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DECIPHERING PALEOGEOGRAPHY FROM OROGENIC
ARCHITECTURE: CONSTRUCTING OROGENS IN A FUTURE
SUPERCONTINENT AS THOUGHT EXPERIMENT

DOUWE J. J. VAN HINSBERGEN"" and THOMAS L. A. SCHOUTENT'

ABSTRACT.  Orogens that form at convergent plate boundaries typically consist
of accreted rock units that form an incomplete archive of subducted oceanic and
continental lithosphere, as well as of deformed lithosphere of the former upper
plate. Reading the construction of orogenic architecture forms the key to decipher
the pre-orogenic paleogeographic distribution of oceans and continents, as well as
bathymetric and topographic features that existed thereon such as igneous plateaus,
seamounts, microcontinents, or magmatic arcs. Current classification schemes of oro-
gens divide between settings associated with termination of subduction [continent-
continent collision, continent-ocean collision (obduction)] and with ongoing subduc-
tion (accretionary orogenesis), alongside intraplate orogens. Perceived diagnostic
features for such classifications, particularly of collisional orogenesis, hinge on
dynamic interpretations linking downgoing plate paleogeography to upper plate de-
formation, plate motion changes, or magmatism. Here, we show, however, that
Mesozoic-Cenozoic orogens that undergo collision almost all defy these proposed
diagnostic features and behave as accretionary orogens instead. To reconstruct paleo-
geography of subducted and upper plates, we therefore propose an alternative
approach to navigating through orogenic architecture: subducted plate units com-
prise nappes (or mélanges) with Ocean Plate Stratigraphy (OPS) and Continental
Plate Stratigraphy (CPS) stripped from their now-subducted or otherwise underthrust
lower crustal and mantle lithospheric underpinnings. Upper plate deformation and
paleogeography respond to the competition between absolute motions of the upper
plate and the subducting slab. Our navigation approach through orogenic architec-
ture aims to avoid a priori dynamic interpretations that link downgoing plate paleo-
geography to deformation or magmatic responses in the upper plate, to provide an
independent basis for geodynamic analysis. From our analysis we identify ‘rules of
orogenesis' that link the rules of rigid plate tectonics with the reality of plate defor-
mation. We use these rules for a thought experiment, in which we predict orogenic
architecture that will result from subducting the present-day Indian Ocean and collid-
ing the Somali, Madagascar, and Indian margins using a published continental drift
scenario for a future supercontinent as basis. We illustrate that our inferred rules (of
thumb) generate orogenic architecture that is analogous to elements of modern oro-
gens, unlocking the well-known modern geography as inspiration for developing test-
able hypotheses that aid interpreting paleogeography from orogens that formed
since the birth of plate tectonics.
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INTRODUCTION
The paleogeographic distribution of continents and oceans and their topography
and bathymetry form key input for the analysis of past and present dynamics of system
Earth, life, and resources (Dalziel, 1997; Groves and others, 1998; Stampfli and Borel,
2002; Scotese, 2004; Torsvik and Cocks, 2017; Poblete and others, 2021). Due to the
destructive process of subduction, as much as 60 percent of the Earth's lithosphere
that existed as recently as ~150 Ma ago has been recycled (Torsvik and others, 2010)
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and this number increases to 93 percent for times around 2.5 Ga ago (Hawkesworth
and others, 2010). Hence, the largest part of the Earth's surface displayed on paleo-
geographic maps, including almost all of its former oceans, is interpreted. The basis
for such interpretations are intensely deformed, in part metamorphosed, incomplete
relics of subducted lithosphere hidden in orogenic belts. The challenge for paleogeo-
graphic reconstruction is thus to find diagnostic characteristics to date the series of
arrivals of oceanic and continental crust in a trench from the unique architecture of
an orogen.

The architecture and evolution of orogens have been studied for centuries, but
particularly with the advent of plate tectonic theory, classifications of orogenic belts
have been developed based on their interpreted formation history (for example,
Sengdr, 1990; Cawood and Buchan, 2007; Cawood and others, 2009). At first order,
such classifications separate orogens that formed at long-lived oceanic subduction
zones [for example, the Terra Australis orogen (Cawood, 2005; Cawood and others,
2011a), or the Central Asian Orogenic Belt (Xiao and others, 2010)] from orogens
that are thought to result from continental collision [for example, the Caledonian
orogen (Torsvik and others, 1996) or Himalaya-Tibetan orogen (Yin and Harrison,
2000)]. But do such classifications also provide sufficient information to reconstruct
paleogeography of lost lithosphere? Interpretations of orogenic history have long
been used to infer pre-orogenic paleogeography (for example, Sengor and Yilmaz,
1981; Pindell and Dewey, 1982; Dercourt and others, 1986; Stampfli and others,
1991). But with the advent of the open plate reconstruction software GPlates (Miiller
and others, 2018), and the development of approaches to restore orogenic deforma-
tion using that software (van Hinsbergen, 2010; van Hinsbergen and others, 2011a;
van Hinsbergen and Schmid, 2012; Boschman and others, 2014; Gurnis and others,
2018; Muller and others, 2019; Poblete and others, 2021), it is now timely to evaluate
to what extent widely used orogen classifications provide a systematic and objective ba-
sis to quantitatively reconstruct paleogeography of lost lithosphere.

In this paper, we therefore first review current concepts of orogenesis and its link
to paleogeography and motions of downgoing and overriding plates. We evaluate to
what extent the predictions of these concepts fit with well-described, Mesozoic-
Cenozoic orogens for which the syn-orogenic convergence history is constrained
through plate circuits, and whose subducted lithosphere is still imaged by seismic to-
mography. From this analysis, and in addition to the ‘rules of plate tectonics' that are
based on the assumption of plate rigidity (Cox and Hart, 1986; Domeier and Torsvik,
2019), we then infer a set of general ‘rules of orogenesis’. These rules (of thumb) aim
to provide general guidelines to account for non- rigid plate behavior and link oro-
genic architecture as constrained from geological observations to the paleogeography
and subduction history of subducted lithosphere, as well as the absolute motions of
plates and slabs during subduction.

We then illustrate the use of these rules through a novel thought experiment. If
our principles of reconstructing paleogeography from modern orogenic architecture
are valid, then we should arrive at realistic orogens when we construct orogens by sub-
ducting and colliding modern geography in a hypothetical future plate tectonic sce-
nario. Our thought experiment uses modern geography of the Indian Ocean and its
margins as a starting point and uses a recently constructed scenario of a future super-
continent (Davies and others, 2018) to subduct this ocean and collide the continental
margins of Somalia and India. We show the orogenic evolution and architecture as a
function of two different initial subduction zone configurations. We use the thus con-
structed orogens to evaluate whether the rules of orogenesis yield orogens with a
structure similar to known orogens and discuss how similarities between thus
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predicted and existing orogens allows using modern geography as an analogue, inspi-
ration, and test case for paleogeographic reconstructions.

CLASSIFICATION OF OROGENS — A RE-EVALUATION

Current Concepts Linking Orogenesis to Subduction and Collision and How They Apply to
Mesozoic-Cenozoic Orogens

Classifications of orogens.— Orogenesis is the collective process of deformation,
metamorphism, magmatism, mountain building, erosion, and sedimentation that typi-
cally occurs at convergent plate boundaries (§engor, 1990). Of particular interest for
paleogeography reconstruction, and a typical prelude to the end of orogenesis and
subduction, is continent-continent collision. Such collisions are of interest to the
wider geoscientific community as they mark the demise of prominent seaways, merge
smaller continents into larger land masses, and raise topography potentially triggering
major biological and environmental change (for example, Golonka and others, 1994;
Cocks and Torsvik, 2002; Torsvik and Cocks, 2017; Poblete and others, 2021).
Orogens have been widely recognized at suture zones (that is, fault zones that demar-
cate the location where a former ocean basin finally subducted) between continental
blocks of different age, composition, and geological history. Orogenesis was therefore
classically interpreted as the result of the continental collision stage of the Wilson
cycle following the closure of an oceanic basin through subduction (Wilson, 1966).
Since then, however, it has become clear that orogenesis also, or even predominantly,
occurs during subduction in absence of collision (for example, Sengor, 1990) (fig. 1).
A central theme in the debate on almost all orogens in collisional settings is thus
when collision started and which features observed in the final orogen resulted from,
or preceded collision.

Given the perceived impact of continental collision on a geological record, it is
surprising that despite decades of study, estimated collision ages differ strongly even
for young, well-constrained, and widely studied continent-continent collisions. Age
estimates for the collision of the Indian continent with Asia vary from > 65 Ma to
< 25 Ma (Ding and others, 2005; Leech and others, 2005; Aitchison and others, 2007;
van Hinsbergen and others, 2012; Bouilhol and others, 2013; Hu and others, 2016;
Kapp and DeCelles, 2019; Yuan and others, 2020). For the Arabia-Eurasia collision in
Iran, ages vary from 40 to 5 Ma (McQuarrie and others, 2003; Agard and others, 2005;
Vincent and others, 2007; Mouthereau, 2011; McQuarrie and van Hinsbergen, 2013;
Zhang and others, 2017), and in eastern Turkey ages range from ~50 to 10 Ma
(Keskin, 2003; Hiising and others, 2009; Okay and others, 2010; Rolland and others,
2012; Cavazza and others, 2018; Darin and others, 2018 McPhee and van Hinsbergen,
2019). To place these age ranges in plate kinematic perspective: between 65 and 25
Ma, there was 3200 to 4100 km (west to east) of India-Asia convergence, and between
50 and 5 Ma, there was 1000 to 1400 km (west to east) of Arabia-Eurasia convergence
(van Hinsbergen and others, 2011b; Seton and others, 2012; McQuarrie and van
Hinsbergen, 2013). It is thus impossible that the younger and older age estimates rep-
resent the same event.

The major spread in collision age estimates primarily results from different data
types and concepts that are interpreted as diagnostic for initial collision. These con-
cepts are for an important part derived from analogue and numerical modeling stud-
ies that have led to simple conceptual relationships between the arrival of
topographic and bathymetric features on a downgoing plate in a trench, such as a
major continent [but also ‘blocks' or ‘terranes' such as seamounts, oceanic plateaus,
active or remnant volcanic arcs, accretionary orogens formed at outboard subduction
zones (composite terranes) or microcontinental fragments (Tetreault and Buiter,
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Fig. 1. Conceptual map displaying the four possible combinations of continental and oceanic crust in
upper and downgoing plates, upper plate deformation modes, and common terminology for orgenic sys-
tems. CPS = Continental Plate Stratigraphy; OPS = Oceanic Plate Stratigraphy.

2012, 2014)] (figs. 1 and 2), and their effect on orogenesis. If such features do not
simply subduct, they may leave three possible expressions in the rock record: (i) the
highest rock units of the paleogeographic feature may decouple from the downgoing
plate and accrete to the upper plate (Toussaint and others, 2004; van Hinsbergen and
others, 2005a; Capitanio and others, 2010); (ii) the collision of the feature may cause
deformation in the upper plate (Tapponnier and others, 1982; Cloos, 1993; Pusok
and Kaus, 2015); or (iii) the feature may cause cessation, or relocation, of the subduc-
tion zone (for example, Hsti and others, 1995; Stern, 2004; Dewey, 2005).

Each of these expressions may leave records of deformation, sedimentation, met-
amorphism, and magmatism. The question in reconstructing paleogeography is which
of these expressions are diagnostic for collision of small or large indenters. For
instance, upper plate shortening and plateau uplift are thought typical for continent-
continent collision (Dewey and Burke, 1973; Cloos, 1993), but are also common dur-
ing oceanic subduction, such as in the Andes (Sengor, 1990; Oncken and others,
2006). Continental collision is thought to be typically followed by slab break-off
(Davies and von Blanckenburg, 1995; Wortel and Spakman, 2000), but slab break-off
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Fig. 2. Accretable units from downgoing plates. Oceanic Plate Stratigraphy, overlying MORB crust,
Large Igneous Provinces, or Ocean Island Basalts (or former intra-oceanic arcs together with associated
accretionary prisms associated with an earlier subduction zone), may accrete at the subduction zone, but
normally do not. Continental Plate Stratigraphy typically accretes to form nappes that decouple in weak
horizons in the stratigraphy, around the sediment-basement interface, or more rarely, along decollements
within or below the crystalline crust.

may also result from, for example, arrival of a spreading ridge at a trench without con-
tinental collision (Atwater, 1989; Wu and Wu, 2019; Boschman and others, 2021b).

Following the early studies of orogenic evolution in context of plate tectonics
(Dewey, 1969, 1976; Dewey and Bird, 1970) and the development of classification
schemes for orogens ($engor, 1987, 1990; Isozaki and others, 1990; Isozaki, 1996),
Cawood and others (2009) proposed a simple, widely used, threefold classification of
orogens. They provided a conceptual first-order correlation between paleogeography
and orogenesis in which (i) ‘Accretionary orogenesis' occurs during ongoing (oce-
anic) subduction, may form accretionary fold-thrust belts of ocean floor-derived rock
units (including seamounts, plateaus, et cetera) and is associated with volcanic arcs that
may be active for 100s of Ma. Examples of such accretionary orogens are the Japan
orogen (Isozaki, 1996; Isozaki and others, 2010), the Andes and North American
Cordillera (Oncken and others, 2006; Wakabayashi, 2015), the Central Asian
Orogenic Belt (Xiao and others, 2010), and the Terra Australis orogen of eastern
Gondwana (Cawood and others, 2011a); ‘collisional orogenesis’ starts with final ocean
closure and the direct interaction of two continents at a trench, leading to short(er)-
lived but large-scale shortening of both continental margins, arrest of subduction and
slab break-off, deceleration and arrest of plate convergence, and termination of arc
magmatism (Cloos, 1993), with the Alpine-Himalayan orogen a type example
(Cawood and others, 2009); and (iii) intracratonic orogenesis results from shortening
within continents due to farfield forcing. Examples are orogens in the South China
Block from the Mesozoic (Li and Li, 2007) and mid-Paleozoic (Xu and others, 2016),
both inferred to respond to far-field stresses associated with accretionary orogenesis,
or the Atlas mountain belt of NW Africa (Brede and others, 1992) (fig. 3) and the
Cenozoic Tien Shan and Mongolian orogens (Molnar and Tapponnier, 1975;
Cunningham, 2005), both interpreted to respond to far-field stresses resulting from
continent-continent collision (see also Dewey and Burke, 1973). The accretionary oro-
genesis definition of Cawood and others (2009) includes all active margin processes
that occur without continent-continent collision including, importantly, ophiolite
obduction. Ophiolite obduction occurs when continents arrive in a trench below oce-
anic lithosphere, and is thus essentially continental collision with an oceanic upper
plate, the forearc of which may become preserved as ophiolites (Dewey, 1976; Agard
and others, 2014). Sengor (1990) therefore identified ‘obduction controlled' orogen-
esis as a separate class (see also Dewey, 2005), as it is typically associated with arrest
and relocation of subduction, whereby the timing of obduction and the ensuing
effects on subduction may vary along-strike of an orogen, depending on the shape of
the obducted continental margin and the configuration of the subduction zone
(Cawood and Suhr, 1992).
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Fig. 3. (A) Schematic tectonic map of the Mediterranean orogens, and the first-order distribution of
accreted CPS nappes and OPS nappes and mélanges. Ophiolites represent relics of upper plate oceanic
lithosphere below which CPS and OPS was accreted. Aeg = Aegean region; Alb = Alboran region; Cal =
Calabria; Cy = Cyprus; IAM = Izmir-Ankara mélange; Ki = Kirgehir Block; LP = Liguro-Provencal Basin;
MM = Misis Mélange; Pan = Pannonian Basin Pyr = Pyrenees; Ta = Tavsanli Zone; Tyr = Tyrrhenian Sea
Basin. (B) Paleogeographic map (in a Europe-fixed frame) around 120 Ma showing the outline of the
now largely subducted Greater Adria continental domain. Dotted lines represent retreating trenches that
rolled back into oceanic embayments between continental margins. Ki = Kirsehir Block; Ta = Tavsanh
Zone.

