Caribbean dates back to 118 Ma in the northern ophiolite belt of Central
Cuba, indicating the minimum age of eclogite facies metamorphism (Garcia-Casco et al., 2006).
Following the inferences of Gerya et al. (2002), Pindell et al. (2012) suggest that the time lag
between the ages of arc magmas and HP-LT rocks of the Caribbean is indicative of return flow
from great depths in a mature subduction system, and therefore represent formation at the same

subduction zone.

Alternative interpretations include those of Duncan and Hargraves (1984), Burke (1988)
and Kerr et al. (2003) who suggested that the buoyant crust of the Caribbean Plateau blocked an
earlier eastward dipping subduction zone inducing a subduction polarity reversal during
Santonian-Campanian times (~85-80 Ma). This process would precipitate the eastward movement
of Farallon lithosphere, which would eventually form the Caribbean plate, into the gap between
the Americas. However, this model fails to explain evidence of Caribbean-northern Andean

convergence already underway before 90 Ma (Kennan and Pindell, 2009).

Only two tectonic studies provide the Euler rotations that make them directly comparable

to other models, those of Ross and Scotese (1988) and Boschman et al. (2014).

The model of Ross and Scotese (1988) was the first to approach Caribbean evolution in a
quantitative sense, applying a hierarchical method to describe relative motion between pairs of
tectonic components in terms of finite rotation poles. In this model, the Proto-Greater Antilles,
analogous to the Great Arc of the Caribbean, originates at a subduction zone between the Farallon
plate and the Proto-Caribbean between 143-100 Ma. The model includes a polarity reversal at the
subduction zone beneath the Proto-Greater Antilles at ~100 Ma, allowing the advance of the

Farallon plate into the widening gap between North and South America. Collision of the Great Arc
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with the Bahamas platform during the latest Cretaceous-earliest Paleocene is thought to have
prohibited further eastward movement of Farallon lithosphere prompting the inception of eastward
dipping subduction at 70 Ma, thus isolating the Caribbean plate. A recent tectonic model by
Nerlich et al. (2015) presented an update of the Ross and Scotese (1988) model to include a
younger age of collision between the Caribbean Plateau and the Proto-Greater Antilles Arc to

84 Ma.

Boschman et al. (2014) alternatively proposed an earlier age of initial westward-directed
subduction below the Great Arc of the Caribbean at 135 Ma, given the oldest arc related units in
the Caribbean date back to 133 Ma (Rojas-Agramonte et al., 2011) and HP-LT metamorphic

blocks in the Cuban serpentinite mélange ranging from ~130 to 60 Ma (Somin et al., 1992).

3.2 Reconstructions in this Study

We create a self-consistent, dynamically evolving plate kinematic model of the Jurassic-
Cretaceous Caribbean-northern Andean margin, which we embed into the global model of Miiller
etal. (2016) (Fig. 4). Miiller et al. (2016) included a relative plate motion model for the Caribbean
based on Boschman et al. (2014) and a hybrid absolute reference frame, combining a moving
hotspot model since 100 Ma and a true-polar wander corrected paleomagnetic model for 200 to
100 Ma (see Miiller et al. (2016)). The plates are modelled as dynamically closing polygons
through time, defined by a series of intersecting plate boundaries, following the methodology
outlined in Gurnis et al. (2012). For comparison, we have also developed continuously closing
plate polygons for the regional reconstructions of Ross and Scotese (1988) and Boschman et al.
(2014), which have been integrated into the global reconstructions by Seton et al. (2012) and by

Miiller et al. (2016), respectively. Companion paleo-seafloor age rasters (see Miiller et al. (2008)
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for further explanation) have been computed for all three reconstructions. These global maps of
past seafloor ages are an important boundary condition for our geodynamic models as they allow
us to reconstruct the thickness of the thermal oceanic lithosphere assuming a half-space cooling

model.

Our reconstruction modifies the Early Cretaceous rotations of Boschman et al. (2014) by
implementing the opening and closure of a Cretaceous back-arc basin system, the Quebradagrande
back-arc basin, consistent with the geological record from the western Caribbean and northern
South America. Corresponding Northern Andes arc material is modelled in Boschman et al. (2014)
however its placement at a transform boundary is not consistent with its interpreted arc origin. We
therefore modified the rotations of this block to a position along a retreating subduction zone
outboard of South America, from 145 Ma (Fig. 4). We modelled this back-arc as a southern arm
of the Proto-Caribbean spreading between North and South America, consistent with the
Colombian Marginal Seaway of Kennan and Pindell (2009). Previous schematics of this back-arc
basin (Kennan and Pindell, 2009; Pindell et al., 2012; Pindell and Kennan, 2009) show a back-arc
basin of limited extent, ~200-300 km wide, and close to the margin. As little evidence is available
to constrain the width of the basin, we used the boundary defined by Boschman et al. (2014) to

constrain the western extent of paleo-location of back-arc subduction.

