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ABSTRACT

We investigate the effect of the westerly rotatodrthe lithosphere on the
active margins that surround the Americas and fyosbd correlations
between the inferred easterly-directed mantle aflotv and the main

structural grain and kinematics of the Andes anad®ach arc slabs. In the



Andes, the subduction zone is shallow and with kyw, because the
mantle flow sustains the slab; the subduction hiogeverges relative to
the upper plate and generates an uplifting doulgsging orogen. The
Sandwich Arc is generated by a westerly-directedIS&outh American)
plate subduction where the eastward mantle flowstsepening and
retreating the subduction zone. In this contex, gfab hinge is retreating
relative to the upper plate, generating the bacKkaasin and a low
bathymetry single-verging accretionary prism. Inntta America, the
Caribbean plate presents a more complex scendridoahe East, the
Antilles Arc is generated by westerly directed suticbn of the SAM
plate, where the eastward mantle flow is steepeming retreating the
subduction zone. b) To the West, the Middle Ameficanch and Arc are
generated by the easterly-directed subductionefbcos plate, where the
shallow subduction caused by eastward mantle floitsinorthern segment
gradually steepens to the southern segment by rebexisting westerly-
directed subduction of the Caribbean Plateau.

In the frame of the westerly lithospheric flow, thaduction of a divergent
active ridge plays a the role of introducing a d®anin the
oceanic/continental plate’s convergence angle, aghn NAM (North
American) plate with the collision with the Pacikarallon active ridge in
the Neogene (Cordilleran orogenic type scenaribg dasterly mantle drift

sustains strong plate coupling along NAM, showirigJaan de Fuca



easterly subducting microplate that the subdudtioge advances relative
to the upper plate. This lower/upper plate conuecgecoupling also
applies along strike to the neighbor continentaketslip fault systems
where subduction was terminated (San Andres aneiQGharlotte). The
lower/upper plate convergence coupling enables d¢hpture of the
continental plate ribbons of Baja California andkiat terrane by the
Pacific oceanic plate, transporting them alongdfnde slip fault systems
as para-autochthonous terranes. This Cordilleragemic type scenario, is
also recorded in SAM following the collision withe Aluk/Farallon active
ridge in the Paleogene, segmenting SAM margin ite eastwardly
subducting Tupac Amaru microplate intercalated betw the proto-
Liquifie-Ofqui and Atacama strike slip fault systemvbere subduction was
terminated and para-autochthonous terranes traesidn the Neogene,
the convergence of Nazca plate with respect to SaiMistalls subduction

and the present Andean orogenic type scenario.
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The westward lithospheric drift, its role on théduction and transform zones

surrounding Americas: Andean to Cordilleran orogawypes cyclicity

ABSTRACT

We investigate the effect of the westerly rotatafrthe lithosphere on the active margins that
surround the Americas and find good correlatiortsveen the inferred easterly-directed mantle
counterflow and the main structural grain and kiagos of the Andes and Sandwich arc slabs.
In the Andes, the subduction zone is shallow arttl lew dip, because the mantle flow sustains
the slab; the subduction hinge converges relativthé upper plate and generates an uplifting
doubly verging orogen. The Sandwich Arc is generdig a westerly-directed SAM (South
American) plate subduction where the eastward madilw is steepening and retreating the
subduction zone. In this context, the slab hingetieating relative to the upper plate, generating
the backarc basin and a low bathymetry single-mgrgiccretionary prism. In Central America,
the Caribbean plate presents a more complex scen@) To the East, the Antilles Arc is
generated by westerly directed subduction of th&$#tate, where the eastward mantle flow is
steepening and retreating the subduction zonel¢lihe West, the Middle America Trench and
Arc are generated by the easterly-directed submluaif the Cocos plate, where the shallow
subduction caused by eastward mantle flow in itth@on segment gradually steepens to the
southern segment by the preexisting westerly-déestibduction of the Caribbean Plateau.

In the frame of the westerly lithospheric flow, thabduction of a divergent active ridge plays a
the role of introducing a change in the oceanidicental plate’s convergence angle, such as in
NAM (North American) plate with the collision witthe Pacific/Farallon active ridge in the
Neogene (Cordilleran orogenic type scenario). Tastezly mantle drift sustains strong plate

coupling along NAM, showing at Juan de Fuca eastsudbducting microplate that the



25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

49

subduction hinge advances relative to the uppeteplahis lower/upper plate convergence
coupling also applies along strike to the neighboamtinental strike slip fault systems where
subduction was terminated (San Andres and Queenrlcleqx The lower/upper plate
convergence coupling enables the capture of thenamal plate ribbons of Baja California and
Yakutat terrane by the Pacific oceanic plate, fparting them along the strike slip fault systems
as para-autochthonous terranes. This Cordilleragemic type scenario, is also recorded in SAM
following the collision with the Aluk/Farallon agg ridge in the Paleogene, segmenting SAM
margin into the eastwardly subducting Tupac Amarcroplate intercalated between the proto-
Liquifie-Ofqui and Atacama strike slip fault systemvbere subduction was terminated and para-
autochthonous terranes transported. In the Neogleeeonvergence of Nazca plate with respect
to SAM reinstalls subduction and the present Andsagenic type scenario.

Keywords: Lithospheric drift; converging hinge; diging hinge; slab rollbakc; terranes

1. Introduction

The westward drift of the lithosphere relative tee tasthenosphere is an ingredient of plate
tectonics that has not been well understood sobfath in terms of origin, duration and speed
(e.g., Bostrom, 1971; Scoppola et al., 2006; Cresail., 2007; Carcaterra and Doglioni, 2018
and references therein). However, all referenamdarelative to the mantle exhibit a “westerly”
directed component of the lithosphere with resp@the asthenosphere. In this research we test
the consequences of this phenomenon on the steuetn evolution of the subduction and
transform zones developed around the Americas (Big.We discuss the influence of the
subduction hinge as a key for interpreting the getoynof the geodynamic setting. The
subduction hinge can in fact either converge oedje relative to the upper plate (Doglioni et

al., 2007), producing different slab dips (Fig. && D). Furthermore, we discuss North America
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active margin low angle convergence, introducedhaysubduction of a divergent active ridge
producing a complex segmented margin with micr@slahtercalated between strike slip fault
systems, where subduction is terminated.