The concepts behind orogen classifications are widely used to inform paleogeo-
graphic reconstructions of the pre-orogenic upper and lower plates of subduction
zones. Importantly these classifications interpret deformation in the upper plate and
lower plate as dynamically linked and as a result, collision timing is often interpreted
from the timing of upper plate shortening, plate motion changes, or arrest of arc mag-
matism (for example, Patriat and Achache, 1984; Vincent and others, 2007; Copley
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and others, 2010; Bouilhol and others, 2013). Such inferences then eventually feed
into regional and global paleogeographic and plate tectonic reconstructions
(Stampfli and others, 1991; Stampfli and Borel, 2002; Scotese, 2004; Windley and
others, 2007; Li and others, 2008; Xijao and others, 2009; Merdith and others, 2017,
2020; Torsvik and Cocks, 2017; Muller and others, 2019). Systematic reconstruction of
accretionary orogenic systems has already revealed that there are major variations
between orogens of this type and many sub-types have been recognized, such as accre-
tionary orogens that include continental fragments (for example, Stern, 1994;
Badarch and others, 2002; Kréner and others, 2014), or accretionary orogens that
underwent collisions with arcs, or with other accretionary orogens (§engor, 1990;
Sengor and others, 2008; Cawood and others, 2009; Xiao and others, 2015). Sengor
(1990) identified at least 20 types and subtypes of orogens, and such classifications are
already simplifications. This illustrates that each orogen is unique and reconstructing
the paleogeography of lithosphere that was consumed during accretionary orogenesis
thus requires a systematic, data-based approach that treats every orogen as windows
into a unique plate tectonic and paleogeographic history. But given the importance
of collision in paleogeographic, plate tectonic, and orogenic history, we first analyze
whether the definition of collisional orogenesis allows unequivocal identification of
the timing of major continent-continent collisions from the orogenic record.

Collisional orogenesis: What are diagnostic features of collision>— The definition of col-
lisional orogenesis contains dynamic interpretations: it predicts that arrival of a conti-
nent (or another buoyant indenter) in a trench triggers upper plate shortening,
causes slow-down and arrest of convergence, and ongoing gravitational pull on the
subducted slab eventually causes its break-off, as well as arrest of arc magmatism
(Cawood and others, 2009). Such features are indeed systematically found in numeri-
cal and analogue experiments of continents arriving in trenches (for example, Cloos,
1993; Chemenda and others, 1995; Boutelier and others, 2003; Luth and others, 2010;
Duretz and others, 2011, 2014; van Hunen and Allen, 2011). It is important to note,
however, that such experiments typically use a simplified setup using a two-plate sys-
tem with convergence driven by a single slab that subducts below a mantle-stationary
upper plate. Under those conditions, the buoyancy of a continent on the downgoing
plate either leads to ‘fender-bender'-style indentation into the upper plate (for exam-
ple, Tapponnier and others, 1982; Pusok and Kaus, 2015), or to continental under-
thrusting and upper crust accretion while plate convergence decelerates to zero (for
example, Toussaint and others, 2004; Van Gelder and others, 2017). Slab break-off is
typically portrayed as a slow, diachronous process that may take 10 Ma or more, dur-
ing which both plates and the intervening slab remain in a mantle-stationary position
(for example, Duretz and others, 2011, 2014; van Hunen and Allen, 2011). If such
conditions are met in reality, the definition of collisional orogenesis provides multiple
ways of dating a collision, but these conditions are rarely, if ever, met in reality. We
thus need to evaluate how the specific relationships between collision, deformation,
plate convergence, and slab break- off apply to natural settings.

Geological records from the Mediterranean region suggest that many of the cor-
ellations predicted by the collisional orogenesis concept, between upper and lower
plate deformation, plate convergence, and magmatism, are not, or certainly not
always, applicable to collisional settings. In the Mediterranean region, continental
lithosphere has been consumed in trenches for > 100 Ma, as recorded in the oro-
genic belts of, for example, the Dinarides, Hellenides, Anatolia, or the Alps (Stampfli
and Hochard, 2009; Handy and others, 2010; Jolivet and Brun, 2010; Menant and
others, 2016; Schmid and others, 2020; van Hinsbergen and others, 2020b) (figs. 4
and 5). This continental lithosphere rifted away from northern Gondwana in the
Triassic and from Iberia and Eurasia in the Jurassic, and in the process became
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Interpreted evolution of orogenic architecture of the Hellenide-Balkanide orogen
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Fig. 4. Schematic evolution in cross-section of subduction, accretion, and upper plate deformation
along a section across the Balkan orogen of Greece and Bulgaria. Simplified after Maffione and van
Hinsbergen (2018), Schmid and others (2020), van Hinsbergen and others (2020b): the Rhodope nappes,
that formed from the stratigraphic underpinnings of the Balkanide Nappes, are omitted from the section.
The Pindos Zone, consisting of cherts and pelagic limestones, is indicated as OPS, although the nature of
the original underlying basement may largely have been highly extended continental crust. Italic codes
refer to slabs listed on www.atlas-of-the-underworld.org (van der Meer and others, 2018). Aeg = Aegean
Slab; Alg = Algeria Slab; Ap = Apulian Platform; Ba = Balkanide Nappes; Emp = Emporios Slab; EVa = East
Vardar Ophiolites; Io = Ionian Zone; NT = Neotethys Ocean; Pe = Pelagonian Nappes; Pi = Pindos Zone;
PT = Paleotethys Ocean; Sa = Sava Ocean/Suture; Tr = Tripoliza Zone; WVa = West Vardar Ophiolites.

extended into elongated platforms and intervening deep basins (Frisch, 1979; Vissers
and others, 2013). This continental realm was termed the Alps-Turkey plate (Stampfli
and others, 1991) or Greater Adria (Gaina and others, 2013; van Hinsbergen and
others, 2020b). Greater Adria was similar in size to Greenland (van Hinsbergen and
others, 2020b) (fig. 3B) and had a comparable paleogeography as Zealandia in the
southwest Pacific today (Mortimer and others, 2017) or as the continental fragments
in Paleozoic time that now make up Central Tibet and SE Asia (Morley, 2018).

Arrival of Greater Adria lithosphere in trenches did not have the responses pre-
dicted by the concepts of collisional orogenesis in several important ways: (i)
Continental arrival in trenches did not, or only after tens of millions of years of conti-
nental subduction, lead to termination of subduction. Instead, subduction of lower
continental crust and mantle lithosphere continued almost everywhere, for example,
in the Aegean region (fig. 4), and Anatolia (fig. 5), but also in the Apennines, Alps,
Dinarides, Betic-Rif, and Carpathians (fig. 3), and upper continental crust accreted as
nappes forming continent-derived accretionary fold-thrust belts (Faccenna and
others, 2004; van Hinsbergen and others, 2005a; Handy and others, 2010; Jolivet and
Brun, 2010; Gagala and others, 2012; Romagny and others, 2020); (ii) arrival of conti-
nental crust in the subduction zone rarely led to upper plate shortening, but was
instead widely accompanied by upper plate extension: the Tyrrhenian, Pannonian,
Aegean, and Central Anatolian back-arc basins (fig. 3) mostly opened during conti-
nental subduction and nappe accretion (van Hinsbergen and others, 2005a, 2020b;
Handy and others, 2010; Jolivet and Brun, 2010; Faccenna and others, 2014; Girer
and others, 2018). In fact, the region with the clearest upper plate shortening, central
Anatolia in Oligocene to early Miocene time (Gulytz and others, 2013; Lefebvre and
others, 2013; Advokaat and others, 2014), was then situated above an oceanic
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Interpreted evolution of orogenic architecture of the Anatolia-Cyprus orogen
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Fig. 5. Schematic evolution in cross section of subduction, accretion, and upper plate deformation from
the Black Sea to Cyprus and Africa. Simplified after (Giirer and others, 2016; McPhee and van Hinsbergen,
2019; van Hinsbergen and others, 2020b). The Inner Tauride Basin is a conceptual, presumably oceanic basin
of which there is no demonstrated geological record: it is inferred because of a 20 Ma gap in accretion during
ongoing subduction during which there is arc magmatism in the upper plate (see van Hinsbergen and others,
2016). The structural position of the Misis Mélange is indicated in section B-B', but is not exposed to the east
of the line of section. Italic codes refer to slabs listed on www.atlas- of-the-underworld.org (van der Meer and
others, 2018); the Egypt slab was defined in van der Meer and others (2010); the Pontides and Herodotus
slabs were defined in Gurer (ms, 2017). AB = Aladag and Bolkardag1 (Afyon Zone) Nappes; An = Antalya
Nappes; AO = Antalya Ophiolites; Bo = Bozdag Zone/sub-ophiolitic mélange; BS = Black Sea; CAO = Central
Anatolian Ophiolites; Cankirt Ophiolites; Cyp = Cyprus Slab; Egy = Egypt Slab; EMO = Eastern Mediterranean
Ocean; EP = Eastern Pontides; Ge = Geyikdag1 Nappe; Her = Herodotus Slabs; IA = Izmir-Ankara mélange;
ITB = Inner Tauride Basin; Ka = Karakaya Zone; Ky = Kyrenia Ranges (Trype Unit); MO = Misis Ocean; Mi =
Misis Mélange; NT = Neotethys Ocean; Pon — Pontides Slab; PT = Paleotethys Ocean; Ta = Tavsanl Zone; Tf =
Tauric Flysch (Crimea); TO = Troodos Ophiolite.

subduction zone (Glrer and others, 2016); (iii) arrival of continental crust in
trenches did not cease convergence, and even though decelerations of Africa-Arabia
plate convergence have been tied to the arrival of the Arabian continent in subduc-
tion zones (Jolivet and Faccenna, 2000; Glrer and others, 2021 1), the arrivals of conti-
nental crust in the trenches of the Mediterranean region are not systematically
associated with convergence rate changes; (iv) even though slab break-off events are
multiple and widespread in the Mediterranean region (Davies and von Blanckenburg,
1995; Wortel and Spakman, 2000; Spakman and Wortel, 2004; van der Meer and
others, 2018; Kastle and others, 2020), these only occasionally occur along, and more
often within subducted continental margins (fig. 4); and (v) while some regions in
the Mediterranean realm have well-developed magmatic arcs that formed above oce-
anic subduction zones (for example, northern Anatolia (Schleiffarth and others,

! Garer, D., Granot, R., and van Hinsbergen, D. J. J., 2021, Noise in the Cretaceous Quiet Zone
reveals plate tectonic chain reaction: Nature Geoscience, v. submitted, https://doi.org/10.31223/X5]626.
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Fig. 6. Schematic tectonic map of the Himalaya orogen and Tibetan Plateau, with the first- order dis-
tribution of accreted CPS nappes and OPS nappes and mélanges. Ophiolites represent relics of upper
plate oceanic lithosphere below which CPS and OPS were accreted.BNS = Bangong-Nujianh Suture;
ESyn = Eastern Syntaxis; GH = Greater Himalaya; IBR = Indo-Burman Ranges; IYSZ = Indus-Yarlung
Suture Zone; KB = Kabul Block; LH = Lesser Himalaya; TH = Tethyan Himalaya; Wsyn = Western Syntaxis.

2018) and the northern Aegean to Pannonian region in the late Cretaceous (von
Quadt and others, 2005; Zimmerman and others, 2008), orogens such as the Pyrenees
and Alps have oceanic sutures (fig. 3) but no arcs, and an Eo-Oligocene arc in the
Aegean region formed during continental subduction (Handy and others, 2010;
Jolivet and Brun, 2010; van Hinsbergen and others, 2020b). Some volcanic chains
with arc magmatic signature elsewhere on the planet have even been shown to occur
in absence of active subduction, due to re-melting of previously subduction-enriched
mantle (Richards, 2009; van Hinsbergen and others, 2020a).

Are these deviations from the general concept of collisional orogenesis the result
of the extended nature of Greater Adria, calling for a distinct subtype of collisional
orogenesis? We do not think so: recent data have shown that even the archetypal con-
tinental collision between India and Asia does not follow the predictions of the colli-
sional orogenesis concept. The first continental crust of the Indian plate to arrive in a
trench is dated at ~59 * 1 Ma in the highest nappe of the Himalaya, the Tethyan
Himalaya (fig. 6), through the first arrival of clastic sediment with Asian provenance
in its stratigraphy (Hu and others, 2015). Several other ages for these flysch deposits
along-strike reach ~54 Ma (DeCelles and others, 2014; Orme and others, 2015).
India-Asia convergence underwent a marked deceleration that is often ascribed to col-
lision (Patriat and Achache, 1984; Copley and others, 2010), but this deceleration did
not start until ~52 Ma (van Hinsbergen and others, 2011b). Because convergence
rates were in excess of 15 cm/a, or 150 km/Ma, the delay between collision and decel-
eration reveals that there were hundreds, or even up to a thousand km of post-colli-
sional subduction before deceleration started. Deceleration is thus not straight-
forwardly connected to collision with Asia (van Hinsbergen and others, 2019b) or
with an oceanic upper plate that carried Asia-derived sediments (Kapp and DeCelles,
2019). Upper plate shortening in Tibet, and farther north in Central Asia, has long
been viewed as a direct response to collision (for example, Molnar and Tapponnier,
1975; Dewey, 2005). However, later documentation revealed that shortening in Tibet,
and also in the Tien Shan and Mongolia, occurred already in the Cretaceous, during
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oceanic subduction and well before collision with continental rocks on the Indian
Plate (Murphy and others, 1997; DeCelles and others, 2007; Kapp and others, 2007;
Jolivet and others, 2010; van Hinsbergen and others, 2015a). Clearly, establishing
which upper/intraplate shortening pulses are related to collision and which occurred
during oceanic subduction cannot be constrained from intra-Asian shortening itself.
Recent high- resolution stratigraphic records revealed distinct shortening pulses in
Tibet that correlate with major India-Asia convergence rate changes around 70 to 65
Ma and 52 to 48 Ma, that is before and after collision, but not with the onset of conti-
nental collision itself (Li and others, 2020a, 2020b). Like in the Mediterranean
region, multiple slab break-off events have been documented in the India-Asia colli-
sion zone from seismic tomography (for example, Van der Voo and others, 1999;
Hafkenscheid and others, 2006; Replumaz and others, 2010b; van Hinsbergen and
others, 2019b; Parsons and others, 2020). However, these break-off events occurred
during ongoing subduction and slab volumes show that the first phase of slab break-
oft cannot have occurred before ~40 to 35 Ma (Replumaz and others, 2010a), that is,
long after collision of the Tethyan Himalaya with Asia. Finally, interpretations of colli-
sion from arc magmatism in Tibet differ widely, but magmatism appears to have con-
tinued into the late Eocene (for example, Bouilhol and others, 2013; Zhu and others,
2015; Kapp and DeCelles, 2019). Hence, the relationships between collision, shorten-
ing, plate deceleration, and slab break-off predicted by the collisional orogenesis con-
cept do not straightforwardly apply to the Paleocene collision recorded in the
Himalaya.