Additionally, we considered areas further south than what was considered in Boschman et
al. (2014) and Ross and Scotese (1988), incorporating further evidence of back-arc basin formation
in the West Peruvian Trough as described by Atherton and Aguirre (1992), Petford and Atherton
(1994), and Ramos (2010). Full breakup and oceanic crust production are only proposed to have
occurred in the northern region of the West Peruvian Trough, contrasting the primarily continental

extensional setting of the southern basins. We constrained the north-south extent of the back-arc
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basin to reflect these differing rates of extension, reaching a maximum extent in the northern region
of the back-arc, bending inwards towards the continental margin towards the south. The connection
between the northern boundaries of our back-arc and the western North American margin are
uncertain and beyond the scope of this study. However, the back-arc basin may have extended
further north, adjacent to western North America, considering both geologic and seismic
tomography evidence for intra-oceanic subduction outboard of the western North American

margin (Sigloch and Mihalynuk, 2013).

As a consequence of westward-dipping subduction of the Proto-Caribbean initiating at
135 Ma to accommodate the formation of the Great Arc of the Caribbean, spreading of the
Quebradagrande back-arc reverts to a two-plate system (Fig. 4). The back-arc basin was modelled
to close from 119 Ma in response to the opening of the South Atlantic and northwest movement
of the South American continent at this time (Spikings et al., 2015), with a reversal in the polarity
of the subduction zone. Closure of the back-arc was finalized at 100 Ma (Kennan and Pindell,
2009), accompanied by the accretion of back-arc material to the South American margin
(Villagomez et al., 2011) (Fig. 4). At this point, translation of the accreted terranes occurred along
the Northern Andes, rotating to a position along the north-western Andean margin consistent with
Boschman et al. (2014) by 85 Ma. From 85 Ma the new model retains the rotations of Boschman

et al. (2014).

The spontaneous appearance of the Caribbean plate in eastern Panthalassa at 135 Ma,
isolated by an unknown western plate boundary in Boschman et al. (2014) (Fig. 4) presents a
kinematic problem. The eastward motion of the Farallon plate relative to this boundary requires
the presence of eastward dipping subduction below the newly formed Caribbean plate, for which

there is no geological evidence. Santonian—Campanian boninites, closely related to subduction



366 initiation, are found in the accreted Greater Panama terranes in the Northern Andes (Kennan and
367  Pindell, 2009). Therefore, we only isolated the Caribbean plate at 85 Ma, trapping Farallon oceanic

368 lithosphere with the inception of an eastward dipping subduction zone.
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370  Figure 4. Reconstructions of Ross and Scotese (1988) (left), Boschman et al. (2014) (middle)

371  and this study (right) from 145 to 100 Ma. Plate boundaries are defined as thin magenta lines for
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subduction zones (with triangles on the overriding plate) and thin black lines defining either mid-
ocean ridges or transform faults. In the case of the Boschman et al. (2014) reconstruction, the
thin black lines along the northwestern, western and southern boundaries of the Caribbean plate
denote undefined plate boundaries. Computed paleo-seafloor ages and absolute plate velocities
are also plotted. CAR: Caribbean plate, CH: Chortis, FAR: Farallon plate, GAC: Great Arc of

the Caribbean, GoM: Gulf of Mexico, NAM: North America, PHX: Phoenix plate, P-C: Proto-

Caribbean, QB: Quebradagrande back-arc basin, SAM: South America, YU: Yucatan.

4. Geodynamic models

We ran a series of global forward numerical models of mantle flow that use plate kinematic
data as surface boundary conditions to predict the present day thermal structure of the mantle. We
used the finite element code CitcomS (Zhong et al., 2008), modified by Bower et al. (2015) to
assimilate the time-dependent structure of the thermal lithosphere and of the shallow part of

subducting slabs.

The mantle was considered to be an incompressible viscous fluid within a spherical shell,
divided into 12 ‘caps’, each extending from the surface to the core mantle boundary. We used ~ 13
million nodes to achieve a lateral average resolution of ~ 50 km at the surface and ~ 28 km at the
core-mantle boundary, and a radial resolution of ~ 15 km near the surface, ~ 100 km at mid-mantle

depths and ~ 27 km near the core-mantle boundary.

Convective vigor is determined by the Rayleigh number

_ aopogoﬂThz?/l
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where ay is the coefficient of thermal expansivity, po the density, gy the acceleration of
gravity, AT the temperature change across the mantle, %, is the depth of the mantle, x the thermal

diffusivity, # the viscosity.
Viscosity depends on temperature and depth following:

Ey

E77
R(T+T,) R(T, + T,,))

n=mno(r) eXP<

where 7 is the viscosity, 1o = 1 X 1021 Pa's is the reference viscosity, E, =~ 100 kJ mol
! (upper mantle) or E;, ~ 33 kJ mol' (lower mantle) is the activation energy, R = 8.31 J mol!