Westward lithospheric drift is a phenomenon thatildobe related to the Earth’s rotation
mechanics, because the lithosphere rotates sligibhyer and eccentric with respect to the
underlying convecting mantle (Fig. 1A). The net Stexly” directed rotation of the lithosphere
relative to the underlying mantle is a constrairdttneeds to be considered when evaluating a
lithospheric plate subducting into the eastward imgpvmantle. In other words, whether the
subduction of the plate is counter flow or alorgaflwith the mantle. This westward net rotation
is indicated by plate kinematics (Gripp and Gord2®d)2) with a value that may span from 0.2—
0.4°/Ma to 1-1.2°/Ma, as a function of the usedspot reference frame (Crespi et al., 2007,
Cuffaro and Doglioni, 2007). Some models of subidimctangle consider the age/thickness,
convergence rate to explain the geometry of sulmhucbut these parameters have been shown
to have negligible influence because slab dip maguo with any lithospheric age or
convergence rate (Cruciani et al., 2005). The tretacd motion of thick cratonic lithosphere
with trench retreat had also been proposed to p@siab flattening (Manea et al., 2012). The
asymmetry of slab dip, i.e., the steeper westeilgcted slabs, can rather be interpreted to be
related to the westerly net rotation of the litHos@ triggered by solid Earth tidal effects
(Riguzzi et al., 2011).

In this scenario, the western and eastern bourdafithe Pacific ocean show respectively two
end member cases of subduction styles; roll-bagkhwsmal to flat slab (Fig. 2), with single and
double vergence orogens respectively, that arettiireelated to the westward lithospheric drift
(Doglioni et al., 1999a,b, 2009). Thus considerkmericas continental plates (Figs. 1B and

3A), westward subduction dip generates roll backrifibean and Sandwich arcs), and eastward
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subduction dip generates high plate coupling ama@ns its shallow if not flat subduction dip
(Cruciani et al., 2005; Ficini et al., 2017; JuanFlca, Cocos and Nazca plates). Besides this
subduction asymmetrie, the western and easterfi¢ddoundaries show transform plate margins
segments (New Zealand Vs Western North Americasyped the subduction of active ridges
(Izanagi-Pacific Vs Farallon-Pacific). The westenargin of the North America plate (NAM)
shows since the Miocene the development of tramsfeegments (San Andreas and Queen
Charlotte strike slip fault systems), microplatdsan da Fuca), and para-autochthonous terranes
(Baja California Peninsula, Yakutat), as a consaqgeef the collision of the Farallon/Pacific
active ridge with NAM plate (Plafker et al., 19%twater and Stock, 1998) and the change to a
low convergence angle, introduced by the PacifatepWith respect to NAM (Fig. 3B, C). Both
transform fault systems are related to extensige#ings (Plafker et al., 1994; Atwater and
Stock, 1998). Instead, at the western Pacific canpatt, the Pacific and Australian plates show
also a transform segment in New Zealand southdemds(the Alpes Fault system), that
developed in the early Miocene. Along the AlpinaillEahe plates are not only moving past each
other, they are also moving towards each othereH#re main part of South Island is being
thrust over the Australian plate. This compressngvement is causing the Southern Alps to be
uplifted forming a high elongate mountain rangeaflal to the Alpine Fault (Wellman 1979;
Norris et al., 1990).

Two major differences are recognized between theifiBiAustralian with respect to
Pacific/NAM plate margin transform systems. Thestfils that the New Zealand transform
segment is transpresive and did not originate leystlbduction of an active ocean ridge. The
second is the change in subduction geometry altmiiesTo the northeast of New Zealand
transform fault, and underneath North Island, tlaeifit Plate is being subducted below the

Australian Plate. By contrast, to the south of N2ealand transform fault, and underneath
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Fiordland, the two plates are also moving towardheather but here the Australian Plate is
being subducted under the Pacific Plate.

The western margin of the South America plate (SAEH been active since the early Jurassic to
the present time. There is agreement on the sulbductlationship along strike SAM for the
Aluk plate in the Cretaceous, and for the Nazc#epiathe Neogene, but in the Paleogene, the
collision with the Aluk-Farallon active ridge segmed the margin. Reconstructions for the
Aluk-Farallon-SAM triple junction suggest that iigrated from southern Peru-northern Chile to
the Patagonian Andes within the 72—-47 Ma timeirgkrand reconstructions of the Farallon-
SAM plates for the Paleogene agree in the occuerehaorthward obliquity of the convergence
angle and negligible to moderate convergence (&aade and Leslie, 1986; Pardo Casas and
Molnar, 1987; Somoza and Ghidella, 2005). The karahluk ridge collision with SAM
introduced low convergence angle episodes betweaeadlén/SAM Plates in the Paleogene, and
the segmentation into subducting microplates cafeted with strike slip plate margin
transform segments (Aragon et al., 2011; Gianal.e2018).

The strike slip plate margin transform segmentswséxtension, uplift and bimodal volcanism in
the foreland, such as San Andreas fault system Baiin and Range province in the foreland
(Hakesworth et al., 1995). In plate margin dynano€she past, extension in the foreland is
usually attributed to roll back, without checkirighe slab subduction direction with respect to
the mantle flow is capable of generating roll baok,whether the extension is related to
subsidence or uplift.

This paper considers the influence of the westvigindspheric drift (relative to the convecting
mantle) on the eastern pacific active margin andne®res how a change to low angle
convergence introduced by the Paleogene collisioanoactive ocean ridge can result in the

termination of the Cretaceous continuous subductigstem of the Andes and develop the
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Paleogene segmentation of the active margin intoraplates, para-autochthonous terranes, as
well as coeval transform and subduction segmetis.\Western Pacific subduction style and the
New Zealand transform type will not be consideredeh We propose a model of Plate margin
segmentation in times of low angle convergencethiced by a triple junction. To achieve this
we use present day major constraints from NAM wasaetive margin, and compare them with

those from the SAM Paleogene western active margin.