While most authors insist that the Paleocene arrival of Asia-derived sediment in
the Tethyan Himalaya recorded the collision between the Indian and Asian conti-
nents (for example, Ding and others, 2016; Hu and others, 2016; Ingalls and others,
2016; Searle, 2019), alternative hypotheses argue that this was a collision between an
Asia-derived forearc with India that had drifted south in the Late Cretaceous opening
a major back-arc basin that closed ~15 Ma after it collided with the Tibetan Himalaya
(Kapp and DeCelles, 2019), or that the Tethyan Himalaya were part of a microconti-
nent that broke off India in the Cretaceous opening a several thousand km wide
ocean basin in its wake (van Hinsbergen and others, 2012). The latter scenario advo-
cates that continental collision between the main Indian continent and Asia occurred
after a ~30 Ma period of oceanic subduction, in the latest Oligocene or early
Miocene, around which time the Lesser Himalayan thin-skinned fold-thrust belt
started to accrete (figs. 6 and 7). In this scenario, post-collisional shortening approxi-
mates contemporaneous convergence. If the latter scenario is correct, India-Asia colli-
sion could correspond to a shortening pulse recorded in the upper plate, for example
in the Tien Shan (Sobel and others, 2006), to a mild deceleration of India-Asia con-
vergence of a few cm/a (Molnar and Stock, 2009), and to the latest phase of slab
break-off tomographically and geologically estimated to occur in Early to Middle
Miocene time (Replumaz and others, 2010a; Webb and others, 2017; van Hinsbergen
and others, 2019b).

But even then, convergence did not stop - it is still > 4 cm/a today, of which 2
cm/a is accommodated by India underthrusting below Asia (Bilham and others,
1997), subduction was not associated with arc magmatism for the last ~15 Ma, and af-
ter the last phase of slab break-off, the Indian continent underthrust over a distance
of 400 to 800 km below Tibet (Nabelek and others, 2009; Agius and Lebedev, 2013;
van Hinsbergen and others, 2019b) (figs. 6 and 7): collision was clearly not associated
with an arrest of convergence, and the downgoing plate nor the trench were mantle
stationary. The examples above identify that the interpreted causal relationships pre-
dicted by the concept of collisional orogenesis between collision and upper plate
shortening, magmatism, plate motion change, and slab break-off, are problematic.
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Interpreted evolution of orogenic architecture of the Himalaya-Tibet orogen
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Fig. 7. Schematic evolution in cross-section of subduction, accretion, and upper plate deformation of
the India-Asia convergence and collision zone, following scenarios of (A) Kapp and DeCelles (2019) and
b) van Hinsbergen and others (2019b). A key difference between the two scenarios is the location of the
Indus-Yarlung Suture relative to the position of the Xigaze Ophiolite: Scenario (A) infers that the subduc-
tion zone finalizing the suture zone is structurally above the ophiolite, closing a back-arc basin, whilst sce-
nario (B) infers that the Xigaze Ophiolite was always narrow (<150 km) and formed the margin of the
Lhasa terrane; this scenario places the suture below the ophiolite and infers that the Gangdese Thrust
accommodated moderate (<150 km) forearc shortening. In addition, scenario (A) infers that all conver-
gence after 45 Ma was accommodated by continental subduction and upper plate shortening, whereby
there is no CPS accretion between ~45 and 25 Ma. Scenario (B) infers oceanic subduction after short-
lived accretion of the Tethyan and Greater Himalaya around 60 to 55 Ma, until ~25 Ma, such that all con-
tinental subduction is associated with CPS accretion. Scenario (A) thus infers that the Himalaya slab com-
prises continental lithosphere, whilst scenario (B) infers it is oceanic lithosphere. The MCT is in that case
proposed as an out-of-sequence-thrust that buried a latest Oligocene-earliest Miocene suture zone. Italic
codes refer to slabs listed on www.atlas-of-the-underworld.org (van der Meer and others, 2018). ATF =
Altyn Tagh Fault; BNS = Bangong-Nujiang Suture; GA = Gangdese Arc; GaT = Gangdese Thrust; GH =
Greater Himalaya; GIB = Greater India Basin; Him = Himalaya Slab; Ind = India Slab; IYS = Indus-Yarlung
Suture; JS = Jinsha Suture; LH = Lesser Himalaya; Mal = Maldives Slab; MBT = Main Boundary Thrust;
MCT = Main Central Thrust; S-G = Songpan-Garzi Terrane; STD = South Tibetan Detachment; STT =
South Tibetan Thrust; TH = Tethyan Himalaya; XBAB = Xigaze Back-Arc Basin; XO = Xigaze Ophiolite;

Comparing collisional and accretionary orogens: How different are they?>— The classifica-
tion of accretionary versus collisional orogenesis already acknowledged that upper
plate deformation may have entirely different causes. In collisional orogens, upper
plate shortening and plateau formation is considered to result from friction at the
nearest plate boundary due to the arrival of buoyant lithosphere (for example, Cloos,
1993). However, similar upper plate shortening and plateau formation during accre-
tionary orogenesis (for example, in the Andes) is not tied to the arrival of indenters
on a downgoing plate, but is a competition between (far-field driven) absolute upper
plate motion and the absolute motion of the slab bend, that is of the knickpoint where
a slab bends into the mantle (§engoér, 1990; Lallemand and others, 2005, 2008;
Oncken and others, 2006; Schellart, 2008; Cawood and others, 2009; Schepers and
others, 2017) (fig. 8). This means that changes in deformation in an upper plate are
not only reflecting dynamic responses to the changes at the nearest plate boundary,
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Fig. 8. Conceptual styles of upper plate deformation as a function of the competition between abso-
lute motion of the slab bend and the upper plate, as detailed in Schepers and other (2017). Slab dragging
is the component of slab motion relative to the mantle driven by the absolute motion of the downgoing
plate, and is most prominently seen as trench-lateral absolute slab motion (Spakman and Hall, 2010; van
de Lagemaat and others, 2018).

but are the sum of effects on all plate boundaries as well as tractions at the base of the
plate due to absolute plate motion and mantle flow (for example, Warners-Ruckstuhl
and others, 2010). For instance, if the onset of absolute westward South American
plate advance exceeded the roll-back rate of the subducting Nazca slab and caused
the onset of upper plate shortening in the Andes in the early Eocene, as widely inter-
preted (Oncken and others, 2006; Schellart, 2008; Faccenna and others, 2017;
Schellart, 2017; Schepers and others, 2017), then the same westward absolute South
American plate motion explains the simultaneous opening of the Drake Passage
between Patagonia and the Antarctic Peninsula by extension in the southern South
American plate (Livermore and others, 2005) if it outpaced the advance of the north-
west-dipping nascent South Sandwich slab (Lagabrielle and others, 2009; Vérard and
others, 2012; Eagles and Jokat, 2014; Maldonado and others, 2014; van de Lagemaat
and others, 2021) (fig. 9). Hence, the dynamic effects of collisions on upper plates
need to be viewed in concert with all other stresses exerted on that plate and the geo-
logical records of stress changes in plates cannot be straightforwardly used to date
collision.

The examples from the India-Asia collision and the Mediterranean region illus-
trate that also slab break-off or arrest in arc magmatism are not unequivocal diagnos-
tic features to date collision of major continents, let alone smaller topographic and
bathymetric features. They also illustrate that much of the orogenesis that formed
these regions predated collision between major continents, and such a collision
merely represents an end-stage of a long-lasting orogeny that for most of its history
was syn-subduction (or accretionary, in the terminology of Cawood and others, 2009).
During this syn-subduction history, multiple ‘collisions' of continental (or arc or pla-
teau) blocks and terranes may have occurred during which only upper crustal nappes
accreted and lower crustal and mantle lithospheric underpinnings subducted. Such
lower crustal subduction is an efficient way to recycle large portions of continental
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Fig. 9. Schematic tectonic map of the Scotia Sea region and southern South America, highlighting
the contributions of upper plate absolute motion and slab roll-back to upper plate deformation. Westward
South America advance towards the east-dipping Nazca and Antarctic plate slabs generates upper plate
shortening of the Andes (see for example Schepers and others, 2017), whilst for the west-dipping South
Sandwich subduction zone the same absolute South American plate motion constitutes upper plate retreat
causing extension. Since ~25 Ma, South Sandwich slab roll-back started to contribute to upper plate
extension, and upper plate retreat and slab roll-back have contributed nearly equally to the total amount
of ~2000 km of cumulative extension accommodated in the Scotia Sea basins (van de Lagemaat and
others, 2021). JaB = Jane Bank; SOr = South Orkney continent.

crust into the deep mantle (for example, Spencer and others, 2017) — in addition to
sediment subduction and subduction erosion that are more widely inferred mecha-
nisms of continental recycling (for example, Stern, 2011; Cawood and Hawkesworth,
2019). This may add to the explanation why continental crustal volume has only slowly
increased or even decreased since the onset of subduction despite similar production
rates of new continental crust as prior to the onset of plate tectonics (Scholl and von
Huene, 2009; Cawood and others, 2013; Hawkesworth and others, 2019).

So whereas particularly in the discussions on the amalgamation of pre-Pangean
supercontinents it is common to interpret orogeny as the result of continent-conti-
nent collision (for example, Collins and Pisarevsky, 2005), pre-collisional accretionary
orogenesis may produce many of the features of the collisional orogenesis definition,
and may predate collision by tens or > 100 Ma. Discerning between collisional and
pre-collisional orogenesis is thus challenging (for example, Brown, 2009), as illus-
trated by the difficulty in dating the collision between the North China cratons with
the Central Asian Orogenic Belt along the Solonker suture that ended several hun-
dred million years of oceanic subduction (Xiao and others, 2009). In fact, collisional
orogenesis appears to behave the same as accretionary orogenesis: the downgoing
plate may be offscraped to form an accretionary fold-thrust belt, and relative
motion between slab, or continent, and upper plate determine the style of upper
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plate shortening: an underthrusting thick continental lithosphere such as India or
Arabia generates an equivalent to a flat slab, whilst subducting thinned continen-
tal lithosphere such as in the Mediterranean region is able to subduct steeply and
even roll back (fig. 8). To identify how plate convergence rate changes, upper
plate shortening events, slab break-off phases, and changes in arc magmatism are
related to collision, or to other geodynamic drivers, is an outstanding research
goal. Using interpretations of these relationships to determine collision timing
introduces circular reasoning that is better carefully avoided. We therefore pro-
pose a set of field-based criteria for navigating through orogenic architecture free
of dynamic interpretation, towards reconstruction of pre-orogenic paleogeogra-

phy of the downgoing and overriding plate.

Navigating Through Orogenic Architecture: Subducted Plate-derived

Units and Upper/Intraplate Deformation
General characteristics of accretionary vs upper plate fold-thrust belts.—We propose an oro-
genic reconstruction approach that uses geological observables to infer whether rock
units in an orogen were derived from subducted lithosphere, and/or were part of a
(deforming) upper plate, whereby we do not distinguish between upper plate or intra-
cratonic deformation. This approach reconstructs subducted plate and upper plate
deformation separately and interprets their paleogeography separately (figs. 1, 2, and
4). Magmatism or mineralization is best reconstructed separately throughout the oro-
gen, in a purely kinematic approach without interpretations of dynamic drivers link-
ing deformation, plate motion, magmatism, or mineralization. This provides a
dynamic interpretation-free kinematic basis for development or testing of dynamic
concepts.

Accretionary fold-thrust belts form by transfer of rock from a downgoing to an
overriding plate, whereby the original crustal and mantle lithospheric underpinnings
of accreted rock units are lost to subduction or otherwise deep underthrusting (fig.
10). Upper plate or intra-plate portions of orogens may be extended or shortened,
or both, but in absence of a subduction conveyor belt to transport large portions of
lithosphere effectively into the mantle, such deformation necessarily affects the entire
lithosphere. Shortening an upper/intraplate leads to proportional thickening,
whereas crustal thickening in an accretionary fold-thrust belt is entirely dependent on
the thickness of the accreting stratigraphy, and can be minimal. Thus, magnitudes of
upper/intraplate shortening are typically much smaller than shortening accommo-
dated in accretionary fold-thrust belts. For example, reconstructed shortening in
upper plates of subduction zones reconstructed from the Cenozoic Andes is up to
~400 km (Eichelberger and McQuarrie, 2015; Schepers and others, 2017), from the
Cretaceous North American Cordillera is ~250 km (DeCelles, 2004), and from Tibet
and Tien Shan is ~1000 km, including the effects of lateral extrusion (van
Hinsbergen and others, 2011a, 2019b). For comparison, the rock units of the ~200
km wide Himalayan fold-thrust belt accommodated up to 900 km of shortening
(Long and others, 2011), comparable to the 1000 km wide upper plate area of the
Tibetan plateau and Tien Shan. Minimum shortening of accreted units on the ~100
km wide island of Timor is ~360 km (Tate and others, 2015, 2017), as much as in the
> 600 km wide central Andes. And shortening estimates only restoring known over-
laps between the nappes of the ~400 km wide Aegean nappe stack, not even taking
into account shortening accommodated within those nappes, yields ~1400 km of
shortening (van Hinsbergen and others, 2005a), considerably more than for the
much wider Tibetan plateau. And these shortening estimates only restore rock units
that were left behind in the rock record and cannot take entirely subducted portions
of (typically oceanic) lithosphere into account that may account for 1000's of km of
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Fig. 10. Cartoon indicating the relationships between basal and frontal accretion as well as lateral
delamination (modified from van de Lagemaat and others, 2021). Displayed is the simplest case with a sin-
gle decollement horizon, with multiple decollement levels, frontal accretion and basal accretion may
occur simultaneously at different levels (see for example Tate and others, 2015). In the latter case, crust
of a downgoing plate becomes incorporated in the upper plate without being thrusted, buried, or short-
ened, but by lateral expansion of a slab that peels off the mantle lithospheric portion of the downgoing
plate (Spakman and Hall, 2010).

additional convergence. Thus, whereas upper/intraplate shortening has a pro-
found effect on paleogeography in developing high topography and plateaus
(Tibet, Andes, North American Cordillera, for example, Poblete and others,
2021), it is of only secondary importance for concentrating and telescoping once
far-apart paleogeographic units into narrow orogens. While accretionary fold-
thrust belts may develop high and narrow ridges, they do not necessarily do so [for
example, on Cuba (Iturralde-Vinent and others, 2008)] and they may be of sec-
ondary importance for developing major topographic barriers. However, accre-
tionary fold-thrust belts contain fragments of subducted lithosphere and hold the
key to decipher lost plate paleogeography (for example, Isozaki and others, 1990;
Isozaki, 1996). Below, we assess which geological observables are diagnostic fea-
tures to recognize and reconstruct accreted versus upper/intra-plate deformation
and paleogeography.