K! is the universal gas constant, T is the dimensional temperature between 273 K and 3098 K,
T, = 1685 K is the background temperature of the mantle, T, = 452 K is a temperature offset
(Flament et al., 2014). The spherical mantle shell is radially divided into four layers: lithosphere
(0-160 km), asthenosphere (160-310 km), upper mantle (310-660 km), and lower mantle (660-
2867 km). A viscosity contrast of 100 between the upper and lower mantle was implemented in
our model runs, consistent with the findings of Alpert et al. (2010), and the asthenosphere was
assumed to be 10 times less viscous than the upper mantle (Fig. 5). Note that the thermal thickness
of the oceanic lithosphere depends on its age according to the half-space cooling model (Bower et
al., 2015). In the continents, the thermal thickness of the lithosphere depends on tectonothermal
age (Archean lithosphere is 250 km thick, Proterozoic lithosphere 165 km thick, and Phanerozoic
lithosphere 135 km thick; (Flament et al., 2014)). In addition, the reference viscosity is assumed

to be 100 times larger between 0-160 km depth than between 310-660 km depth (upper mantle).
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Figure 5. Horizontally-averaged present-day temperature and resulting viscosity profile.

In the initial condition at 230 Ma, subducted slabs derived from the tectonic reconstructions
for each case are inserted down to 1,400 km depth, with a dip of 45" down to 425 km and a dip of
90’ below this. Subduction zones thought to have initiated with insufficient time prior to 230 Ma
to produce slabs at this depth (~85 Myr) were inserted to a depth based on subduction duration and
a descent rate of 3 cm yr*! in the upper mantle, and 1.2 cm yr'! in the lower mantle (van der Meer
et al., 2010). The main uncertainty in the location of subduction zones during the time period of
our reconstructions is the absolute reference frame. The model of Miiller et al. (2016) upon which
our model is built, uses a global moving hotspot model (Steinberger et al., 2004) that is the most
reasonable based on an evaluation of its global consistency with both hotspot trails and other
geodynamic criteria (Williams et al., 2015) and produces similar results to the subduction reference
frame of van der Meer et al. (2010). In addition, recent results have demonstrated that the lower

mantle structure predicted by geodynamic models using the same base model as in our study is
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broadly consistent with seismic tomography images of the lower mantle (Flament et al., 2017),

and thus provide us with a level of confidence in the plate models that are used in this study.

The initial mantle structure also includes a basal thermochemical layer 113 km thick (2%
of the volume of the mantle following Hernlund and Houser (2008)) just above the core-mantle

boundary that consists of material 3.6 % denser than ambient mantle (Flament et al., 2015).

4.1 Modelled mantle evolution

4.1.1 Ross and Scotese (1988)

In the absence of subduction outboard of the South American margin during Cretaceous
times, the thermal structure of the mantle based on the reconstructions of Ross and Scotese (1988)
is largely controlled by prolonged east-dipping subduction of Farallon (FAR) lithosphere beneath
South America at 55°W. A vertical cross section at 4°S shows that this occurs continuously from
150 Ma to the present day, subducting as part of the Nazca plate from 23 Ma onwards (Fig. 6). As
subduction remained uninterrupted along the South American margin, the subducted lithosphere
remained attached to the base lithosphere through time. Increased westward motion of the South
American continent associated with the opening of the Atlantic at ~120 Ma (Eagles, 2007), resulted
in a ~30° westward relocation of the subduction zone from 120 Ma to the present day. As the
subduction zone moved westward, subducted lithosphere in the upper and mid mantle was dragged
with it, resulting in the diagonal smearing apparent in the predicted present-day mantle temperature
cross-section. A gap opened in the subduction zone between 9 Ma and the present day. We see this

mantle structure replicated at latitudes up to ~5°N. However, beneath the present-day Caribbean



448  Sea, subduction influx from both the Atlantic/Proto-Caribbean and Pacific realms is evident and

449 s broadly similar between the considered geodynamic models.

Ross and Scotese [1988] model 4°S
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Figure 6. Vertical cross sections of time-dependent predicted mantle temperature based on the
reconstruction Ross and Scotese (1988) at 4°S. Black contours correspond to material that is 4%
cooler than ambient mantle temperature. FAR: Farallon oceanic lithosphere subducted beneath the

South American continental margin.

4.1.2 Boschman et al. (2014)

The predicted thermal structure of the mantle is markedly different if a subduction zone is
considered outboard of South America. The earlier onset of westward dipping subduction of Proto-
Caribbean (PC) lithosphere beneath the Great Arc modelled by Boschman et al. (2014) resulted in
the detachment of the Farallon slab (FARa) from the surface at 130 Ma (Fig. 7). By 120 Ma,
subduction of the Farallon plate (FARDb) began beneath the western trailing edge of the Caribbean
plate at ~80°W. This subduction was not a feature of the reconstruction by Boschman et al. (2014)
but was required because of the relative motion of the Farallon plate and Caribbean plate at this

time.