2. Easterly dipping subduction zones of America

Easterly dipping subduction zones with the Northekican plate result from interactions with
the Pacific, Cocos and Juan de Fuca Plates. Iti@dldihe Pacific/NAM interaction is a strike
and slip fault relationship (Queen Charlotte and Sadreas strike slip fault systems), due to the
low convergence angle between them (Figs. 1B andIiAhese strike slip fault segments the
subduction was terminated and part of the subdysited is detached (slab window).

In North America, the only remnant of easterly sutithn is restricted to the Cascades arc
promoted by the subduction of the Juan de Fucaopliate, bounded by the Queen Charlotte and
San Andreas fault systems where subduction teredreattca. 30 Ma. In Juan de Fuca
microplate, the subduction hinge advances relativtae upper plate (Fig. 1C, Cascades cross-
section; Fig. 2A) causing strong coupling betweedaulying/overlaying plates. This coupling
between plates continues in the neighbor strikesggments of San Andreas and Queen
Charlotte fault systems, allowing the underlyingiRa plate to capture ribbons of the
continental margin and transport them along thkesslip faults (Baja California and Yakutat
terrane respectively, Fig. 7A).

Towards the south of NAM and the Central Ameriagpstthe subducting plate is the Cocos

Plate, and the overriding plates are the NAM, Qsén plates and part of Panama micro-plate.
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Subduction beneath the NAM plate shows high cogpénd the shallow subduction angle is
similar to that in South America (Fig. 1C, Mexicmss-section), but to the south, as subduction
interacts with the Caribbean plate, the subductiagle increases (Fig. 1C, Guatemala and
Honduras cross-sections), and plate coupling gtath@eases (Scholz and Campos, 1995). This
subduction angle increase is solely restricted e Caribbean Plate segment, Thus, the
subducting parameters of Cocos plate; age, coameegangle and rate, are the same as in the
subduction beneath the neighbor Mexico’s NAM pkggment. Then, the factor controlling the
Cocos plate subduction angle beneath the Caribpké® can be interpreted to be restricted to
the relationship between the Caribbean lithosplere asthenosphere. From Fig. 1C, it is
suggested that a recognizable subduction anglegehbatween Mexico and Honduras cross
sections occurs at depths in excess of 50 km, stiggethat it occurs at or beyond the
lithosphere/ asthenosphere boundary. If so, itcdad interpreted as confronting subduction
plates in the Caribbean asthenosphere. An argusggorting this conclusion comes from
Costa Rica and the southern neighbor (Panama nateopAstorga et al., 1991) that interacts
with the southern end of Cocos plate (in early amdl Mionene) and the northern end of Nazca
plate (since late Miocene). In this scenario, theow Panama and Costa Rica are subject to the
coeval just opposite easterly and westerly subdnctf the Cocos and Caribbean plates
respectively in the mid Miocene (Figs. 1A and 4heTCaribbean plate started to subduct the
thick Caribbean plateau beneath Panama and CosarRihe early Oligocene ~33 Ma (Pindell,
and Kennan, 2009). But on the Pacific side, Famafitate split into Nazca and Cocos plates at
~23 Ma, had oblique convergence until ~18 Ma thanged to orthogonal convergence between
the Cocos plate and the Middle America trench (Maset al., 2017) causing subduction and
contractional deformation along Costa Rica and Migaa (Weinberg, 1992; Kumpulainen,

1995; Ranero et al., 2000; Mescua et al., 2017 wie arc having its maximum migration
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toward the foreland (Alvarado and Gans, 2012; Sagiet al.,, 2013). The extensional
configuration of the Nicaragua subduction zone (&grkart and Self, 1985; Ramos, 2010) with
the migration of the arc towards the trench stgrim the latest Miocene ~11 Ma, after the
contraction event (Alvarado and Gans, 2012; Sagetoal., 2013). The arrival of the Cocos
Ridge at the trench at 5-4 Ma (Meschede et a@9)1further modified the geodynamic setting,
leading to the present configuration in which castteen is predominant only in southern Costa
Rica (Marshall et al., 2000; Manea et al., 2013)e Tid Miocene compression event caused by
the coeval opposite eastwardly subduction of Cqgdate and the westward subduction of the
Caribbean plate, suggest that the pre-existen¢keosubducted thick plateau of the Caribbean
plate at the southern end of Cocos plate controés dradual steepening of Cocos plate
subduction angle (Fig. 4).

The Andes are located above the easterly-direatbdugtion (high convergence angle) of the
Nazca oceanic lower plate slab (Fig. 1). In thehwn side, the lower plate was the Cocos Plate,
whereas south of the Chile triple junction it ie thntarctica plate. Along the Sandwich Arc, the
SAM subducted slab is westerly directed and asuthiger plate is located the Scotia backarc
basin. Based on the dataset of Heuret and Lallenfa@@d5) few cross-sections of the slab
seismicity representing the projection of a 200 Wide volume are presented (Fig. 1C and D),
that show normal to flat subduction segments ah@lthe Andean orogen. These subduction
geometries, are explained by a high trenchwardlatesgelocity of the upper plate (overriding
of the trench by the upper plate) (Forsyth and WyetB75; Heuret and Lallemand, 2005;
Somoza and Zaffarana, 2008). Or in other words, ri@tle flow sustains the slab; the
subduction hinge converges relative to the uppatednd generates an uplifting doubly verging
orogen (Doglioni et al., 2007). Other processesp@sed to influence the subduction are:

subduction of an oceanic ridge (Cloos, 1993; Raamuk Folguera, 2009); age of the subducted
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oceanic lithosphere (Protti et al., 1994; Yafiez @adhbrano, 2004); and sediment supply to the
trench (arid climates) (Lamb and Davis, 2003).

The thickness of the continental South Americeabibhere varies moving along the strike of the
subduction zone (Artemieva, 2009; Hamza and Viéltd,2), being thicker where the slab dip

increases (Cruciani et al., 2005).

South America is moving westerly relative to thentteg but it also undergoes a clockwise

rotation (Cuffaro et al., 2008). This second onagation with respect to the first order one can

account for the strike-slip component at the Sa@utterica-Nazca plate boundary.

3. Westerly subduction zones of America

Two westerly subduction zones are recognized withinSAM plate, the South Sandwich and
the Lesser Antilles arcs. A third westerly subdwetzone is localized in NAM plate at the
Aleutian arc.