Subducted plate-derived units: OPS and CPS.— Accretion may occur in response to
subduction of oceanic or continental lithosphere and bathymetric and topo-
graphic features built thereon, such as magmatic plateaus, arcs, seamounts (fig.
2), or even pre-existing orogens that formed at other subduction zones (for exam-
ple, figs. 4, 5, and 7A). During accretion, rock units decouple from a downgoing
lithospheric plate and accrete at the leading edge of the upper plate (frontal
accretion) or below the upper plate (basal accretion) (van Gool and Cawood,
1994), while the lower crustal and mantle lithospheric underpinnings of the
accreted rock units subduct or otherwise underthrust farther below the upper
plate (fig. 10). Accretionary fold-thrust belts typically consist of a dominantly
(meta)sedimentary crust comprising stacked upper crustal units that eventually
rest upon the undeformed oceanic or continental foreland (which may still be
actively subducting) (figs. 4, 5, and 7). Importantly, the nappes that constitute a
crust of an accretionary fold-thrust belt were stripped from their pre-orogenic
lower crustal and mantle lithospheric underpinnings: those underpinnings sub-
ducted and formed slabs (fig. 10). As a result, accretionary fold-thrust belts consist
only of accreted crustal fragments, and typically contain no pre-orogenic litho-
spheric mantle: lithospheric mantle underlying accretionary fold-thrust belts
regrew by post-accretionary cooling and by magmatic processes in orogens.
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Because (re)growing of lithosphere is a slow process taking tens of millions of
years or more (Caldwell and Turcotte, 1979; Lee and others, 2011), accreted por-
tions of orogens tend to have a thick crust but thin lithospheric mantle (for exam-
ple, in the Aegean region (Endrun and others, 2011)) and this situation may
prevail for at least tens of millions of years after the accretion. Indeed, much of
the Tethyan accreted orogens, even from Mesozoic time, are underlain by low seis-
mic velocity-mantle at shallow depth (for example, Sengo6r and others, 2003; van
Hinsbergen and others, 2010).

The composition, age, and pre-subduction geological history of subducted litho-
sphere may be inferred from the geochemistry and stratigraphy of the accreted relics
that escaped subduction. A key concept to reconstruct the paleogeography of sub-
ducted ocean floor was developed from the orogenic architecture of Japan by Isozaki
and others (1990). Those authors identified accreted nappes of oceanic plate stratig-
raphy (OPS) (fig. 11). OPS consists from bottom to top of crystalline rocks of the
ocean floor, mostly pillow lavas but occasionally also gabbros or peridotites that were
exhumed to the sea floor (for example, Ueda and Miyashita, 2005), overlain by pe-
lagic limestones or cherts and topped by coarsening upward trench fill deposits (here-
after referred to as ‘flysch') that mark the arrival of the OPS sequence at the trench
(Isozaki and others, 1990, 2010; Isozaki, 1996). We note, that flysch deposition
requires land-derived clastic sediment transport to trenches, which particularly at
intra-oceanic subduction zones is not always the case — approximately half of today's
intra-oceanic trenches are sediment-starved (Geersen and others, 2018). In such cases,
arrival of an OPS sequence in the trench may be better dated by volcaniclastic detritus
or ashes overlying or intercalating with the (hemi-)pelagic sequence (Cawood, 1982;
Cawood and others, 2009).

Geochemical analysis of the magmatic basement may reveal whether these
formed at mid-ocean ridges, in which case the oldest chert approximates the age of
the oceanic lithosphere that was underlying the OPS sequence (Isozaki and others,
1990; Isozaki, 1996). Alternatively, if the magmatic basement of an OPS sequence has
a large igneous province (LIP), ocean island basalt, or island arc composition, it pro-
vides only a minimum age of the originally underlying lithosphere, but may reveal
where hotspot tracks, LIPs, or arcs associated with other subduction zones developed
within a now-subducted ocean basin (Isozaki and others, 1990; Ueda and Miyashita,
2005). OPS is widely recognized in orogens and has become instrumental in recon-
structing lost oceanic lithosphere and paleogeographic features such as seamounts or
plateaus thereon (Cawood, 1982; Wakita and Metcalfe, 2005; Maruyama and others,
2010; Kusky and others, 2013; Safonova and Santosh, 2014; Safonova and others,
2016; Ackerman and others, 2019; Wan and others, 2021; Boschman and others,
2021a, 2021b).

While well-preserved OPS sequences are found in many orogens, more com-
monly elements of OPS together with upper plate lithosphere become tectonically
mixed, and often metamorphosed, in serpentinite or sediment-hosted mélanges
(Cloos and Shreve, 1988; Maruyama and others, 1996; Festa and others, 2010). While
the internal coherence of OPS sequences in mélanges is lost, they may still preserve
an overall pseudostratigraphy with foreland younging metamorphism and strati-
graphic ages (for example, in the Franciscan complex of California (Wakabayashi,
2015). The spread of stratigraphic ages of blocks in mélanges may thus still provide a
first-order constraint on the age of the subducted lithosphere, and the age of accre-
tion of mélange packages. For instance, the Izmir-Ankara mélange of Turkey (fig. 3A)
contains radiolarian chert blocks with ages back to the Triassic (Tekin and others,
2002) constraining a minimum age for the subducted oceanic lithosphere of the
Neotethys ocean in the eastern Mediterranean region (figs. 3B and 5).
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Fig. 11. Schematic representation of Oceanic Plate Stratigraphy (following Isozaki and others, 1990)
and Continental Plate Stratigraphy (this paper).

Although stratigraphic sequences in continent-derived nappes are more diverse
and complex, we here identify ‘continental plate stratigraphy’, or CPS, in analogy to
OPS (fig. 11). Nappes in the Mediterranean region (for example, van Hinsbergen
and others, 2005b, 2020b), but also in Cuba (Iturralde-Vinent and others, 2008), the
Tethyan Himalaya (Gaetani and others, 1986, Garzanti, 1999), or Timor (Harris,
2011), may serve as examples of CPS sequences. In its simplest version, and based on
the examples above, we infer that CPS consists from bottom to top of (i) pre-rift base-
ment that itself may have formed and become metamorphosed and intruded in a pre-
vious orogenic cycle; (ii) passive margin syn-rift clastic sediments often associated with
rift-related magmatic rocks that fine upwards to hemipelagic sediments; (iii) open
shallow- to deep-marine pelagic (limestones) or hemipelagic (clay-rich) sediments
formed at passive margins; and (iv) coarsening upward flysch (fig. 11). The age of the
flysch marks the arrival of the lithosphere carrying the CPS at the trench (for



orogenic architecture: Constructing orogens in a future supercontinent as thought 973

example, van Hinsbergen and others, 2005a; Najman and others, 2010; Hu and
others, 2015; Orme and others, 2015). The syn-rift sequence as well as the underlying
basement are diagnostic markers for correlation with the original predrift conjugate
continental margin (see for example the passive margin clastic sequences of the Indo-
Burman ranges and NE Tethyan Himalaya, correlated to the west Australian passive
margin by Cai and others (2016) and Yao and others (2017).

Accretion is a top-down process, and the deeper parts of an OPS or CPS sequence
thus have a smaller chance of accretion. Accretion occurs when horizons in the down-
going plate become weaker than the plate interface and form a decollement horizon
(see for example, Agard and others, 2016) (fig. 10). Such decollement horizons often
coincide with for example evaporite layers, shale intervals (for example, the base of a
trench-fill sequence), the basal unconformity between the sedimentary column and
the underlying crystalline basement, or the brittle-ductile transition, and nappes are
placed upon younger nappes along regionally contiguous thrusts (van Hinsbergen
and others, 2005a, 2020b; Capitanio and others, 2010; Handy and others, 2010; Jolivet
and Brun, 2010; Schmid and others, 2020). Also metamorphic soles, which are only 1
to 500 m thick lower-plate derived rock units that weld during incipient stages of sub-
duction to the base of an upper plate preserved as ophiolites (Agard and others, 2016;
Soret and others, 2017; Guilmette and others, 2018), classify as accretionary units.

When accreted rock units are relatively thin (they are typically a few hundred
meters up to perhaps 10 km thick (for example van Hinsbergen and others, 2005a),
identifying them follows straightforwardly from geological mapping. When the
accreted units become thicker, recognizing them as accretionary becomes more chal-
lenging. In western Turkey, a thin- skinned, accretionary fold-thrust belt overlies a
continental crust that is still ~30 km thick but that is located in the upper plate of an
active, long-lived subduction zone that is associated with a single subducted slab that is
still subducting today in the eastern Mediterranean region (fig. 3) or has recently
detached (van Hinsbergen and others, 2010). This slab must contain the underpin-
nings of the western Turkish nappe stack, suggesting that it once contained also the
30 km thick crust of the deepest unit. Van Hinsbergen and others (2010) therefore
suggested that the last accreted nappe comprised most of the crustal section, and sub-
ducting mantle lithosphere decoupled (delaminated) around the Moho. In western
Turkey, this delamination may still be considered frontal accretion sensu (van Gool
and Cawood, 1994) (fig. 10). In the Banda Sea and Scotia Sea regions ‘whole crust'
transfer from a downgoing to overriding plate during subduction of a single slab also
occurred, but here delamination did not affect crust that arrived in the trench, but
that instead was located adjacent to the trench along-strike of the subduction zone
that was bounded by a transform [or STEP (Govers and Wortel, 2005)] fault.
Spakman and Hall (2010) proposed that the incorporation of continental crust of the
Sula Spur — a continental promontory of Australia — into the SE Asian collage of the
Eurasian plate was facilitated by a subducting slab expanding laterally by peeling off
the mantle lithospheric underpinnings of the Sula Spur while rolling back (fig. 10).
As a result, the Sula Spur crust became part of the upper plate, escaped deep burial
and thrusting, and was instead fragmented by upper plate extension.

Delamination through lateral slab growth (depicted as ‘lateral delamination' in
fig. 10) was recently proposed to explain how South America-derived continental frag-
ments are currently located in between Scotia Sea back-arc basins in an upper plate
position above subducting lithosphere of the South American Plate (van de Lagemaat
and others, 2021). We thus classify the Sula Spur units and the Scotia Sea microconti-
nents [except for South Orkney and Jane Bank that were derived from the Antarctic
Peninsula and were always part of the upper plate (Eagles and Livermore, 2002; van
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de Lagemaat and others, 2021) (fig. 9)] as accreted, even though the accretion pro-
cess is mostly associated with crustal extension (fig. 10).

Diagnostic characteristics of accreted units.—Diagnostic elements for accreted
nappes, with CPS or OPS, is that they represent thrusted sequences decoupled from
their original mantle and lithospheric underpinnings, contain flysch deposits at the
top, and are separated by thrusts. The oldest flysch sediments in a nappe mark the
moment that the OPS or CPS sequence came within reach of upper plate-derived sedi-
ments, and the youngest flysch below the upper nappe-bounding thrust marks the
moment of nappe accretion and the onset of underthrusting of the next OPS or CPS
sequence underneath (Isozaki and others, 1990; van Hinsbergen and others, 2005b).
The youngest flysch [or continental foreland basin deposits (‘molasse’) such as the
Siwaliks Group at the front of the Himalaya today (Parkash and others, 1980) ] below
the most frontal thrust of an inactive orogen marks the end of underthrusting (for
example, Iturralde-Vinent and others, 2008; Husing and others, 2009). Accretion
occurs: as distinct events that may be synchronous along-strike along several hundred
kilometers or more (for example, Schmid and others, 2004, 2008, 2020), as well as
across-strike: in the Aegean region the age of the youngest flysch in portions of nappes
that accreted in a foreland position correlates well with the estimated ages for peak
pressure conditions in deeply buried, metamorphosed, and exhumed parts of that
nappe (van Hinsbergen and others, 2005a). The accretion history in many nappe
stacks is straightforwardly identified from flysch sections. Exceptions are where two de-
collement horizons form within the accreting sequence. Thrusts repeating units above
the highest decollement then contain flysch sequences whereas those between two
decollements repeat deeper CPS sections devoid of flysch (for example, the Kolbano
sequence versus the Gondwana sequence of Timor (Tate and others, 2015, 2017), or
the Balkanides versus the Rhodopes in southern Bulgaria and northern Greece
(Schmid and others, 2020; van Hinsbergen and others, 2020b).

Another diagnostic phenomenon in accreted portions of orogens is high pres-
sure, low- temperature (HP-LT) metamorphism, that is, at blueschist or eclogite facies
conditions (Brown, 2007). While the presence of such metamorphism is a diagnostic
marker for a geological unit accreted in a subduction zone, finding such units
requires that rock units accreted at depth and that they were exhumed in a subduc-
tion channel and/or through upper plate extensional unroofing (for example, Platt,
1993; Chemenda and others, 1995; Avigad and others, 1997; Gerya and others, 2002;
Jolivet and others, 2003; Brun and Faccenna, 2008). HP-LT metamorphic rocks are
widespread in the Tethyan region, and also in places in circum-Pacific orogens, but
exhumation typically occurred episodically and in discrete, short- lived events (for
example, Agard and others, 2009; Wakabayashi, 2015; Vitale Brovarone and others,
2018). Cenozoic HP-LT metamorphic rocks, or accretionary fold-thrust belts in gen-
eral, are rare in the circum-Pacific orogens. Presence of HP-LT metamorphic rocks
reveals accretion in a subduction zone, but absence of such rocks in an orogen is in
itself not a conclusive argument that subduction did not occur.