With the eastward advance of the Caribbean plate, FARb was initially smeared laterally
across the mantle transition zone from ~85-75°W. This volume only began to sink vertically into
the lower mantle when it became detached by 59 Ma, eventually sinking to ~1500-2300 km depth
at the present day. The additional slab material present at 150 Ma in the upper mantle at ~70°W
was not associated with western Caribbean or Andean margin. It was instead related to the Jurassic
Talkeetna-Bonanza subduction zone, associated with the closure of the Cache Creek (CC) Ocean
and accretion of the Cache Creek terrane to the North American continent at ~180-150 Ma

(Johnston and Borel, 2007). The southward extent of the Cache Creek Ocean was changed



473  between the reconstruction of Seton et al. (2012) and that of Miiller et al. (2016), hence why it was

474  observed in the models that use the Miiller et al. (2016) reconstructions.

475



Boschman et al. [2014] model 4°S
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477  Figure 7. Vertical cross sections of time-dependent predicted mantle temperature based on the

478  reconstruction Boschman et al. (2014) at 4°S. Black contours correspond to material that is 4%
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cooler than ambient mantle temperature. FARa; Farallon lithosphere subducted below South
America; CC; Cache Creek plate, PC; Proto-Caribbean lithosphere subducted below Caribbean
plate, FARb; Farallon lithosphere subducted below Caribbean, FARc and NAZ; subduction of
Farallon/Nazca lithosphere below South America following northward movement of Caribbean

plate.

4.1.3 This study

In this study, east-dipping subduction beneath the South American margin was interrupted
by the opening of the Quebradagrande back-arc at 145 Ma, inducing the detachment of the Farallon
(FARa) slab earlier than Boschman et al. (2014). As the back-arc opened, subducting Farallon
lithosphere (FARD) initially became smeared along the mantle transition zone as the subduction
hinge rolled back (Fig. 8). A polarity reversal associated with the closure of the Quebradagrande
back-arc (QB) shows a similar pattern of lateral deflection at the limit between the upper and lower
mantle (660 km depth). Subducted oceanic lithosphere associated with the inception of east-
dipping subduction at 85 Ma responsible for the isolation of the Caribbean plate sank vertically
through the mantle transition zone (FARc; Fig 8). As this material sank it coalesced with the older
back-arc sinking slab, continuing to sink as a single thermal anomaly to ~1500-2300 km depth at

present between ~85-75°W (Fig. 8).

Because a low convergence rate was assigned between the Proto-Caribbean and the leading
edge of the Caribbean plate, based on a kinematic analysis (Fig. 9), there was no significant volume
of material prior to ~110 Ma in the model based on our reconstruction. Resumed subduction along
the South American margin (FARd and NAZ) that continued to the present day is responsible for

mid- to upper-mantle slab material (1500-500 km) predicted at 80-60°W.
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503  Figure 8. Vertical cross sections at 4°S of time-dependent predicted mantle temperature based
504  on our reconstruction. Black contours correspond to material that is 4% cooler than ambient

505 mantle temperature. CAR = eastward dipping subduction of Caribbean lithosphere below South
506  America; CC = Cache Creek plate; FARa = Jurassic-Cretaceous eastward dipping subduction of
507  Farallon lithosphere below South America; FARb = eastward and southward dipping subduction
508 of Farallon lithosphere below the opening Quebradagrande backarc; FARc = eastward dipping
509  subduction of Farallon lithosphere below Caribbean; FARd and NAZ = eastward dipping

510  subduction of Farallon/Nazca lithosphere below South America following northward movement
511  of Caribbean plate; QB = westward dipping subduction of the Quebradagrande backarc basin

512  beneath the Farallon plate (i.e. back-arc basin closure).
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515 Figure 9. Convergence velocities of the Proto-Caribbean (solid lines) and Farallon plate (dashed

516 lines), relative to the Caribbean plate for Boschman et al. (2014) (assuming that their outboard



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

plate boundary is a subduction zone) and our model (black) and Ross and Scotese (1988) (red).
The onset of westward-dipping subduction of the proto-Caribbean did not occur until 95 Ma (solid
blue) in Ross and Scotese (1988), with eastward dipping subduction of Farallon lithosphere below

the newly formed Caribbean plate not occurring until 70 Ma (dashed blue).