The South Sandwich active volcanic arc is builyédy on oceanic crust of the small Sandwich
plate which formed about 10 Ma at the back-arc Bastia ridge spreading centre (Larter et al.,
2003). The arc is forming in response to steeptiined subduction of the South American plate
beneath the Sandwich plate at the rate of 67—79anilhomas et al., 2003). Models for South
Sandwich arc evolution have a westward-dipping sabdn zone active at 34 Ma or earlier
for the ancestral South Sandwith volcanic arc, 4r8 Ma for the active South Sandwich
volcanic arc. (e.g. Barker, 1995, 2001; Lasetml., 2003; Pearce et al., 2014). The South
Sandwich volcanic arc has a steep subduction {feigs. 1D and 2) and the volcanism shows a
typical western Pacific geochemical signature olcdnic Island arcs (Pearce et al., 2014).

The Lesser Antilles Cenozoic volcanic arc is ralatie subduction of the SAM plate under the

Caribbean plate. The rate of subduction is low,420mm/yr (Macdonald and Holcombe, 1978;
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Jarrard, 1986). The steeply inclined subductiothefAtlantic plate beneath the Caribean plate is
segmented; in the northern segment the subductdd gdips at 50 °—60°, whilst the southern
segment the dip varies from 45 °© to 50° in themtwtvertical in the south. Activity in the eastern
arc was mainly from Eocene to mid-Oligocene, wherde western arc has been active from
early Miocene to present. Although there is evidertbat the arc north of Dominica may be

underlain by a Cretaceous arc (Bouysse, 1984; Maddcet al., 2000) .

4. The lithospheric westward drift and the segntéieof the American plate margin caused by
the subduction of an active ridge

Since oceanic and continental plates move alongstiface of a sphere (geoid), the motion,
rates and type of plates interaction depends orrdla¢ive location of the Euler Pole of the

oceanic plate with respect to the continental phasegin (Figs. 5A and B). The two possible

end-member cases are: (a) the active plate margiyn mave the oceanic plate’'s Euler pole
located in a position in which rotation only alloasnvergence (Fig. 5A), and the only change is
an increase of convergence rate as the distantieet&uler pole increases. (b) The oceanic
plate’s Euler pole may be located in a position ighetation allows a parallel movement of the
oceanic plate with respect to the continental p(&ig. 5B) and along-strike plate interaction

may change from a transform plate margin, to a sci@h plate margin as the lateral distance to
the Euler pole increases.

NAM and SAM have been subject to the collision ciivee ridges in the Cenozoic (Fig. 7A and

B). These events have introduced major changebemgéological features of the continental

margins.
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The coeval collision of a ridge at different latlinal sites of the continental plate, promotes the
segmentation of the continental/oceanic plates thawyn into a complex of along strike
alternation of subduction with strike slip transfosegments such as in NAM the collision with
the Pacific/Farallon active ridge in the Neogenig.(FA). Here, the eastwardly subducting Juan
da Fuca microplate is intercalated between the/aineas and Queen Charlotte strike slip fault

systems, where subduction is cancelled.

The development of an active margin segmentatiodefised here, has four main constraints:
(1) the collision of an active oceanic ridge (dyemt sea-floor spreading centre) with a
continental plate (Fig. 6A and B). (2) The newlxaoming ocean plate has an Euler Pole
configuration (Fig. 6A) that terminates subductlpnintroducing parallel displacement along a
significant length of the active plate margin. @hce the active ocean ridges are segmented
they may produce a coeval scattered collision efdbtive ridge, leaving isolated remnants of
unsubducted ridge segments that become oceanioptates (Fig. 6B, C and D). (4) The
westward lithospheric drift sustains a strong cimgplbetween oceanic/continental plates,
allowing the capture of continental plate ribbogghe oceanic plate (Fig. 3C). These conditions
were met in the NAM/Farallon/Pacific plate boundé®afker et al., 1994; Atwater and Stock,
1998), and in the Paleogene with the SAM/Aluk/Haraplate boundary (Fig. 7B) (Cande and
Leslie, 1986; Pardo Casas and Molnar, 1987; SorandaGhidella, 2005; Aragon et al., 2011).
The role of the collision for the active ocean gdg twofold; it provides the possibility that the
next incoming ocean plate can produce an instaatenmajor change in the ocean-continental
plate convergence angle, and it provides a majscoditinuity to facilitate a new type of
oceanic/continental plate interaction. This implteat the previous subduction geometry has

little or no influence on the overriding plate segras the subducted plate detaches and sinks
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into the mantle. The main remaining forces actixez the westward lithospheric drift and the

westward push of the SAM and NAM plates growth.

The next major question to consider in the modeheés critical Transition Zone (CTZ) from
transform to subduction active margin (CTZ in FB&). From the mechanical point of view, it
should be controlled mainly by six major constrgjithe critical convergence angle in which the
transform finally evolves to subduction, the comearce rate, the shape and rheology of the
continental plate margin, and the partitioninghs tonvergence angle.

An estimate value of the critical angle and thevewgence rate, combined with the continental
plate margin/subduction shape, rheology and pamiitg can be obtained from the present day
Pacific/NAM example. In southern Alaska/Canadah@sRacific plate moves northward, it shifts
from the Queen Charlotte transform margin to tifatudduction in the Aleutian trench (with a
drastic change in convergence angle). The conveegangle of the Pacific plate with the Queen
Charlotte transform system is about 30° with arraye convergence rate of 6 cm/yr for the last
5 Ma (Engebretsen et al., 1985). Thus, a 30° cgevee angle could be considered a reference
value for the critical Transition Zone for low cargence rates in the order of 6 cm/yr. On the
other hand, to consider the influence of shapejldgyy and the partitioning of effort into the
continental margin, the reconstruction must be dasethe paleogeographic reconstruction at
the time when the Queen Charlotte transform beB&afker et al. (1994) reconstruct the early
(35-20 Ma) position of the transform fault boundéstyppled line Fig. 7A). At about 30 Ma the
transform fault boundary jumped inland from thelye&ransform fault boundary system to the
Queen Charlotte-Fairweather fault system to forre tfiakutat terrane. The continuous
subduction of the Yakutat terrane in the last 20Hda increased the bend of the Alaska gulf and

resulted in the uplift of the Chugach Mountains &airweather Range. This suggests that the
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strong northeastward deformation is closely relategartitioning in the critical Transition Zone
from the Queen Charlotte transform to the bendhefAleutian subduction. Oblique convergence
zones have partitioned plate boundaries, with tleetening component being taken up on the
subduction zone and the major portion of the stsikg component being taken up by strike-slip
faults inland, in the overriding plate.