The timing of peak pressure of metamorphism provides a minimum age for the
timing of accretion. When accretion occurs below extending upper plates, it is imme-
diately followed by exhumation and decompression. Under such conditions peak
pressure conditions coincide with the moment of accretion [for example, for the
Aegean orogen (van Hinsbergen and others, 2005a)]. For neutral upper plates, the
duration of peak metamorphism may be long, and the ages may vary according to
the method used. For instance, Lu/Hf dating of garnets in metamorphic soles in
Oman and Anatolia revealed ages of prograde growth of garnets of ~104 Ma
(Guilmette and others, 2018; Peters and others, 2018; Pourteau and others, 2019),
whereas U/Pb zircon ages from the same rocks gave ages of 96 Ma (Oman) — 92 Ma
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(Anatolia) (Parlak, 2016; Rioux and others, 2016; Guilmette and others, 2018). The
U/Pb ages coincide with U/Pb titanite and 1Ay /39Ar ages for hornblende as well as
the onset of upper plate extension that follows from the formation of supra-subduc-
tion zone oceanic crust in the ophiolites above the sole (van Hinsbergen and others,
2015b). This suggests that the zircon ages recorded the end of peak metamorphism
and the onset of exhumation, but post-date accretion by as much as 12 Ma (Guilmette
and others, 2018). For rock units that accrete below thickening upper plates, accre-
tion may be followed by ongoing burial and continued prograde metamorphism. For
such settings, which may include, for example, the Tso Morari eclogites that formed
in deeply buried Tethyan Himalayan rocks that likely accreted in the Paleocene-early
Eocene below the shortening and thickening Tibetan plateau (de Sigoyer and others,
2000; Leech and others, 2005), peak (pressure) metamorphism provides only a mini-
mum age for accretion and the timing of flysch deposition in the same nappe is a bet-
ter marker.

Conversely, as a rule of thumb, the presence of high temperature-low pressure
(HT- LP) metamorphism is typical for upper plate settings, for example, within arcs
or rapidly extending and exhuming back-arc regions (Brown, 2007, 2009). Where
found in accretionary fold-thrust belts, HT-LP metamorphism often overprints pre-
ceding HP-LT metamorphism (Maruyama, 1997; Brown, 2009). There are some
exceptions, in which accreted units reach high temperature during their burial: (i)
metamorphic soles below ophiolites recorded prograde HT-HP to HT-LP metamor-
phism, which is thought to reflect elevated temperatures during subduction zone
infancy prior to the cooling effects of long-lived subduction (Hacker and Gnos, 1997;
Soret and others, 2017; Guilmette and others, 2018); (ii) elevated temperatures may
result from (highly) oblique subduction, as it leads to low burial rates (Thompson
and others, 1997; Plunder and others, 2018); (iii) a special case of (U)HT-LP meta-
morphism is documented from accreted crust of the Sula Spur in the Banda Sea
region (Pownall and others, 2013, 2017), and also in western Turkey (Bozkurt and
others, 2011; Schmidt and others, 2015). In these cases, HT-LP metamorphism is
thought to be related to the inflow of asthenosphere below the crust immediately after
the delamination of its mantle lithosphere. This delamination marks the moment of
accretion of the rock unit to the upper plate, and thus occurs immediately after accre-
tion, but already in an upper plate setting (Spakman and Hall, 2010; van Hinsbergen
and others, 2010) (fig. 10), where HT-LP metamorphism is more common.

Subduction without accretion: reconstructing entirely lost lithosphere.— A key, but rarely
explicitly formulated paradigm underlying paleogeographic reconstructions is the
assumption that continental crust does not entirely subduct without leaving an accre-
tionary geological record: if continental lithosphere subducts, it leaves a record of
CPS behind in accretionary fold-thrust belts that, when restored for shortening, pro-
vides a reasonable approximation of the amount of subducted continental litho-
sphere. This basic assumption lies for instance at the basis of dating incipient
continent-continent collision: the structurally highest CPS nappe, which is the first to
arrive in the trench at which the orogen formed, is assumed to date collision, for
example the Tethyan Himalaya (Najman and others, 2010; Hu and others, 2015;
Orme and others, 2015) (figs. 6 and 7B). Independent arguments supporting this
assumption may come from the CPS itself: the CPS of the Tethyan Himalaya contains
Permo-Carboniferous syn-rift clastics and riftrelated volcanics interpreted to have
formed during continental break-up, suggesting that it indeed represents a distal con-
tinental margin stratigraphy (Garzanti and others, 1999).

In cases where there are, for instance, large age gaps between flysch sequences of
successive nappes even though plate circuits demonstrate ongoing plate convergence,
we generally assume that in the intervening period wholesale oceanic subduction
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occurred. The Phanerozoic orogens that formed during subduction of oceanic litho-
sphere at circum-Pacific margins demonstrate that accretion of OPS is rare and epi-
sodic. The vast majority of oceanic lithosphere of the Panthalassa and Tethys oceans
subducted entirely, without accretion (Isozaki and others, 1990; Isozaki, 1996; Scholl
and von Huene, 2007). Such non-accretionary intervals may even be associated with
subduction erosion during which previously accreted sequences may be removed
from the geological record and buried in the subduction zone (von Huene and
Scholl, 1991; Ranero and von Huene, 2000; I[sozaki and others, 2010).

Conversely, there are no unequivocal cases where 100's to 1000's km of continen-
tal crust must have subducted without leaving CPS in the geological record. For
instance, kinematic restoration of the CPS units that constitute most of the
Mediterranean orogens, using their age of accretion based on flysch as well as mini-
mum nappe dimensions revealed from modern orogenic architecture, leaves space
for narrow ocean basins of which OPS is present and restores a continent whose shape
and size straightforwardly corresponds to the conjugate north African-west Arabian
passive margin (van Hinsbergen and others, 2020b) (fig. 3B). The Cimmerian blocks
of Central Iran and Afghanistan appear to correspond well to the width of the conju-
gate Arabian margin from which they are thought to have rifted off in the Permian
(Stampfli and Borel, 2002) and there are no Mesozoic or Cenozoic passive margins of
which the conjugate continental terrane must have entirely been lost to subduction.

One possible, but debated, exception may be the western margin of Australia.
The Australian margin contains evidence for Triassic rifting and Jurassic oceanization,
which is interpreted as a phase of continental breakup whereby a conceptual conti-
nent, known as Argoland, must have rifted off several tens of Ma prior to the breakup
of India and Australia (Veevers and others, 1991; Gibbons and others, 2012). SW
Australia was conjugate to Greater India: the restored area reconstructed from short-
ened CPS in the Himalaya accounts for 600-900 km of continental crust (Long and
others, 2011) and provides a minimum width of Greater India that would make it
reach a prominent fracture zone on the west Australian margin (the Wallaby Fracture
Zone) when reconstructed in a Gondwana configuration, a reconstruction that is con-
sistent with paleomagnetic data from the Tethyan Himalaya (Ali and Aitchison, 2005;
van Hinsbergen and others, 2012, 2019b). But where the remains of Argoland reside
that would have broken off western Australia, remains enigmatic. Fragments of
Argoland conjugate to northwest Australia are likely represented by CPS sequences in
the SE Asian orogenic collage (Hall, 2012), but recognized fragments are not large
enough to cover the entire northwest Australian margin. The west Burma block and
CPS in the adjacent Indo-Burman ranges thrust belt of Myanmar have been proposed
as a candidate, for example based on correlations of detrital zircon spectra (Heine
and others, 2004; Yao and others, 2017; Zhang and others, 2020), but detrital zircons
have also been used as argument against this correlation (Sevastjanova and others,
2016). Ingalls and others (2016) instead constrained the distance from the Tethyan
Himalaya at the timing of collision with Asia to the Indian continent (~2500-3500
km depending on the collision age and intra-Asian deformation reconstructions).
They assumed that all of this area was continental, questioned the Jurassic age of rift-
ing north of the Wallaby Fracture zone suggested by Gibbons and others (2012) and
instead assumed that all of Australia's western conjugate margin was contained in
Greater India and was consumed by subduction below Tibet after Paleocene collision.
CPS records in the Himalaya show, based on ages of flysch and metamorphism, accre-
tion in the Paleocene-Early Eocene (Tethyan, Greater Himalaya), and from the
Miocene onwards (Lesser Himalaya) (fig. 7); there are no known records of flysch
deposits that suggest accretion events in the intervening period in the Himalaya. This
suggests that all lithosphere of Greater India that was subducted between the Early
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Eocene and Early Miocene, which covered a reconstructed area equal in size to
Arabia, has subducted without leaving an accretionary record (van Hinsbergen and
others, 2019b). Van Hinsbergen and others (2012, 2019b) found it unlikely that this
lithosphere was continental in nature, and proposed, supported by paleomagnetic
data and volcanic evidence for rifting, that the Tethyan Himalaya rifted off India in
the Cretaceous, opening an ocean basin that was subducted between Eocene and
Miocene time without accretion. The debate on the paleogeography of Greater India
is far from settled, but if the wholesale continental subduction interpretation of
Ingalls and others (2016) is correct, this calls the basic paradigm of paleogeographic
reconstructions into question, with far-reaching consequences for all biological, cli-
matic, and geodynamic interpretations rooted therein. For instance, it would make
dating continental collisions impossible: if thousands of km of continental lithosphere
subducted without leaving a geological record after the accretion of the Tethyan
Himalaya, such wholesale continental subduction might just as well have happened
before that accretion. It would also require an alternative explanation for why conti-
nents become billions of years old instead of a few hundred million like oceanic crust.
However, conclusive evidence from geology, tomography, or paleomagnetism for a
1000's of km wide continental Greater India as purported by Ingalls and others
(2016), and required to justify the common assumption that the Paleocene collision
of the Tethyan Himalaya with Asia represents the onset of continuous continent-conti-
nent collision, remains absent. Future detailed kinematic restoration of SE Asian
OPS and CPS may be able to identify the paleogeographic extent of Argoland and
resolve this paleogeographic debate, but for now the paradigm that continental
subduction leads to accretion seems to be a reasonable assumption when inter-
preting paleogeography.

Juxtaposition of accretionary fold-thrust belts.— Systematic identification of nappes
and their timing of accretion may identify juxtaposition of accretionary fold-thrust
belts that formed at different subduction zones. The key observation to this end is
out-of-sequence thrusting and a break in the foreland younging ages of trench-fill
sequences and/or HP-L'T metamorphism. Juxtaposition of two pre-existing accretion-
ary fold-thrust belts is common: it occurs at former trench-trench-trench triple junc-
tions such as in Colombia (Pindell and Dewey, 1982) or Anatolia (Girer and van
Hinsbergen, 2019), may happen following back-arc basin closure (for example follow-
ing Rochas Verdes basin closure in Patagonia (Eagles, 2016) or Arperos basin closure
in Mexico (Martini and others, 2014)), or during collision of an accretionary orogen
that formed below oceanic lithosphere preserved as ophiolites. For example, the
Oman ophiolite and underlying accretionary fold-thrust belt derived from lithosphere
that subducted below the Oman ophiolites will sooner or later arrive in the trench
below Eurasia and become juxtaposed with the Makran fold-thrust belt. Such juxtapo-
sitions have been documented from the Balkan and eastern Mediterranean orogens:
Early Cretaceous arrival of the passive margin of Greater Adria in the Balkan region
in a trench below Jurassic oceanic lithosphere, exposed as ophiolites, led to accretion
of OPS of the ocean floor off eastern Greater Adria, and subsequently to Early
Cretaceous accretion of continental nappes, after which slab break-off terminated sub-
duction (Scherreiks and others, 2014; Tremblay and others, 2015; van der Meer and
others, 2018; Schmid and others, 2020) (fig. 4). Following closure of the remaining
ocean basin, the obduction-related orogen accreted in latest Cretaceous time as a
composite nappe in the Aegean nappe stack and Upper Cretaceous flysch unconform-
ably overlies a Jurassic and Early Cretaceous accretionary fold-thrust belt (van
Hinsbergen and others, 2005a; Schmid and others, 2020). In another example, the
southern part of the Anatolian orogen started forming below an oceanic upper plate
that itself was consumed by subduction below Eurasia (fig. 5). The accretionary fold-
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thrust belt of Central and Southern Anatolia became during its ongoing formation
juxtaposed against Eurasia (Gurer and van Hinsbergen, 2019). In conclusion, system-
atic stratigraphic, geochronological, and geochemical analysis of OPS and CPS
sequences in orogens hold the key to deciphering the subduction history of lost oce-
anic or continental lithosphere, their paleogeography, the timing of arrival of paleo-
geographic features in a trench, as well as the juxtaposition of geological records that
formed at different subduction zones.

Upper/Intraplate deformation.— Because it is not possible to make an objective dis-
tinction between intraplate and upper plate deformation, we classify all deformation
that affects upper plates of subduction zones, close to the margin or in the far field,
oceanic or continental in composition, and contractional or extensional, as intraplate
deformation. As soon as a rock unit becomes accreted to an upper plate, it may
become subject to intraplate deformation. For instance, after their accretion, OPS
and CPS nappes in the Aegean, Carpathian, and Apenninic orogens (fig. 3A) became
extended, thinned, and exhumed as part of the upper plate while simultaneously
accretion of new nappes at the trench continued (for example, van Hinsbergen and
others, 2005a, 2020b; Jolivet and Brun, 2010; Royden and Faccenna, 2018). Accretion
and intraplate deformation may thus develop diachronously across orogens (Gautier
and others, 1999; Brunet and others, 2000; Jolivet and Brun, 2010; Tirel and others,
2013).

Upper plates above subduction zones may consist of oceanic or continental litho-
sphere (fig. 1). Studying upper plate oceanic lithosphere deformation is challenging
because it is typically not exposed and will eventually subduct. Much of our knowledge
of oceanic upper plate deformation comes from narrow strips of oceanic lithosphere
preserved as ophiolites, which became incorporated in continental crust due to
underthrusting of thick, buoyant crust (Dewey, 1976). Such buoyant crust may be
a continental margin whose arrival led to arrest of subduction, such as in Oman
(for example, Agard and others, 2010), but it may also be accreted OPS such as in
Japan (Isozaki, 1996), California (Wakabayashi, 1992), or the Andaman Islands
(Bandyopadhyay and others, 2020a, 2020b), or accreted CPS, such as in Anatolia
(van Hinsbergen and others, 2016) and ophiolite emplacement onto continental
margins is typically preceded by OPS and CPS accretion (for instance, Béchennec
and others, 1990).

Ophiolites consist of a more or less coherent (but often extended and frag-
mented (for example (Maffione and others, 2015b)) ‘Penrose’ pseudostratigraphy of
mantle tectonites, lower crustal gabbros, sheeted dykes, pillow lavas, and pelagic sedi-
ments (Anonymous, 1972). It is important to note that in the literature, OPS and
mélange derived from subducted oceanic lithosphere are sometimes also referred to
as ‘ophiolite' or ‘meta-ophiolite’ (for example, in Calabria (Rossetti and others, 2001;
Liberi and others, 2006) (fig. 3). The ocean-derived units in Calabria, however, under-
went HP-LT metamorphism, which is a diagnostic feature that they belonged to the
downgoing plate (Rossetti and others, 2001; Liberi and others, 2006). Although accreted
OPS units are certainly not always metamorphosed, they may be, whereas upper plate-
derived ophiolites cannot become metamorphosed under HP conditions — at least not in
the subduction zone of which they formed the upper plate.