5. Seismic tomography

Anomalously fast seismic velocities are generally inferred to be representative of cold
subducted material based on a first order interpretation of the relationship between seismic wave
velocity and temperature. In this section we compare tectonic reconstructions and geodynamic
models to horizontal and vertical slices of P- and S-wave tomography models. We selected two P-
wave (Li et al., 2008; Montelli et al., 2004) and two S-wave (Grand, 2002; Ritsema et al., 2011)
models to visualize the mantle structure in the area. P-wave models allow for high-resolution
imaging of subduction zones due to the high concentration of receiver stations in proximity to
seismic wave sources, whereas S-wave models provide better coverage of large wavelength

features due to the sampling of broadband data (Romanowicz, 2003).

Assuming subducted material sinks largely vertical through the mantle (van der Meer et
al., 2010), we can interpret laterally continuous positive seismic anomalies to represent the paleo-
location of subduction zones in eastern Panthalassa. We used two alternative sinking rates for the
mantle, one with the whole mantle rate of 1.3 cm yr! (Butterworth et al., 2014) (Fig. 10 and S2-
4) (preferred rate) and another that assumes an upper mantle sinking rate of 4.8 cm yr!' derived
from Lithgow-Bertelloni and Richards (1998) and a lower-mantle average sinking rate of 1.2 cm
yr'! as determined by van der Meer et al. (2010) (Figs. S1). Using these parameters, we converted

horizontal depth slices into age to give an approximate age-depth relationship to subducted
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material. The larger sinking rate adopted for the less viscous upper mantle predicts slabs to be at a
greater depth than estimated in van der Meer et al. (2010) and that predicted by our mantle

convection models (Fig. 8).

The long-lived continuous subduction zone extending along the western margin of North
and South America until 87 Ma proposed by Ross and Scotese (1988) shows a poor correlation
with the observed lateral distribution of subducted slab material (Fig. 10). The presence of a
subduction zone outboard of the Americas included in Boschman et al. (2014) and our model
provide a better fit at depths between 1000-1500 km (Fig. 10). In our reconstructions, we explain
the presence of this material as a consequence of the rolling back of the subduction slab associated
with both the opening and closing of the Quebradagrande backarc (e.g. at 1,333 km depth; Fig. 10).
This is in contrast to the Boschman et al. (2014) reconstruction, which does not propose a
subduction zone to explain the presence of the broad region of seismically fast material in the

lower mantle.

After 90 Ma, at depths shallower than ~1,100 km, a large volume of subducted slab material
close to the equator is present in all the seismic tomography models, marking a northward shift in
subduction (Fig. 10). This corresponds well with the location of subduction from 85 Ma in
Boschman et al. (2014) and consequently our model, as the Caribbean plate moves into the
widening gap between the North and South American continents. The Ross and Scotese (1988)
model cannot account for the presence of this material due to a 25 million year delay in the
inception of a new western subduction zone isolating the Caribbean plate, relative to the other two

models.

In the northern Pacific Ocean basin, which is outside of the scope of this study, seismic

anomalies are not well matched by subduction systems. However, the incorporation of intra-
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oceanic subduction systems outboard of the western North American margin, as in Sigloch and
Mihalynuk (2013), may improve correlations in this area as well as the continuity with the
subduction systems further south. There may also be scope to improve the shape of the subduction
zone at ~80 Ma as it transitioned from an intra-oceanic subduction zone to a subduction zone

associated with the Caribbean and the Andean margin (Fig. 10).
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570 Figure 10. Three alternative plate reconstructions tested in this paper with age-coded seismic

571  tomography depth slices (positive values only) based on MIT-P (Li et al., 2008). Sinking rate used
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for the age-coding is a constant rate of 1.3 cm yr!. Red lines with teeth denote subduction zones,
thick black lines denote mid-ocean ridges and transform faults and thin black lines denote
coastlines. Dashed orange polygons highlight areas where the plate model and seismic tomography

are inconsistent (see text for discussion).

The predicted mantle structure derived from our geodynamic models is also compared to

the distribution of seismically fast material in vertical tomography slices.

At mid-mantle depths, the geodynamic models match both P- and S-wave tomography at
latitudes between ~5°N and ~10°S (Fig. 11 and Fig. S1-2), in the models where a subduction zone
outboard of South America is introduced during the Early Cretaceous. Geodynamic models based
on the reconstruction of Boschman et al. (2014) and our new reconstruction account for seismically
fast material at depths of ~1,000-2,000 km at ~70-85°W (Fig. 11 and Fig. S1-2). Based on an
analysis of the time-dependent mantle temperature, we attribute this material to the subduction of
Farallon lithosphere at the western Caribbean margin from 135 Ma in the Boschman et al. (2014)
model. Alternatively, in the model based on our new reconstruction, a similar volume of material
is sourced from the subduction of Farallon lithosphere at the retreating subduction zone associated
with the opening of the Quebradagrande back-arc at 145 Ma, and subsequent subduction of its
oceanic crust during basin closure from 120-100 Ma. The model based on the reconstruction by
Ross and Scotese (1988) does not replicate this mid-mantle material beneath South America,
instead producing a continuous slab extending from ~500 km at ~75°W to the core mantle
boundary at ~50°W, that does not correspond to any strong positive anomalies below ~1,500 km