Another orogenic feature present close to thecalitilransition Zone is the Alaska orocline.
Although it is not established to which extent thgbduction of the Yakutat terrane has
influenced the deformation of the Alaska oroclideh(nston, 2001), it must also be considered
that to some extent, there was a continental begidré the Yakutat terrane started to push
beneath southern Alaska.

4.1. The oceanic/continental boundary jumps inland with a strike dlip fault at the boundary: the
oceanic plate captures a continental ribbon

As the low convergence angle plate motions areaswest over time, partitioning develops in the
overriding continental plate margin major strikg $hult systems (Fig. 6B) close and parallel to
the coast. The easterly mantle drift sustains gtrmyupling along NAM, and at Juan de Fuca
subducting microplate that the subduction hingeveages relative to the upper plate. This
convergence also applies to the neighbor contihgriéee margin with the strike slip fault
systems (San Andreas and Queen Charlotte) wherkistitin has stopped. These crustal strike
slip fault segments have strong coupling with thedarlying plate. Thus, the remaining
subducted Pacific plate, will eventually capturetled overlying continental plate ribbon (Baja
California and Yakutat terrane), transporting thalong strike as para-autochthonous terranes
(Fig. 6C).

Two major different fates are observed for theseajaaitochthonous terranes transferred to, or

captured by the oceanic plate (Fig. 6D): (a) If paa-authochtonous terrane arrives at the
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critical Transition Zone (see TT 1 in Fig. 6D), thihat terrane will be pushed into and beneath
the continental crust as exemplified by the Yakukatrane in southern Alaska (Queen
Charlott/Aleutian arc transition zone) in the I&sMa (Plafker et al., 1994). (b) Instead, if the
terrane is stopped by a continental margin buttess TT 2 in Fig. 6D), such as the Baja
California peninsula, it docks along the continémteargin, as its northwestward motion is
hindered at the San Andreas Fault restraining lfleuatress). It shows in the collision end some
internal deformation such as shortening (clockvinskrication) by vertical axis block rotations,
and by the deformation along the transverse rafge transport of the Baja California peninsula
began around 6 Ma when Magdalena and Guadalup@piates were captured by the Pacific
plate and the plate boundary had fully jumped eastwand formed the Gulf of California
transtensional fault system (Lonsdale, 1991; Atwaied Stock, 1998; Plattner et al., 2009).
Further on, as the Baja California northwestwardiomo was impeded at the San Andreas Fault
restraining bend (buttress), the whole Baja Califoterrane rotates clockwise opening the Gulf
of California sea floor.

5. The south America Paleogene transform margimsatation

With the perspective of a complex continental-oaealate segmentation system (Figs. 6D and
7A), an analogy can be made with the Aluk-Faral#M triple junction for the Paleogene (Fig.
7B). The Farallon-SAM reconstructions for the 68-\28 interval (after Somoza and Ghidella,
2005), show that by that time, the Aluk-FarallonMAriple junction had interacted along the
southern South America margin and that the Fargtllate had two episodes of Euler pole
rotation (one in the Paleocene and the other inClgocene), that promoted a Farallon/SAM
plates low convergence angle relative motion, simtb that which occurred between the
Pacific/NAM plates in the Neogene (Fig. 7A and B)significant difference with NAM, is the

episode of a higher convergence angle during tloefm
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The Paleocene and Oligocene transform segmentation episodes:

Partitioning caused by the plates low convergemggeaduring these Paleocene and Oligocene
episodes of transform faulting have used first-grdentinental-scale, trench-parallel strike-slip
fault systems in northern and Southern Chile (Ateeaand Liquifie-Ofqui fault systems
respectively, Fig. 7B). But the Atacama (northernil€ and Liquifie-Ofqui (southern Chile)
fault systems are not connected. As a result, adorone in central Chile area is free of trench-
parallel strike-slip fault systems. The central IERaleogene deformation is a fold-and-thrust
belt (west-east convergence) with a complete alesehthe southern and northern Chile coastal
strike-slip fault systems (north-south). In thisemsario, the coeval existence of a west-east
convergent deformation bounded by two major contimemargin (north-south) strike-slip fault
systems negates a simple two plates shallow coemeggpartitioning. If so, a few remnants of
the Aluk-Farallon active ridge could have remaingubducted at the central Chile latitude,
preserving a hypothetical oceanic microplatupac Amaru”, and retaining subduction
(throughout the Cenozoic) in the central Chile seginof the Andes as is also suggested by the
continuous presence of calc-alkaline arc magmaitiscluding the Paleocene to Miocene
batholiths (e.g: Cogoti Super unit, 67-35 Ma; Riar@@e Super unit 26—24 Ma; Rio Chicharra
Super unit 17-9 Ma; Rivano et al., 1985) and vdlcéormations (e.g: Dofia Ana Group, Las
Tortolas, Tambo, Vallecito and further south Abanemd Farellones covering fron34 Ma to 5
Ma; Charrier et al., 2007) limited mostly to theggsent.

To the south of the Tupac Amaru microplate (Fig), #Be Patagonia-Farallon transform system
was well developed along the Proto-Liquifie-OfquilfgAragon et al., 2011), transporting and
docking the fore-arc more than 400 km to the n¢&harcia et al., 1988). During the Paleocene,

Patagonia was subjected to extension (Aragon,e2@l1), plutonic magmatic arc activity shows
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nearly total quiescence (Pankhurst, 1999), witltamic activity having migrated to the former
back-arc characterized by bimodal rhyolite-basadtgmatism (tholeiitic and alkalic basalts),
having rhyolites and basalts with low Ba/Nb ratios.

The Oligocene—early Miocene Farallon/SAM plates langle convergence episode was
accompanied by magmatic activity with intraplatéréies in the former fore and back arc with
the Coastal belt (Mufioz et al., 2000) and the Eit&habelt (Aragon et al., 2011) respectively.