Extensive geochemical research has demonstrated that the vast majority of ophio-
lites formed by spreading above a (nascent) subduction zone, so-called supra-subduc-
tion zone (SSZ) ophiolites (Pearce and others, 1984; Shervais, 2001; Wakabayashi and
others, 2010), although occasionally coherent ophiolite bodies with a regular mid-
ocean ridge geochemistry are found thrust upon continental margins (for example,
the Masirah ophiolite of east Oman (Smewing and others, 1991; Peters and Mercolli,
1998). When oceanic crust or lithosphere has a SSZ geochemical signature it is a
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strong indicator that it formed in an upper plate setting close to a subduction zone
(although such signatures are occasionally also found in regions where no subduction
can be independently demonstrated, such as in the Laxmi Basin off western India
(Pandey and others, 2019) — perhaps such signatures can be inherited when mantle
enriched during earlier subduction episodes re-melts (Richter and others, 2020; van
Hinsbergen and others, 2020a)). Finally, an unequivocal indicator that an ophiolite
formed as upper plate is the presence of a metamorphic sole at its base. As outlined
above, metamorphic soles formed at a plate contact (Hacker, 1994; Hacker and
others, 1996; Wakabayashi and Dilek, 2003; Agard and others, 2016; Guilmette and
others, 2018) and ophiolites above soles unequivocally constitute the upper plate of a
subduction zone — although not all upper plate-derived ophiolites have (exposed)
metamorphic soles. Where these diagnostic features are present, former subduction
zones below oceanic lithosphere are straightforwardly recognized in the geological re-
cord, and ophiolites are easily distinguished from underlying accretionary fold-thrust
belts consisting of OPS and CPS.

Where continental upper plates are extended or not deformed, they are straight-
forwardly recognized from accretionary fold-thrust belts. More subjective is identifying
upper plate shortening from accretion. Upper plate shortening is typically associated
with thrusting, and thrust slices are necessarily decoupled from their original lower
crustal and mantle lithospheric underpinnings. Even though intracontinental short-
ening, when viewed on the scale of an entire orogen like the Andes, is undergoing
wholesale shortening and thickening of the lithosphere, this shortening is typically
partitioned over multiple decollements (McQuarrie and others, 2005), and often only
the rocks above the highest decollement are exposed. In the Andes, this highest de-
collement is east-verging (for example, McQuarrie and others, 2005), and could just
as well be viewed as a westward continental subduction zone consuming the South
American continental lithosphere. Such continental subduction of (mantle) litho-
spheric underpinnings decoupled from thrusted and thickened crust is for instance
commonly portrayed for the Tibetan Plateau (Matte and others, 1996; Meyer and
others, 1998; Tapponnier and others, 2001). Describing large-scale, asymmetric intra-
continental deformation such as in Tibet and the Andes as continental subduction or
intraplate shortening is to some extent semantic, but a key difference with subduction-
accretion systems lies in: (i) absence of OPS in intracontinental systems, and (ii)
because the rate and amount of convergence in intraplate orogens is typically low (on
the order of hundreds of km at a mm/a rates) and continental lithosphere does not
form narrow, deep trenches, but wider foreland basins (DeCelles and Giles, 1996),
foreland propagating thrust slices dissect foreland basin stratigraphy. This makes fore-
land basin sequences in adjacent nappes having overlapping ages (for example in the
Andes (DeCelles and Horton, 2003; Horton, 2018). In subduction-accretion systems,
where convergence rates are typically a few cm/a or more and trenches are narrow
and deep even for subducting continental crust, the stratigraphies of foreland basin/
flysch sequences between consecutive nappes are typically not overlapping in time:
the arrest of flysch deposition in the higher nappe upon its accretion coincides with
the onset in flysch deposition and the onset of underthrusting of the lower nappe (for
example, van Hinsbergen and others, 2005b, 2020b).

A clear diagnostic feature for an upper plate position is the presence of subduc-
tion- influenced magmatism. The vast majority of orogens that form(ed) during sub-
duction are associated with magmatic arcs, but as pointed out earlier in this paper,
not all are; arcs are not always active, and particularly for intra-oceanic subduction
zones, arcs are not always preserved. For instance, ophiolites rarely obduct over distan-
ces of more than 150 km onto continental margins, that is less than the typical arc-
trench distance (Gill, 1981). Hence, in most cases the volcanic arc associated with
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intra-oceanic subduction is not thrusted onto a continent but remains offshore and
outside of the orogen. Such relict arcs then eventually subduct (and occasionally
accrete as OPS sequences, for example in the Misis Mélange of southeastern Turkey
(Floyd and others, 1991, 1992; Robertson and others, 2004) or in the Oku Niikappu
OPS sequence in Hokkaido, Japan (Ueda and Miyashita, 2005), or the Kronotsky Arc
of Kamchatka (figs. 12 and 13), and recently, an arc associated with the Sema'il ophio-
lite of Oman was imaged subducting below the Makran (Ninkabou and others, 2021).
Intra-oceanic arcs may be preserved in the geological record when obduction is fol-
lowed by subduction polarity reversal. Such reversals often occur within the hot and
weak arc (for example, Dewey, 1976, 2005), and preserves the arc associated with the
older subduction phase within an orogen. Examples are the Olyutorski arc of
Kamchatka (figs. 12 and 13) (Konstantinovskaia, 2001; Shapiro and Solov'ev, 2009;
Domeier and others, 2017; Vaes and others, 2019) and the Woyla arc of Sumatra
(Barber, 2000; Advokaat and others, 2018). Such accreted arcs may still be used to
infer intra-oceanic subduction histories, particularly when combined with independ-
ent constraints such as seismic tomographic images of subducted slabs (van der Meer
and others, 2012). The preservation potential of arcs that intruded continental upper
plates, or accretionary fold- thrust belts, is high and arcs are widely recognized in oro-
gens that date back billions of years (for example, Tatsumi and Eggins (1995). They
provide excellent starting points for navigation through the deformation and accre-
tion history of the orogen in which they formed.

In summary, wide foreland basins and overlapping foreland basin stratigraphies
between adjacent thrust slices, arc magmatism, and regional HT metamorphism or,
when oceanic, Penrose-type ophiolites particularly when associated with a SSZ signa-
ture above metamorphic soles, are diagnostic features of upper plates of subduction
zones. However, none of these features or changes therein are directly diagnostic of
the composition or paleogeography of the subducting plate. Instead, the independent
analysis of the history of accretion and of upper plate deformation, magmatism, and
metamorphism is key to understanding the dynamic drivers of orogenesis, subduc-
tion, magmatism, and, for example, associated metallogenesis, and the role of
changes in downgoing plate composition therein.

FUTURE OROGENESIS AS THOUGHT EXPERIMENT

We now use our analysis of orogenic architecture and evolution above to formu-
late rules of thumb about the relationship between paleogeography, subduction, abso-
lute plate motion, and orogenesis, summarized in figures 2 and 4 and table 1 and
explained below. We evaluate their use through a thought experiment in which we
apply these ‘rules' to construct future orogens from modern geography. The benefit
of using present-day geography as a starting point is that we avoid subjective interpre-
tation of geological records, and also avoid circular reasoning: the analysis in the pre-
vious section is based on existing orogens and interpreted paleogeography.
Obviously, whether our constructions correctly predict future orogens depends on a
myriad of unknowns, and its predictive power is essentially meaningless: we would
have to wait tens of Ma to test our hypotheses. But showing how well-known modern
geography may evolve into an orogen as function of a set of ‘rules' of orogenesis may
provide a basis to show the plausibility of a paleogeographic interpretation based on a
modern orogen. Moreover, it serves to illustrate how the combination of initial sub-
duction zone geometry, downgoing and upper plate geography and stratigraphy
(OPS, CPS), and absolute plate motion determine orogenic architecture.

Below, we deduce the ‘rules of orogenesis', select a future plate tectonic scenario,
and, for good measure, define a geological timescale for the future. With those, we
then illustrate how orogens may evolve from subducting the modern Indian Ocean
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Fig. 12. (A) Schematic tectonic map of the NW Pacific region, with accreted intra-oceanic arc rocks.
The Olyutorsky arc of Kamchatka (and equivalents on Sakhalin and Hokkaido) overthrusted the continen-
tal margin of Kamchatka following a period of southeastward subduction followed by a subduction polarity
reversal. Remnants of the intra-oceanic Kronotsky arc accreted as downgoing plate-derived OPS nappes to
southern Kamchatka as well as on the Komandorsky Islands. Modified from Vaes and others (2019). H-E
chain = Hawaii-Emperor seamount chain; Hok = Hokkaido; Kom = Komandorsky Islands; Kro = Kronotsky
arc; Oly = Olyutorsky arc; Sak = Sakhalin; The evolution of orogenic architecture along cross-section C-C'
is given in figure 13. (B) Reconstructed subduction geometry and paleogeographic locations of the
Olyutorsky and Kronotsky arcs of Kamchatka, at 70 Ma, based on the reconstruction of Vaes and others
(2019) in the slab-fitted mantle reference frame of van der Meer and others (2010). Sections C-C' and C-
C" are indicated in figure 13: Prior to 50 Ma, these sections develop as lateral equivalents at different
intra-oceanic subduction zones. As a result of a ~50 to 45 Ma Pacific plate motion change from NW to W,
the pre-Eocene records of the two sections become juxtaposed in the Kamchatka orogen (see Vaes and
others, 2019 and references therein).
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orogenic architecture: Constructing orogens in a future supercontinent as thought

TaBLE 1

Ten rules (of thumb) of orogenesis

Pre-drift extension is typically ~300 km, and perhaps up to 500 km for thickened
crust.

Ocean Plate Stratigraphy (OPS), derived from MORB, IAT, OIB, or LIP crust,
may or may not accrete, as coherent nappes or as chaotic mélange.

Oceanic Large Igneous Provinces may cause subduction cessation or polarity
reversals, but eventually subduct, while leaving only minor accreted crustal relics.

Subduction of continental crust will be associated with accretion of its Continental
Plate Stratigraphy (CPS).

Extended continental crust (microcontinents, continental margins) will typically
subduct.

Non-extended continental crust does not subduct: if forced below an upper plate, it
will likely horizontally underthrust until the arrest of convergence.

The forearc of oceanic upper plate lithosphere will be preserved as ophiolites if

under-thrusted by OPS/CPS nappes and, eventually, a continental margin, followed

by slab break-off and subduction arrest.

Preservation of oceanic magmatic arcs lithosphere in the geological record requires

a subduction polarity reversal oceanward of the arc following ophiolite obduction.
Arcs on down-going plates may leave OPS nappes in the geological record.

Upper plate deformation is the result of the competition between absolute motion
of the upper plate and the subducting slab.

Upper plate lithospheric shortening is generally limited to 50-60%, after which
shortening steps outboard.

983

and colliding its margins, with two selected, different subduction zone configurations
as starting points.

Rules of Orogenesis

The theory of plate tectonics describes horizontal motions of the lithosphere
according to a set of geometric rules (for example Cox and Hart, 1986; Domeier and
Torsvik, 2019). These prescribe that plates move along divergent (ridges), convergent
(trenches) and transcurrent (transform) plate boundaries that end in triple junctions,
and that area is conserved (that is, area consumed at trenches is globally balanced by
area produced at ridges). New plate boundaries almost always form as a result of
breakup of older plates or change of nature of existing plate boundaries [but see the
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origin of the Pacific plate at a triple junction for an exception (Boschman and van
Hinsbergen, 2016) ]. New mid-ocean ridges following continental break-up form after
rifting that typically starts at pre-existing weak zones and lasts for 10 Ma or more (for
example, the East African Rift is aligned along a Precambrian crustal fabric; Ring,
1994; Theunissen and others, 1996) and their formation is often associated with the
arrival of mantle plumes and the eruption of LIPs (for example, Burke and Dewey,
1973; Buiter and Torsvik, 2014; van Hinsbergen and others, 2021). Formation of new
mid-ocean ridges within oceanic lithosphere occurs much quicker, typically within 1
Ma (for example, Mittelstaedt and others, 2008) and hence appears to fit well with
the assumption of plate rigidity. New subduction zones tend to initiate along existing
plate boundaries (transform faults or STEP faults, mid-ocean ridges, or ridge-parallel
detachment faults (Hall and others, 2003; Gurnis and others, 2004; Stern, 2004; Baes
and others, 2011; Leng and Gurnis, 2011; Maffione and others, 2015a; Giilscher and
others, 2019) or along passive continental margins or ancient fracture zones
(Nikolaeva and others, 2010; Maffione and others, 2017; van Hinsbergen and others,
2019a; Auzemery and others, 2020).

As pointed out by Domeier and Torsvik (2019), additional rules for plate tectonic
reconstructions may be inferred from our understanding of geodynamics — for exam-
ple, subduction zones have a greater tendency to roll back than to advance (Schellart
and others, 2008), or plate velocities typically do not exceed 20 cm/a, with a median
velocity of 4 cm/a (Meert and others, 1993; Zahirovic and others, 2015). However,
while these additional rules are firmly rooted in our current understanding of geody-
namics, applying them as a basis for kinematic reconstructions introduces circular rea-
soning when using plate reconstructions as boundary conditions for geodynamic
analysis. Geodynamic arguments are thus best used with caution and moderation
when making kinematic reconstructions.

An important caveat of the rules of plate tectonics, however, is that they describe
the Earth as covered by horizontally moving rigid plates that move along discrete plate
boundaries. While successful at first order and on long timescales, the process of oro-
genesis shows that this assumption is not always valid, particularly for convergent plate
boundaries, but also on rifts. Our tentative set of ‘rules of orogenesis' (table 1) aim to
provide a first- order prediction of how lithosphere deforms depending on its compo-
sition and its position on a subducting or overriding plate. For a subducting plate,
these rules of orogenesis prescribe how geological units typical for a given geographic
feature will behave once it arrives in a trench. For upper plates, we prescribe how de-
formation responds to relative and absolute motions of the subducting and overriding
plate and the intervening slab (fig. 8). Our rules are kinematic: they prescribe defor-
mation that will accommodate motion and make little inference on the dynamic driv-
ers behind deformation. As a result, we make no rules for when and where relatively
small-scale intraplate deformation will occur that results from the sum of stresses act-
ing on the boundaries of a plate, its tractions with the mantle, and internal body
forces.

Our rules of orogenesis primarily focus on deformation accommodated at con-
vergent plate boundaries, but there is also intracontinental deformation associated
with extension and breakup. Torsvik and others (2008) estimated that modern
(hyper)extended continental margins generally accommodated ~150 km extension
per margin during the ‘rift' phase prior to onset of oceanic spreading (the ‘drift'
phase). We thus apply 300 km as a general number for ‘pre-drift' extension, whereby
we note that this number is depending on for example, initial crustal thickness, the
width of the area that accommodates the extension, and the role of asymmetric
(hyper) extension. The extensional provinces of the Aegean region and Basin &
Range province, which both underwent crustal thickening prior to extension,
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accommodated ~400 km of extension without forming back-arc spreading ridges
(McQuarrie and Wernicke, 2005; van Hinsbergen and Schmid, 2012), and perhaps
up to 500 km of pre- drift extension would have been required for oceanization in
these regions.