depth.
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The geodynamic models based on both the reconstruction of Boschman et al. (2014) and
our new reconstruction also predict a diagonal slab volume from ~80-60°W at shallower depths of
~500-1,500 km that matches observed positive seismic anomalies imaged in tomography at these
latitudes (Fig. 11 and Fig. S1-2). This material was sourced from the Late Cretaceous resumption
of subduction of Farallon lithosphere beneath the South American margin. At more southern
latitudes (18°S), beneath Peru, all three models predict the near vertical region of high velocity
material centred at ~60°W observed in tomography. However, this material is poorly resolved in
MIT-P, particularly at depths below ~1,500 km. Faccenna et al. (2017) proposed that a thick slab
associated with the subduction of old oceanic lithosphere only penetrated and anchored into the
lower mantle ~ 50 £10 Myr ago at ~20°S, leading to Andean mountain building. Nevertheless,
there is geological evidence from Peru and northern Chile of a continuous record of arc magmatism
since the Mesozoic (Scheuber et al., 1994) and geological evidence for orogenesis by the mid-Late
Cretaceous (Cobbold et al., 2007; McQuarrie et al., 2005). In addition, the seismic tomography
models presented in van der Meer (2017) show a continuous slab from the trench to 2,400-2,800

km depth in southern Peru.

The greatest mismatch between modelled present-day mantle temperature structure and
seismic tomography arises in the lower-most mantle > ~2,000 km depth (Fig. 11 and Fig. S1-2).
A linear zone of high velocity material in the lower mantle, extending ~30°N and S of the equator
(Fig. 10), 1s present in both P- and S-wave models that is not captured well by the numerical
models. This high-velocity volume has previously been identified (Hutko et al., 2006; Kito et al.,
2008; Thomas et al., 2004) and interpreted as the result of folding and westward spreading of the
Farallon slab at the core mantle boundary (Hutko et al., 2006). van der Meer et al. (2010) identified

the same anomaly at depths of 2815-2300 km in the P-wave tomography model of Amaru (2007),



617 instead suggesting that it may be derived from a north-south trending intra-oceanic subduction

618  zone active in eastern Panthalassa during the early Mesozoic (max: 219+11 Ma, min: 178£15 Ma).
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620  Figure 11. Vertical cross sections of MIT-P seismic tomography model and temperature contours
621 showing mantle 4% cooler than ambient for each model. See Fig. S1-2 for comparison with

622  alternative seismic tomography models.
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Folding of the slab, however, is consistent with the behavior observed in the geodynamic
models. In the mantle convection models, subduction is modelled for 70 Myr prior to our study
period to capture pre-existing mantle heterogeneity. Pre-existing subducted material at ~55°W
corresponds to Farallon subduction prior to 150 Ma (slab FARa). In lieu of trench roll-back and
slab break-off, continued subduction at ~55°W, albeit with a reversed polarity in the reconstruction
of Boschman et al. (2014), supplied additional material to the remnant Farallon slab. The greater
volume of subducted material ultimately sank to greater depths, extending laterally along the core-
mantle boundary (Fig. 11 and Fig. S1-2). In all model scenarios, this spreading of the Farallon slab
in the lower mantle produces a ~500-800 km thick lateral ‘blanket’ of slab material at the core
mantle boundary extending to ~40°W that is largely absent in seismic tomography. This could
reflect that too much subducted material is initially present in the convection models, and/or that
lower mantle subducted volumes are over-predicted in incompressible flow models. This lower
mantle volume is somewhat better resolved in long-wavelength S-wave models. The thermal
assimilation over time was proposed by van der Meer et al. (2012) to account for the tomographic

indivisibility of slabs in the lower mantle.

6. Discussion

Assuming a first-order relationship between thermal heterogeneities in the mantle and
seismic wave velocity, the position of subducted slab material in the mid mantle is replicated by
the numerical models when a subduction zone is included outboard of the South American margin
during the Early Cretaceous. Additionally, the numerical models show that a long-lived Andean
style subduction zone persisting throughout the Mesozoic until ~90 Ma produces the poorest fit to

the observed distribution of seismically fast material at the present day beneath western South
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America. It therefore seems likely that a subduction zone active during the Early Cretaceous to the
west of South America existed and such a subduction zone is necessary to account for the present-
day mantle structure. As the model based on the reconstruction of Ross and Scotese (1988) does
not reproduce any of the mid-mantle material at ~75-85°W, we consider this model to be the least
representative model for this particular aspect of the eastern Panthalassa margin during the early
Cretaceous. Focusing on mid-mantle depths, where the geodynamic models best fit seismic
tomography, we attempt to distinguish between the possible mechanisms responsible for the types

of subduction described by our models and assess their feasibility.