It is suggested (Fig. 8) that the northward motibthe terranes to the west of the proto-Liquifie-
Ofqui fault system may have been restrained by trdss (present Lananhue fault system
Aragon et al. (2011), an interpretation supportgdshortening by vertical axis block rotations
(clock and counter clock) in los Lagos area (Bdcdkl.e 1993).

To the west of the proto-Liquifie-Ofqui fault systethe northwestward displacement and
docking of the Chonos terrane develops resultsxtension and opening of a gulf with thin
continental or oceanic floor as suggested by tHbwibasalts and dykes (the Traiguén
Formation, Fig. 8) with geochemical MORB/volcanic affinities (Herve et al., 1995).

In the Miocene, the Traiguén Formation with pillbasalts is tectonically inverted caused by a
nearly orthogonal plate convergence, after theKugaf Farallon plate to give birth to Nazca
plate at about 23 Ma (Lonsdale, 2005). These pilbasalts are intruded by the Miocene plutons
of the North Patagonian batholith (Pankhurst, 1998)s major convergence change introduced
by the new Nazca plate ends with the Paleogensftian plate margin Complex (Cordilleran
type orogen), and starts a new of subduction episdth the Neogene arc magmatism and the
Andean type orogen building.

To the north of the Tupac Amaru microplate (nonth€hile), the Atacama and Domeyko fault
systems were active in the Paleogene. Extensiornindded the Paleocene and the Oligocene;

convergence characterizes the Eocene with the Dioorfaylt system associated with the Incaic
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orogeny (Charrier et al., 2009). The Atacama faytem is located very close to the edge of the
continental plate, and it has been active sincesto@retaceous time (Scheuber and Adriessen,
1990; Niemeyer et al., 1996) suggesting earliesag®s of oblique convergence with a highly
partitioned strain system at this latitude (Mpodogi al., 2005). The Paleocene syn-extensional
magmatism of northern Chile includes at the forfoee-arc bi-modal potassic-calcalkaline with
associated development of nested caldera compl@&@sejo et al., 1994), porphyry copper
deposits and episodic within-plate-like magmati€®orfiejo and Matthews, 2000; Rabbia et al.,
2013). The Coastal Batholith of Peru also showsagfic quiescence of magmatic activity (e.g.,
Arequipa segment), or caldera complexes developrfegt, Lima segment) for this time
(Cobbing and Pitcher, 1983). The syn-extensionamddal magmatism, porphyry copper
deposits and with within-plate-like basalts strgngupports a transform plate margin setting,
much like that of Queen Charlotte transform maiginvestern Canada for the northern Chile
segment along the Paleocene.

Finally, the Andean orogen forms the Bolivian onoelin the Eocene-Oligocene (McQuarrie,
2002; Arriagada et al., 2008). Reconstructions hef Bolivian orocline find that east-west
shortening is too low to explain the thick Andeanst and propose significant material transfer
from the south toward the center of the oroclinmdi¢ et al. (2005) and Arriagada et al. (2008)
estimate 30%—-40% and 10%-15% (respectively) of madtelisplaced with along-trend
component compared to the material that moved ndwrthe trend of the mountain range. This
excess of material required for the orocline thackist can be provided by the terranes that
moved along the transform margin and where pushedand beneath the continental crust as
they reached the critical Transition Zone. In prédane the Atacama fault system is adjacent
and parallel to the trench and is devoid of Palaegé¢erranes. The good fit between the age of

deformation of the Bolivian Orocline, and the Iacatof the critical Transition Zone for the
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Farallon-SAM complex segmented system is considemea@ogous to the Yakutat terrrane
subduction and the Alaskan Orocline, implying ttinegt Bolivian Orocline could be related to the
critical Transition Zone where the continent-ocgdate transform system along the Atacama
fault evolved (to the northeast) into subductionl &me fore-arc terranes could be pushed into
and beneath the continental plate providing theegxmf mass transfer needed to build the
Bolivian orocline.

The Eocene conver gence angle increase episode;

The change of the Euler pole position in the Eocé&@moza and Ghidella, 2005) for the
Farallon plate with respect to SAM increased theveogence angle along SAM active margin,
but with a strong decrease in convergence rate fiorthern to southern Chile (Fig. 7B). The
north-south differences of convergence rate haserhuin northern Chile the Eocene Incaic
Orogen along the Domeyko transpresive fault systeith) the emplacement of super-giant
porphyry copper deposits at the end of this orog@tyarrier et al., 2009). The convergence
capable of building the Incaic orogeny suggeststti@transform plate margin developed in the
Paleocene in northern Chile may have evolved iotmdsction during the Eocene. Instead, in
southern Chile, the Eocene convergence rate isisorrthat there is a total absence of any
evidence of horizontal shortening, to the extemtt ih has been proposed that the Paleocene
transform margin continued as a transform margiil late Oligoene/early Miocene (Aragon et
al., 2011) when the new Nazca plate rearrangeneeinistalled subduction all-along the western

SAM margin.

6. Final remarks
Subduction zones in NAM, SAM Caribbean and Scofi@es show easterly and westerly

directed subduction zones. The westerly directédigction zones have steep subduction angles.
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The eastward mantle flow results in the steepeanthretreating of the subduction zone (Fig. 2).
In this context, the subduction hinge is divergmegative to the upper plate, generating the
backarc basin and a low bathymetry single-vergiogretionary prism. On the other hand, the
observed westerly directed subduction zones haadoghto low dip because the eastward
mantle flow sustains the eastward dip of the slkaig.(2); the subduction hinge converges
relative to the upper plate and generates an mglifioubly verging orogen. But, there is one
exception to this scenario and that is the segnasén€ocos plate subduction beneath the

Caribbean plate.

Constraints for steep eastward subduction

The Cocos plate is a young plate with no age oveaence-rate-angle differences along the
trench that may justify any change in subductioomngetries. Nevertheless, the eastwardly
directed subduction of Cocos plate has a normashallow dip beneath NAM plate and
gradually steepens beneath the Caribbean platen oatemala to El Salvador). The opposite
westward subduction of the Caribbean plateau (s33ckla), to that of the confronting eastward
directed subduction of Cocos plate (since 19 M&).(#) suggests that the main constraint for
the existence of steep eastward subduction is xisteace of an opposite counter-subduction
system that controls the subduction angle of tive sigbducting plate, similar to the example of

Cocos plate at its southern end (Fig. 4).