For subducting plates, we identify ‘accretable’ units that may accrete OPS or CPS
sequences to an orogen (fig. 2) (see also Tetreault and Buiter, 2012, 2014). For OPS
units, we do not infer a necessity of accretion: there are well-known examples of
accreted seamounts (Isozaki and others, 1990; Xenophontos and Osozawa, 2004;
Sarifakioglu and others, 2017; Yang and others, 2019; Wan and others, 2021), but the
majority of subducting seamount chains in the Pacific basin are not associated with
accretion. Similarly, OPS may accrete with subduction-related island arc (IAT) base-
ment [for example the Oku-Niikappu arc of Hokkaido (Ueda and Miyashita, 2005) or
the Kronotsky arc accreted to Kamchatka and exposed on the Komandorsky islands
(figs. 12 and 13) (Bazhenov and others, 1992; Alexeiev and others, 2006)], or with
MORB basement (Isozaki and others, 1990; Safonova and others, 2016), but we find
no general rule to infer under which conditions such accretion occurs: in most cases,
MORB basement and overlying sediments do not accrete at all but entirely subduct.
Hence, we infer that periods of oceanic subduction may or may not lead to accretion
of OPS units, as coherent units, or as chaotic mélange.

Particularly prominent features on oceanic plates are oceanic plateaus formed by
LIPs. Such plateaus have a basaltic crust that may reach a thickness of 30 km or more
and may cover large areas (Kerr, 2003): the Ontong-Java Plateau is as large as
Madagascar. LIP arrival at trenches has led in places to arrest of subduction [for exam-
ple, the Cretaceous arrival of the Hikurangi plateau in New Zealand (Davy and others,
2008)], or triggered subduction polarity reversal [for example, the arrival of the
Ontong-Java plateau in the Vitiaz trench triggered the polarity switch to the New
Hebrides trench (Hall, 2002)]. Nevertheless, there are no major accretionary fold-
thrust belts that represent accreted oceanic LIPs, suggesting that they eventually
almost entirely subduct. For example, the Caribbean LIP is actively subducting along
the Maracaibo trench in northwestern South America. Some relics of the Caribbean
LIP were accreted to the NW South American margin in Late Cretaceous time, and in
situ crust of the Caribbean LIP is found on the Caribbean plate today (Mamberti and
others, 2003; Neill and others, 2011). Plate reconstructions show that as much as 1500
km of LIP-covered lithosphere must have been consumed by subduction at the
Maracaibo trench (Boschman and others, 2014). The vast majority of LIP crust and
lithosphere thus subducted without accretion and resides in the shallow-dipping
Maracaibo slab below northwestern South America (van der Hilst and Mann, 1994;
van der Meer and others, 2018). Similarly, the Hikurangi plateau offshore of New
Zealand has undergone two phases of subduction, in the Cretaceous and since the
Oligocene, but there is no extensive accretionary record of subducted Hikurangi pla-
teau rocks (Davy and others, 2008; Reyners and others, 2011). So, even though
(meta)basalt occurrences with a LIP geochemical signature have been reported from
accretionary fold-thrust belts, for example in the Pontides of northern Turkey (Can
Geng, 2004), or in the North American Cordillera (Tardy and others, 2001; Wells and
others, 2014), LIPs appear to (eventually) subduct without leaving a geological record
that is representative for their original paleogeographic dimension.

Recently, Wei and others (2020) claimed to have found evidence for such a sub-
ducted LIP in the subducted Kamchatka slab that is now located at the top of the
lower mantle. They showed novel seismological results that reveal that part of the
Kamchatka slab contains crust of more than 20 km thick. The along-slab distance to
the trench suggests that this thick crust subducted in the middle to late Miocene, and
Wei and others (2020) interpreted it as a LIP associated with the Hawaii-Emperor



986  D.J.J. van Hinsbergen and T.L.A. Schouten—Deciphering paleogeography from

seamount chain (fig. 12), whose oldest seamounts are currently located close to the
Kamchatka trench. They cited evidence for accreted Lower Cretaceous basaltic rocks
known as the Kamchatka Mys ophiolite complex exposed in eastern Kamchatka, with
a geochemistry consistent with plume-related magmatism (Portnyagin and others,
2008) as geological evidence for this LIP. However, these Kamchatka Mys ophiolites
are widely interpreted to represent a Late Cretaceous to Paleogene accretionary prism
that formed below the Kronotsky intra-oceanic arc that was active between ~85 and
40 Ma and whose relics are found structurally above the Kamchatka Mys ophiolites
(Khotin and Shapiro, 2006; Lander and Shapiro, 2007; Portnyagin and others, 2008)
(fig. 13). In the early Late Miocene, the Kronotsky arc and the associated Kamchatka
Mys accretionary prism accreted together to the Kamchatka accretionary prism
(Levashova and others, 2000, 2018; Solov'ev and others, 2004), but subduction below
the Kronotsky arc occurred 1000's of km to the east, within the Northern Pacific realm
(Konstantinovskaia, 2001; Shapiro and Solov'ev, 2009), and the associated slab, which
could contain a LIP associated with the Hawaii-Emperor hotspot chain, is not the
Kamchatka slab, but the North Pacific slab which is located in the lower mantle 1000's
of km east of Kamchatka (van der Meer and others, 2010; Domeier and others, 2017;
van der Meer and others, 2018; Vaes and others, 2019) (figs. 12 and 13). The thick
crust imaged by Wei and others (2020) in the Kamchatka slab more likely represents
the subducted underpinnings of the Kronotsky intra-oceanic arc instead of a LIP (fig.
13), and whether or not the Hawaii-Emperor hotspot chain was ever associated with a
now-subducted LIP remains to be demonstrated. Nonetheless, bathymetric features
on the ocean floor such as seamounts, fossil arcs, and even large igneous provinces
subduct without preserving an accretionary record, they may become ‘ghost impac-
tors' that may transfer stresses to the overriding plate and trigger deformation (Wan
and others, 2021). Such ghost impactors could explain enigmatic orogenesis [for
example, the Cretaceous Palmer Land orogenic event of the Antarctic Peninsula
(Vaughan and others, 2012) |, but we do not include any deformation associated with
ghost impactors in our forward modeling scenarios.

We consider all fragments of continental crust on downgoing plates as ‘accret-
able' and assume that of all subducting continental crust CPS will be accreted. In addi-
tion, we assume that extended continental crust (that is whole microcontinents or
stretched continental margins) will subduct upon arrival in a subduction zone and
that its CPS accretes, but that arrival of non-extended crust culminates in slab break-
off and triggers the arrest of convergence. If convergence continues non-extended
continental crust will horizontally underthrust the upper plate, with horizontal Indian
underthrusting below Tibet as an example (Nabelek and others, 2009) (fig. 6). For
our thought experiment, we will use the somewhat arbitrary measure that we assume
that submerged continental crust (that is continental margins, or microcontinents of
the Mascarene Plateau (Seychelles, Mauritius) (Torsvik and others, 2013; Ashwal and
others, 2017)) are sufficiently extended to subduct, whilst arrival of emergent conti-
nents such as Madagascar in a trench will lead to subduction arrest.

Finally, the leading edge of upper plate oceanic, lithosphere will become pre-
served as ophiolites in an orogen if it is underthrusted by CPS or OPS nappes, and
eventually a continent, followed by subduction arrest. Because after ophiolite obduc-
tion there is still oceanic crust present in the former upper plate, the eventual posi-
tion of ophiolites in an orogen after full ocean closure depends on where subduction
relocates after collision. If polarity reverses, such as in Kamchatka (see for example
Konstantinovskaia, 2001) (figs. 12 and 13), forearc ophiolites and potentially the asso-
ciated volcanic arc become incorporated as the highest structural unit of the orogen,
in the upper plate of the younger active continental margin. If subduction transfers to
the opposite continental margin, the ophiolite and underlying accreted OPS and CPS
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units may become a composite nappe in a younger accretionary fold-thrust belt, such as
in the Balkan-Aegean orogen (for example, Schmid and others, 2020) (figs. 3 and 4).

Upper plate deformation is the result of the competition between absolute
motions of the downgoing plate and the subducting slab (§engér, 1990; Lallemand
and others, 2005, 2008; Oncken and others, 2006; Sdrolias and Miuller, 2006; Schellart
and others, 2008; Cawood and others, 2009; Schepers and others, 2017) (fig. 8). One
end-member scenario for upper plate shortening is the absolute advance of an upper
plate outpacing roll-back of the subducting slab. In this case, the slab bend advances
relative to the overriding plate (even if it may retreat relative to the mantle), and a flat
subduction segment with enhanced plate contact area develops that increases friction
at the plate contact, driving upper plate shortening. This is the classical case of the
Andes (Oncken and others, 2006; Schellart and others, 2008) but probably also
explains the Laramide orogeny in western North America (Boschman and others,
2018). The other end member is the opposite case where absolute advance of a slab
outpaces upper plate retreat. A variation on this theme is where the downgoing plate
carries a continent below an upper plate and does not subduct but underthrusts hori-
zontally below the upper plate. In that case, continental edge advance (van
Hinsbergen and others, 2020a) may be a better description than slab advance (fig. 8).
Continental edge advance applies to the Neogene of Tibet, Iran, and eastern
Anatolia, where following their respective arrivals at the southern Eurasian margin,
continental lithosphere of India and Arabia advanced well beyond the original loca-
tion of subduction and well beyond the suture, despite upper plate shortening that
effectively led to upper plate retreat (Nabelek and others, 2009; Paul and others,
2010; Replumaz and others, 2010b; Agius and Lebedev, 2013; van der Meer and
others, 2018; van Hinsbergen and others, 2019b). However, the last slab to break off
India, currently residing in the upper mantle and top of the lower mantle below the
Himalaya, is clearly overturned and offset northward, that is in the direction of Indian
plate motion, relative to the deep lower mantle anomaly that is widely interpreted to
contain most subducted Neotethyan lithosphere (Van der Voo and others, 1999;
Replumaz and others, 2010b; Parsons and others, 2020). This demonstrates that also
prior to the arrival of buoyant Indian lithosphere the slab advanced, over a distance of
some ~600 km, perhaps in response to interactions with the mantle transition zone,
and likely caused flat slab subduction (van Hinsbergen and others, 2019b).

Regardless of the interpreted dynamic drivers, upper plate shortening may corre-
late with lengthening of the plate contact and enhanced friction, of which the arrival
of buoyant crust in a trench may be one, but certainly not the only driver.

Upper plate shortening is mostly accommodated by roughly trench-normal short-
ening, such as in the Andes (McQuarrie, 2002; Oncken and others, 2006; Ramos,
2009; Schepers and others, 2017), or in the North American Cordillera (DeCelles,
2004; Yonkee and Weil, 2015). Kinematic reconstructions of plateau shortening yielded
estimates that after ~50 to 60 percent of upper plate shortening plateaus tend to grow
outward instead of upward (England and Houseman, 1989; Tapponnier and others,
2001). Particularly in the Tethyan realm, however, some upper plate shortening is also
accommodated by lateral, roughly trench-parallel extrusion, for example towards adja-
cent oceanic subduction zones. Such extrusion is well documented around the eastern
Himalayan syntaxis in eastern Tibet and Indochina (Tapponnier and others, 1982;
Leloup and others, 1995), in Anatolia (Dewey and $engor, 1979; Sengor, 1979), and per-
haps also around the western Himalayan syntaxis, towards Afghanistan, and eastern Iran
(Tapponnier and others, 1981; Bagheri and Gol, 2020). Kinematic reconstructions of the
effects of extrusion reveal that the contributions to accommodating shortening are lim-
ited: extrusion may have accommodated several hundred km of upper plate shortening
in eastern Tibet, but this decreases rapidly westwards (Li and others, 2017) and extrusion
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of Anatolia accommodated no more than some tens of km of trench-normal shortening
north of northwestern Arabia (van Hinsbergen and others, 2020b). In our constructions,
we do not model extrusion, and as a rule of thumb, we apply a conservative maximum of
50 perecent for upper plate shortening.

Deriving a quantitative relationship about the partitioning of slab advance relative
to an upper plate, and upper plate shortening is more challenging. For many regions in
the Andes, except for two flat slab segments of a few hundred kilometers wide, the Nazca
slab bend is located close to the trench, suggesting that the ~1000 km of South
American plate advance has been fully accommodated by the combined effect of slab
roll-back and upper plate shortening. In Tibet, the last slab to break off, around 25 to 15
Ma is offset ~600 km northwards relative to a deeper slab that broke off ~40 to 35 Ma,
revealing slab advance, yet is located directly below the Indus-Yarlung suture (Replumaz
and others, 2010b; van Hinsbergen and others, 2019b). This shows that much of the
~600 km of slab advance was accommodated by upper plate shortening. On the other
hand, after the 25 to 15 Ma slab break- off episode, India has underthrusted subhorizon-
tally below Tibet over a distance of up to ~800 km in the Miocene (Agius and Lebedev,
2013; van Hinsbergen and others, 2019b), during which time there was only a few hun-
dred km of upper plate shortening (van Hinsbergen and others, 2011a). Hence, we
derive no general rule for partitioning at this stage, and our constructions merely display
the expected style of deformation during phases of slab or upper plate advance.

Upper plate extension results from divergence between the slab and upper plate,
with slab roll-back outpacing upper plate advance, or upper plate retreat outpacing
slab advance as end-members (Lallemand and others, 2005, 2008; Sdrolias and
Miiller, 2006). For extending upper plate lithosphere consisting of continental crust
or previously accreted fold-thrust belts, we apply the same rules of thumb as for conti-
nental break-up: formation of back-arc spreading ridges occurs following a phase of
pre-drift extension, the amount of which depends on crustal thickness and may vary
from ~300 to 500 km (table 1), and may take tens of Ma (for example, (Gautier and
others, 1999; McQuarrie and Wernicke, 2005; Jolivet and Brun, 2010; van Hinsbergen
and Schmid, 2012). Upper plate extension may reactivate weak zones in the upper
continental or oceanic plates, either within hot and weak arcs, or reactivating pre-
existing weak zones, aided by local convection above subduction zones (for example,
Sdrolias and Miiller, 2006; Jolivet and others, 2009).