6.1. Subduction initiation in the proto-Pacific

Boschman et al. (2014) constrained the western margin of the Caribbean plate at 135 Ma
by the appearance of an unknown plate boundary. A kinematic analysis of convergence rates at
this boundary when incorporated into the global model of Miiller et al. (2016) (Fig. 9) suggests
that this plate boundary was a subduction zone. Models based on our reconstruction produce mid-
mantle slab volumes that match seismic tomography. Additionally, for west-dipping subduction
of the Proto-Caribbean to have occured from 135 Ma, for which there is evidence (Rojas-
Agramonte et al., 2011), the rapid eastward motion of the Farallon plate at this time necessitates
the presence of an additional eastward dipping subduction zone consuming Farallon lithosphere.

This implies a spontaneous intra-oceanic subduction zone initiation at 135 Ma.

Subduction initiation is a key tectonic process that remains poorly understood (Stern,
2004). Spontaneous subduction initiation is thought to result from gravitational instability of the
oceanic lithosphere, whereas for induced subduction initiation, existing plate motions cause

compression and lithospheric rupture (Stern, 2004). Transform faults and fracture zones have
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traditionally been thought to be favorable sites for intra-oceanic subduction initiation (Mueller and
Phillips, 1991). Previous numerical models (e.g. Hall et al. (2003)) showed that plate convergence
is typically required for inducing subduction initiation at transform faults. Leng and Gurnis (2015),
however, showed that spontaneous subduction initiation is possible at transform faults where a
greater thermal and compositional density contrast exists, such as where relic arcs are adjacent to
old oceanic lithosphere. Thermal rejuvenation of the relic arc causes a reduction in the overriding
plate strength leading to the spontaneous initiation of subduction at such sites (Leng and Gurnis,
2015). Recent work has investigated plume-induced subduction in the Caribbean region (Gerya et
al., 2015; Whattam and Stern, 2015) whereby subduction is induced along the weak plume head-

cold lithosphere interface (Whattam and Stern, 2015).

Despite the theoretical potential of a western Caribbean subduction zone that may have
initiated in this spontaneous manner to replicate mid-mantle thermal anomalies, geological
evidence for intraoceanic subduction initiation at 135 Ma is lacking. The earliest evidence of arc
magmatism preserved in the Panama—Choc6 block, located at the inferred subduction boundary,
is of Campanian (~83.5-70.6 Ma) age (Denyer et al., 2006; Buchs et al., 2010). Radiolarites
intercalated with arc-derived material on the Nicoya peninsula are middle Turonian—Santonian and
Coniacian—Santonian in age (Bandini et al., 2008), consistent with Central American subduction
initiation at ~85 Ma predicted in both models. However, as previously discussed, there is evidence
for the formation of an Early Cretaceous back-arc basin, of unknown extent, along the Northern
Andean margin. This scenario involves back-arc basin extension and trench roll back, which is a

geodynamically common process, rather than requiring intra-oceanic subduction initiation.

6.2. Cretaceous back-arc basin opening offshore South America and the Caribbean
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A key driver in the development of mafic-floored back-arc basins is the rollback of the
subduction hinge, expressed through the velocity of trench migration at a subduction zone
(Schellart, 2008). A number of studies have also shown that the absolute motion of the overriding
plate has an effect on the tectonic regime that arises at the subduction margin (Maloney et al.,
2013; Oncken et al., 2006; Ramos, 2010; Sdrolias and Miiller, 2006). In these models, seismic
decoupling occurs at the trench when the overriding plate is moving away from the subduction
hinge inducing an extensional state of stress and leading to the development of back-arc spreading
(Sdrolias and Miiller, 2006). While some geodynamic modelling studies conclude that the
overriding plate motion is a minor contributor to back-arc extension (Chen et al., 2016; Schellart,
2008), others propose that the forces driving the overriding plate away from the trench are
necessary to generate back-arc extension, even within the framework of slab rollback (Nakakuki
and Mura, 2013). Uyeda and Kanamori (1979) proposed that strong mechanical coupling at
subduction zone interfaces is linked to the formation of Cordilleran mountain belts, while weak

coupling is associated with back-arc basin formation.

Maloney et al. (2013) calculated negative trench normal convergence rates in the northern
Andean region during the Late Jurassic through Early Cretaceous, indicative of motion away from
the subduction hinge. This suggests that the conditions necessary for back-arc basin formation
existed in this region, and is consistent with evidence of back-arc basin formation preserved in the
Colombian and Ecuadorian Andes (Nivia et al., 2006; Villagomez et al., 2011). This provides
additional support for the presence of a back-arc basin as implemented in our model. The age of
oceanic lithosphere being subducted, and the angle at which it is dipping into the upper mantle,
are secondary parameters contributing to trench rollback. It has been shown that back-arc basins

may only develop where lithosphere is older than 50-55 Myr, with a minimum slab dip of 30°,
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(Maloney et al., 2013; Sdrolias and Miiller, 2006). Our reconstructed seafloor age-grids show
Farallon oceanic lithosphere older than 50 Myr was subducting at the northern Andean margin
145 Myr ago, thus satisfying this condition. Rollback of the subduction hinge dominates the
continued creation of accommodation space required for back-arc spreading during the
development of the Andean back-arc basins. The closure of these basins in our new reconstruction

is associated with increased spreading rates in the South Atlantic Ocean.