High angle convergence
In times of high angle convergence, the eastergetitd subduction beneath the Andes is
characterized by high coupling caused by shallop: dihe subduction hinge is converging

relative to the upper plate, sustained by the dgsd@ected mantle flow (Figs. 2 and 3). The
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intraslab seismicity shows down-dip extension dmedrogen is thick and doubly verging. The
opposite westerly-directed Sandwich Arc subductstiows opposite characters; the slab is
steeper and deeper, the intraslab seismicity skowsdip compression; there is a backarc basin
and the accretionary wedge has low volume and &tevaVioreover is single verging and has a
deep trench.

Low angle convergence:

In times of low angle convergence, the easterlgaiéd subduction is still characterized by high
coupling, of the lower with respect to the uppeatglbut subduction may stop and be replaced by
a strike slip (transform) plate margin due to thetifoning of convergence vector. In this
scenario, if low angle convergence is introducedtiyduction of an active ridge where the new
incoming oceanic plate has an Euler pole geométy causes the development of a strike slip
oceanic-continental plate boundary. The first obstgon is that the strike slip margin will
inevitably evolve into subduction as lateral diserfrom the Euler pole increases or the
continental plate margin bends with respect oceplaite motion increasing convergence angle
between plates (Fig. 5B). The second observatioasighe active ridge is segmented, the
collision with the continental plate will be sca#é (in space) leaving remnants of unsubducted
ridge that will continue as oceanic microplategy(FED). The third observation is that since the
easterly-directed subduction is characterized Igy ltoupling of the lower with respect to the
upper plate, the partitioning of the low angle cengence vector generates strike slip fault
systems along the continental plates boundarywailp the capture of continental crust ribbons
by the underlying oceanic plate, and thus to besparted along the margin as terranes (Fig. 7A
and B). The final fates for these transported tersahave two end member situations: (1) they

are stopped by a buttress and dock along the méfggs. 7 and 8), or (2) they are pushed into
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and beneath the continental crust as they reaclritieal Transition Zone where a transform
system evolves into subduction (Fig. 7A and B).

These complex interacting tectonic features suclsea®ral transform margin segments with
oceanic microplates, terranes and subduction sdgmean be grouped as a “Segmented
Complex” since all are a consequence of the moveonfeanmajor oceanic plate with respect to a
continental plate as an active ocean ridge is sttbdu

Another coincidence between NAM and SAM Segmentedn@exes is the presence of an
orocline closely related in time and space to thitcal Transition Zone from strike slip fault
plate boundary to subduction conditions (Fig. 7A &). The critical Transition Zone of NAM
provides a good example for mass transfer to thidantinental crust as the Yakutat terrane is
being pushed into and beneath south-eastern A{&siarA).

The development of oceanic microplates allows theval existence of a segment of continental
active plate margin with a continuous subductiod @s arc magmatism history, bounded by
segments with strike slip plates boundary arranggsnand subducted slab detachments (the
Cascades is bounded by San Andreas and Queen @héaldt systems in NAM, and in central
Chile Andes in the Paleogene, Tupac Amaru micrepl@as bounded by Liquifie-Ofqui and
Atacama fault systems in SAM). This oceanic micatpland strike and slip fault systems
survived at Chile plate margin area at least toghdy Miocene time, when the breakup of
Farallon Plate into Cocos and Nazca plates resuttecenewed subduction all along SAM
western margin and subducted Tupac Amaru microptateants.

With respect to the differences between NAM and Sadfive margins, a major difference of
the SAM Paleogene with respect to NAM Neogene SegedeComplexes is that SAM in the
northern Chile segment has an interruption causedrbEocene convergent event (with the

probable re-establishment of a short subductiosoglg), leading to the development of the
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Incaic orogeny along the Domeyko fault system, anth the emplacement of super-giant
porphyry copper deposits developed at the endeofrtbaic orogenic episode (Fig. 7B).

Cyclicity of Andean to Cordilleran orogenic types:

In this work, we show that NAM and SAM western ¢oahtal margin show episodes of
subduction that later are replaced by segmentetsfoan episodes (Andean vs Cordilleran
orogenic types respectively), in which the arrigall subduction in succession of active ridges
(Phoenix/Farallon first and Farallon/Pacific lafentrolled the cyclicity of Andean/Cordilleran
orogenic types changes. These ridges arrive segohamd oblique (low angle) with respect to
NAM and SAM. Thus, the subduction of the ridge igctironous, generating a segmented plate
margin that has transform segments of varying ggaying at the expenses of the subducting
microplate remnants. The cycle starts when an acitlge arrives and segments de plate margin;
as Farallon/Pacific in NAM, or Phoenix/Farallon BAM. The cycle ends when plate
reorganization renews subduction along the plategimaas the reorganization of the Nazca
plate along SAM in the Neogene.

Extension in the back arc and foreland

When modeling subduction settings of the pastshatv extension in the back arc and foreland
there are two end cases that can account for stehson: (A) In roll back the lower plate is
diverging relative to the upper plate, generatimg lbackarc basin and a low bathymetry single-
verging accretionary prism. (B) In a Segmented Jderjpeven though the lower plate is
convergent relative to the upper plate, the stekp plate margin transform segments show
extension, uplift and bimodal volcanism in the back-foreland, such as the San Andreas fault
system with Basin and Range province in the foeldig. 3C). Thus, extension in the back arc
and foreland is a feature common to both; roll b@tikerging hinge) and complex transform

segments (converging hinge) (Figs. 2 and 3 C)i&assess the role of the subduction geometry
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to the extension in the foreland, the first stepudth check the constraint of eastward or
westward dip of the subducting slab with respe¢heomantle flow. And in case of eastward dip
subduction, the second step should check if thensidn is related to regional uplift and major

strike slip fault systems along the plate margiig.(BC).
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FIGURE CAPTIONS

Figure 1. Simplified global view of the eastern iRaplates. (A) Global view showing the
eccentricity of the easterly mantle drifts withpest to the lithosphere rotation. Notice that for
this Longitude; the differences in rotation frone #quator to the north diminish, and increase
from the equator to the south. (B) Global viewrd@djor plate’s arrangements along W90°

Longitude. Showing the location of the subductoofiles of the next figure. Based on data

from the database SubMap Tool 4.2 (Heuret and irelted, 2005, http://submap.gm.univ-

montp2.fr/index.php). (C) Easterly subduction zor{B3 Westerly subduction zones.

Figure 2. The westerly directed rotation of thedgphere implies an easterly directed mantle
counterflow and a detachment zone at the low viscasne (LVZ). Therefore easterly directed
subducted slab is shallower because it is sustdipéde mantle flow (upper panel), whereas the
westerly directed subducted slab is steeper angedeehere it opposes the mantle flow (lower
panel). When assuming a converging lower plate€lgtive to a fixed upper plate (U), the
subduction hinge (H) may either converge as inAthées or diverge as in the Sandwich Arc.
Two very different geodynamic settings occur: ia indes it forms a contracting, upward
growing and doubly verging orogen; in the SandwAct it forms a shallow single verging
accretionary prism, a deep foredeep and the badesio. Deep upper mantle seismicity (550—
670 km) beneath the Andes can be inferred as twar ffetween upper and lower mantle where

the flow should be faster, due to the thinner uppantle section.

Figure 3. Schematic in short representation oftimerican plates, Pacific/Atlantic oceanic

plates and active ridges scenarios with respeitietovestward lithospheric drift: (A) The South
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American plate show both easterly and westerlyctid subduction. The easterly directed
subducted slab is shallower because it is sustdipéde mantle flow, whereas the westerly
directed slab is steeper and deeper where it opghsanantle flow. (B) The west margin of the
American continental plates subducting systems baea subject to several arrivals and
subduction of active ridges. The collision withdge segment causes relaxation and extension
in the continental counterpart, and the detachroktite subducted plate. (C) Because of the
high coupling between the underlying and overlyphagges (sustained by the mantle flow), and
partitioning of oblique convergence, the subduciedof the new plate moving parallel to the
continent can capture a ribbon of continental nraggid transport it, as a para-authochtonous

terrane.

Figure 4. Schematic block diagram of the coevalgpposite subduction of Cocos and
Caribbean plates beneath Central America in tlteNiocene. The westward subduction of the
Caribbean plateau (20 km thick) beneath Panam&asth Rica began 33 Ma ago (Pindell, and
Kennan, 2009) and predates the beginning of theopsosite eastward directed subduction of
Cocos plate since 19 Ma (Mescua et al., 2017).ddeds plate is a young plate with no age; or
convergence rate; or angle differences along #heclr that may justify any change in the
subduction geometries, from shallow in the nortkte®ep in the south (Fig. 1C). This suggests
the pre-existence of an opposite thick lithosplexenterflow subduction that controlled the

subduction angle of the Cocos plate at its southeth

Figure 5. Main end member oceanic-continental (Hatier pole geometries considered for this
model. (A) The oceanic plate motion projectionsirthe Euler Pole are quite parallel to the

oceanic-continental plate boundary. As the distdrora the Euler pole increase, the
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perpendicular convergence angle changes are ssaattpnvergence rates increase. (B) The
oceanic plate motion projections from the Eulerepare perpendicular to the oceanic-continental
plate boundary. But as the distance from the Eudéx increase along the oceanic-continental
boundary the convergence angle changes from pa@héghly oblique with a notorious

increase in the convergence rates. References=CFifical Transition Zone; Arrows = vectors

showing oceanic plate convergence angle and rdkerespect to continental plate.

Figure 6. Schematic representation for the devedopiraf a complex segmented plate margin.
(A) Arrival of an active ridge with a subductingap where the newly arriving plate changes
convergence to very low angle. (B) As the actidgei segments reach scattered along different
places of the trench, triple junctions (TJ), armh&form oceanic-continental plate segments are
developed, leaving scattered remnants of not-subdwaceanic ridge that feed microplates. In
the fore-arc important fault systems (F) are attidaparallel to the trench. (C) The high
coupling caused by both, the lithospheric drift #mel westward push of the Atlantic plate on the
continental plate, causes that the underlying acqgaate may capture a ribbon of the
continental crust, creating para-autochthonouanes of continental crust that move along with
the ocean plate. (D) The transform movement tramspe terranes TT 1 and TT 2 to two
different situations; The TT 1 case reaches thieak Transition Zone (CTZ) and is “pushed
into and beneath” the continental plate (dupligatime crust), and the orogenic belt bends
(orocline). Instead the TT 2 case moves untilaches a buttress and “docks” against the
continental plate showing shortening by rearrangeroblocks by vertical axis block rotation.
References: CTZ=critical Transition Zone; TJ=Triglenction; F= Transtensional fault system;
Op 1= Oceanic plate 1; TT 1 and 2=Transferred hesas continental ribbons are captured by

the oceanic plate; M P= Microplate.
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Figure 7. Schematic representation of Ocean-Caomah@late segmented plates margins: (A)
The Neogene Pacific-NAM plates segmented systatavusloped by the Farallon-Pacific-NAM
triple junctions. (B) The Paleogene Farallon-SAMtps Transform segmented system is

developed by the Aluk-Farallon-SAM triple junctions

Figure 8. Schematic Geological map of South Ceralle (basement rocks Modified from
Hervé et al., 2007), showing: (1) docking of thegpautochthonous Chonos terrane and the
Peninsular block (thickened Western Series) at Toenbuittress area, along the Proto Liquifie-
Ofqui Fault Zone; (2) the Paleogene magmatic gawdsn the Cretaceous and Miocene
Patagonian batholith; (3) migration of Paleogengmmetism to the fore arc and the foreland; (4)
the Paleogene extensional maximum with Oligo-Mi@cpiiow basalts along the Proto Liquifie-
Ofqui Fault Zone having MORB and arc affinitiesogling the formation of a proto-ocean floor

as the Chonos terrane rotated (Hervé et al., 1995).
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Research highlights.

- Theshallow or steep slab dip, can rather be interpreted as related to
the westerly net rotation of the lithosphere .

- Easterly directed subducting slabs show steep subduction angles.

- Westerly directed subducting slabs show shallow subduction angles.
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