Another geodynamic consideration is the along-strike subduction evolution along the
Andean margin. Trench rollback resulting in full crustal breakup and subsequent back-arc
spreading is restricted to the northernmost part of the proposed Andean back-arc basin in our
reconstruction. Crustal extension in the Peruvian and Chilean Andes was insufficient to generate
new oceanic crust (Mpodozis and Allmendinger, 1993; Petford and Atherton, 1994; Ramos, 2010).
Whilst beyond the geographical scope of this study, the Rocas Verdes back-arc basin of the
southernmost Andes is proposed to have been active at approximately the same time as our
modelled Northern Andean back-arc. The Rocas Verdes Basin was floored by tholeiitic to
transitional type-basalts typical of a back-arc environment (Stern et al., 1976). It opened at 152-
142 Ma (Calderon et al., 2007) with rifting propagating northward (Malkowski et al., 2016). The
change to a compressional regime and closure of the back arc is similarly attributed to the
beginning of westward absolute motion of South America circa 100 Ma (Maloney et al., 2013;

Ramos, 2010; Somoza and Zaffarana, 2008).

The development of back-arc basins at only the northern and southernmost regions of the
Andean subduction zone, as presented in this study, is consistent with a recent dynamic, buoyancy-
driven, whole-mantle subduction model (Schellart, 2017) and the study of Schellart et al. (2007),

which explained this phenomenon as a function of lateral slab width. Return flow of mantle
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material around the edges of retreating subducting slabs facilitates further rapid slab rollback and
thus increased lithospheric extension at the edges of long subduction zones > 4,000 km. Away
from the edges of such a subduction zone, a central stagnation zone forms where there is a limited
opportunity for the upper mantle to flow horizontally around the retreating slab. Ultimately this
produces a subduction zone with an overall convex-shaped trench with concave shaped edges,
folding around the upper mantle stagnation zone. The shape of our retreating back-arc subduction
zone in our model aligns with the inferences made by both Schellart (2017) and (Schellart et al.,
2007). Additionally, this effect may explain why extension along the Peruvian and Chilean
sections of the Andean margin did not experience full crustal break-up and development of back-
arc basins floored by oceanic crust. As well as explaining the opening of the Rocas Verdes and
Quebradagrande back-arc basins over several million years, the model of Schellart (2017) also
explains our modelled progressive closure of the Andean back-arc basins, which would have led
to subsequent shortening and orogenesis along the South American active margin. We therefore
consider subduction outboard of South America as the retreating subduction margin of a back-arc
basin to provide a better fit for observed mid-mantle high velocity material, better reflect the
observed geology and can be explained by previously published models on subduction and back-

arc basin behavior.

7. Conclusion

We used geodynamic models driven by surface plate reconstructions to compare alternative
subduction histories to present-day tomographic images of the mantle structure. We constrained
the location and evolution of subduction in eastern Panthalassa adjacent to South America during

the Cretaceous. Our kinematic and numerical modelling results show that subduction located
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outboard of the South American margin during the Early Cretaceous matches the observed lateral
and vertical distribution of slab material in seismic tomography at mid-mantle depths (500-
2,000 km). When no such subduction zone is included, geodynamic models cannot account for the
westernmost seismic anomalies beneath South America. We therefore constrain the location of

Early Cretaceous subduction to be 15-20° west of the South American continental margin.

We show that this subduction zone was likely associated with the formation of a back-arc
basin in response to trench roll back at 145 Ma rather than spontaneous intra-oceanic subduction
formation. This interpretation is consistent with geological evidence of Cretaceous back-arc basin
formation and terrane accretion preserved on the present-day Northern Andean margin. We
consider the opening of this basin to be the northern expression of a major phase of extension along
the Andean margin, coeval with extensive crustal thinning in the Peruvian Andes. Our model of
two Jurassic-Cretaceous wedge-shaped back-arc basins forming along the Andes and their
subsequent closure is consistent with the subduction dynamics of the Andean margin based on an
independently-derived geodynamic model (Schellart, 2017). Further work on extending the
continuity of this subduction zone to the north (adjacent to the western margin of North America)
and to the south (along the entire South American margin) will help resolve the subduction history
of eastern Panthalassa, with implications for mantle dynamics and the location of LLSVPs,
geochemical cycles that are influenced by the amount of material subducted into the mantle and

long-term sea-level change related to the volume of the ocean basins.
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