Where relative plate convergence occurs oblique to the margin, strain may parti-
tion over strike-slip faults and megathrusts (for example, Jarrard, 1986; Philippon and
Corti, 2016). Like all subduction zones, oblique subduction zones may be associated
with accretion of OPS or CPS, but the accretionary fold-thrust belt, and fragments of
the upper plate lithosphere, may migrate laterally along the plate boundary, for exam-
ple, in Sumatra (Malod and Kemal, 1996), or Myanmar (Morley and others, 2019)
(fig. 6). Oblique subduction may be associated with upper plate extension, for exam-
ple, pre-Miocene Basin and Range (Schellart and others, 2010) or shortening (for
example, in parts of the Andes; McQuarrie, 2002), but the upper plate shortening
and extension directions are in such cases often oblique to the trench (fig. 1). Lateral
transport of forearc slivers may simply terminate in trench-trench-transform triple
junctions, for example, in the Sea of Java (Schluter and others, 2002; Bradley and
others, 2017), but may also result in margin-parallel extension, for example, the
Andaman Sea (Curray, 2005) ), or margin-parallel shortening forming fold-thrust belts
at high angles to the trench, for example, in California along the San Andreas fault
system (Kimura, 1996). In addition, major trench-parallel motion, on the order of
1000 km or more, may lead to large-scale buckling of the forearc sliver, forming oro-
clines, for example, in Alaska (Johnston, 2001; Shaw and Johnston, 2016) and eastern
Australia (Cawood and others, 2011b; Rosenbaum, 2012).
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Finally, in addition to crustal deformation related to relative oblique plate
motion, a recently realized additional phenomenon is slab dragging: the motion of a
slab that is driven by absolute motion of a subducting plate, with the absolute motion
component parallel to the slab as the most easily recognized form of dragging
(Spakman and others, 2018). For instance even though the relative convergence
direction between the Pacific and Australian plates at the Tonga trench is more or less
trench-normal, the absolute motion of both plates share a strong northward compo-
nent, which led to > 1000 km of trench-parallel slab dragging (van de Lagemaat and
others, 2018) (fig. 8). Trench-parallel slab dragging must also affect the Burma slab
that is subducting eastwards below the West Burma block in Myanmar (fig. 6), but
that is attached to the rapidly northward moving Indian plate (Le Dain and others,
1984). The effects of slab dragging on the geological record are still poorly explored.
Enigmatic slab-parallel shortening in Morocco (Capella and others, 2017), and poorly
understood slab-parallel relative motion of mantle deduced from earthquakes around
the Tonga slab (Giardini and Woodhouse, 1986) have been ascribed to trench-lateral
slab dragging (Spakman and others, 2018; van de Lagemaat and others, 2018; Capella
and others, 2020). Also, upper plate shortening in the northeastern Caribbean plate
has been tentatively linked to the transition from trench-normal to trench-lateral abso-
lute subducting plate motion (van Benthem and others, 2014; Philippon and others,
2020). It is at this stage too early to infer ‘rules' for the effect of slab dragging, but
such trench-parallel absolute slab motion may affect for example the propensity of
slabs to roll back or advance (Chertova and others, 2014), and the examples above
show that it may modify upper and lower plate deformation patterns.

A Geological Timescale of the Future

In describing and portraying geological evolution, it is common and convenient
to subdivide geological time into eons, eras, periods, and epochs. For the geological
past, such timescales are primarily based on bio- or magnetostratigraphy (for example,
Gradstein and others, 2012), which is obviously an impossible basis for the future, but
to stay on par with common geological literature, we defined for our thought experi-
ment a geological timescale for the next 250 Ma (fig. 14). We color code isochrons in
our tectonic maps according in accordance with the timescale. The 250 Ma long Eon
of the ‘Agnostozoic’ refers to the unknown, the Eras are 100 Ma long Neozoic (new)
and 150 Ma long Mellontozoic (future), the 50 Ma long Periods refer to circum-
Indian Ocean languages, and the 10 Ma long Epochs to the numerals from one to five
in these languages. The unit of time is Mega annum (Ma), but to indicate future time,
we add ‘future tempore', with abbreviation Maft.

Methods and Boundary Conditions

For our construction of future orogens, we used GPlates plate reconstruction soft-
ware (Miller and others, 2018). For the drift of major continents, we used rotations
and polygons from Davies and others (2018) and added bathymetric and plate tec-
tonic features of the modern Indian realm using polygons of Matthews and others
(2016). Shape and rotation files of our modeled scenarios are provided in the supple-
mentary information.

Davies and others (2018) constructed future supercontinents using three philoso-
phies: introversion, extroversion and orthoversion, that make different assumptions
about the nature of mantle convection on long geological timescales. Because the
Indian Ocean contains irregular continental margins, as well as microcontinental
realms and intervening ocean basins, we selected this region to apply the ‘rules of oro-
genesis'. We therefore selected the ‘extroversion' scenario from Davies and others
(2018), which creates the future supercontinent ‘Novopangea', as basis for our



990

D.]J.]. van Hinsbergen and T.L.A. Schouten—Deciphering paleogeography from

Geological timescale for the future

550 Eon Era Period Epoch
Limacene
240-
Empatocene
230-
220-
2104
[3)
S 200
o Tanocene
c 190-
7] Nnecene
+ 1804
v Mellontozoic Tatucene
S 1704
=
= 1604
£ 150
c Ngarrocene
% 1404
S 130 Layyocene
(@) .
v Agnostozoic
S 120-
1
w 1104
Y
g 100
— Dimycene
@ 90-
£
i= 80
70
60 -
504 Neozoic
Panchacene
40
Characene
30-
20-
10
0

Fig. 14. Geological timescale for the future.



orogenic architecture: Constructing orogens in a future supercontinent as thought 991

thought experiment, in which the Indian Ocean closes and the Somali and Indian
margins collide. In this scenario, the East African rift develops into an ocean and sepa-
rates a plate that carries Somalia from Nubia in the Tinacene (fig. 14), at 25 Maft:
while the Nubian continent continues its motion to the North, this fully developed
Somalian plate, including Madagascar, drifts east to northeastward and converges
with India. The model of Davies and others (2018) assumes that there is no future rel-
ative motion between India and Asia, and that both are part of a merged Indo-
Eurasian plate. Australia keeps converging with Eurasia, and a plate boundary must
exist in the eastern Indian Ocean, but we do not construct the eastern Indian Ocean
in detail. The arrest of convergence between Somalia and Indo-Eurasia occurs at the
end of the Swahilian (200 Maft).

Davies and others (2018) cast their constructions in a hypothetical absolute plate
motion context and we use their choices on relative, as well as absolute, plate motions
(east to northeastward for both Somalia and India) as boundary condition for our
thought experiment. However, the models of Davies and others (2018) only display
continental drift and define no plate boundaries. We thus add ridges and transforms
in case of divergence and transcurrent motion, and subduction zones in case of con-
vergence. To illustrate how different choices of initial subduction geometry lead to
different orogenic architecture, even with the same starting geography and bounding
plate motions, we select two initial subduction zones in the Indian ocean: one starting
along the modern Carlsberg Mid-ocean ridge and one starting along the western
Chagos-Laccadive Margin, west of India. In addition, we added polygons of accretable
units of the modern Indian Ocean (fig. 15).

Initial Conditions: Modern Geographical and Geological Architecture of (Circum-)
Indian Ocean

The Indian Ocean separates Nubia (Africa) and Arabia in the west, and is
bounded by the Makran Subduction zone in the north, India in the northeast,
Australia and the Sunda Subduction zone in the east, and Antarctica in the South
(fig. 16). The Indian Ocean is not a single oceanic basin but rather displays a complex
mosaic of smaller ocean basins separating (micro)continental blocks that presently
span four different tectonic plates: the Arabian, Indo-Australian, Nubian, and
Antarctic Plates. The latter three are separated by mid-oceanic spreading ridges that
meet in a triple junction (fig. 15) (for example, McKenzie and Sclater, 1971). Arabia
and Nubia are separated by the Red Sea Spreading ridge, Arabia and Somalia by the
Gulf of Aden ridge, and Arabia and India by the Owen Fracture Zone (for example,
Fournier and others, 2011). The latter two meet in a triple junction with the
Carlsberg Mid-ocean ridge between India and Somalia (fig. 15). Because the Antarctic
Plate diverges from the Indo- Eurasian, Somalian, and Nubian plates in the
Novopangea construction, we do not consider the accretable units of this plate for
our future orogens. We also do not construct a detailed geology for between the
diverging Nubian and Somalian continents, apart from a set of isochrons. In addition,
Arabia does not play a key role in the closure of the Indian Ocean in the Novopangea
scenario of Davies and others (2018), and by the end of India-Somalia convergence
there has not been interaction yet between the Australian continent and Somalia or
Madagascar. We therefore simply assume the formation of the “Red Sea Orogen” as a
result of Nubia-Arabia convergence and do not explicitly construct its orogenic archi-
tecture. It is geodynamically likely that the Sunda subduction zone below SE Asia (fig.
16) will roll-back, fragment, and consume Indian Ocean lithosphere in the future,
and complex scenarios may be modeled similar to those that formed the Central
Asian Orogenic Belt (Wakita and others, 2013). While such an exercise may serve as
proof-of-concept for models to reconstruct Central Asia, this is beyond the scope of
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Fig. 15. Schematic tectonic map of the Indian Ocean realm. CaF = Cambay Fault, CaR = Calsberg
Ridge, CLC = Chagos-Laccadive Chain, Com = Comores, Dec = Deccan volcanic province, EAR = East
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Hadiboh subduction zone (scenario 1, see figure 17); Lax = Laxmi Basin, Mad = Madagascar, MaF =
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tion zone (scenario 2, see figure 19), NaF = Narmada Fault, OwT = Owen Transform, RSR = Red Sea
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our study, and in our constructions, we assume that the Sunda Trench does not
change its modern position relative to Indo- Eurasia. Our construction thus focuses
on the Indian oceanic realm between India, Madagascar, and Somalia.

The Indian subcontinent contains a mosaic of Precambrian cratonic blocks and
intervening Paleozoic or older former mobile belts inherited from the amalgamation
of Gondwana and earlier supercontinents (Meert, 2003). Some of these intervening
paleo-fault zones have been reactivated, are seismically active, and are potential loca-
tions for intra/upper plate deformation in our scenarios: these are the WSW-ENE
Narmada-Son Fault Zone (Kumar and others, 2000; Rai and others, 2005) that runs
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approximately over most of the Indian continent, the NW trending Cambay Fault in
the northwest (Yadav and others, 2011) and the Godavari and Mahanandi Rifts in the
south (Rao, 2000; Mazumder and Eriksson, 2015) (fig. 15).

The Indian Ocean to the south and west of India is characterized by several oce-
anic basins and large intervening bathymetric highs. Off the western margin of India
lies the Laxmi Ridge, a microcontinental sliver that is separated from the Indian
Continent by a narrow Paleocene ocean basin (Bhattacharya and others, 1994;
Talwani and Reif, 1998). To the south and southwest of India lies the N-S trending
Chagos-Laccadive Ridge that extends from 15°N to 10°S (fig. 15). The Laccadive
Ridge in the north (15°N-8.5°N) contains extended continental crust (Nair and
others, 2013) whereas the Chagos Ridge in the south (8.5°N-10°S) is thought to be
volcanically thickened oceanic crust that may have resulted from interaction of the
Reunion hotspot with the early Carlsberg ridge (Ashalatha and others, 1991;
Henstock and Thompson, 2004; Nair and others, 2013). On the Somalian plate lies
the bathymetric high of the arcuate Mascarene Plateau (fig. 11). The nature of the
thickened crust is thought to mirror that of the Chagos-Laccadive Ridge: it is well
established that the northernmost section of this plateau, the Seychelles bank, is conti-
nental in nature based on the presence of granitic rocks of Neoproterozoic age
(~750 Ma) (Torsvik and others, 2001; Tucker and others, 2001) while it has long
been thought that the southern part consists of thickened oceanic crust as a result of
interaction between the Reunion Plume and the Carlsberg Ridge (for example,
Bonneville and others, 1988; Mart, 1988). However, recent findings of zircon xeno-
crysts of Neoproterozoic age in upper Neogene basalts on Mauritius in the south of
the Mascarene Plateau (Torsvik and others, 2013; Ashwal and others, 2017) show that
the hotspotrelated volcanics formed on a ridge of continental crust. Torsvik and
others (2013) proposed that the Mascarene Plateau overlies a microcontinent with
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stretched Precambrian crust that was once contiguous with the Chagos-Laccadive
Ridge before they were separated by a ridge jump from the Mascarene basin to the
Carlsberg Ridge around 63 Ma (Collier and others, 2008; Ganergd and others, 2011).

Prior to ~63 Ma, the India-Africa plate boundary was located in the Mascarene
Basin (figs. 15 and 16), which opened since the mid-Cretaceous (Schlich, 1974; Gaina
and others, 2015), separating the Mascarene Ridge microcontinents, then still part of
India, from Madagascar (Torsvik and others, 2013). Madagascar consist largely of
Precambrian rocks related to Gondwana formation and older orogens, covered by
Paleozoic to recent sediments, and intruded and overlain by a Cretaceous LIP
(Windley and others, 1994; Torsvik and others, 1998). Madagascar was separated, to-
gether with India and Mascarene Microcontinents, from Africa by the opening of the
oceanic Mozambique Channel between ~160 and 135 Ma (Storey and others, 1995;
Gaina and others, 2013). In the north of the Mozambique Channel are the Comores
islands that form part of a hotspot track (Emerick and Duncan, 1982) (figs. 15 and 16).

Finally, the African continent consists of cratonic blocks and intervening
Paleozoic and older orogens that formed during assembly of Gondwana and earlier
supercontinents (Lenoir and others, 1994; Stern, 1994; Kroner and Sassi, 1996). From
the triple junction with the Red Sea and the Gulf of Aden to the south, the East
African Rift system separates the Nubian and Somalian continents (Chorowicz, 2005;
Corti, 2009) from where it connects as a diffuse plate boundary to the Nubia and
Somalia-Antarctica ridges in the South Indian Ocean (Stamps and others, 2008) (fig.
15). In the Novopangea scenario of Davies and others (2018), the East African rift
develops into an ocean basin, and this forms the western boundary of our thought
experiment.

Results

Scenario 1: Subduction initiation at the Carlsberg Ridge.— At the base of the Ekacene,
at 0 Maft, subduction of the Somalian plate under the Indo-Eurasian plate is initiated
at a location coinciding with the present-day Carlsberg mid-ocean ridge creating the
intraoceanic Hadiboh subduction zone (fig. 17). We model this trench as mantle station-
ary. As a result, the northeastward absolute motion of Indo-Eurasia prescribed by
Davies and others (2018) requires upper plate extension. We accommodated this
extension by the formation of the new Kharif supra-subduction zone spreading ridge that
develops in the forearc of the upper, Indo-Eurasian plate and migrates northeastward
relative to the Habidoh Trench at halfspreading rate. The Kharif Spreading ridge
cuts a section off the Indian plate to create a new Kharif oceanic microplate.

The Mascarene Plateau arrives obliquely at the Hadiboh subduction zone in the
Tinacene-Characene, between 28 to 33 Maft and subducts below the Kharif
Microplate (fig. 17B), whereby its sedimentary cover accretes as the 1900 km wide
Mascarene Nappes. This accretion uplifts the leading edge of the Kharif oceanic micro-
plate as the Antsiranana Ophiolites. This is followed by ongoing northeastward subduc-
tion consuming the Mascarene Basin during which OPS may accrete. Farther north,
the Somalian continental margin arrives in the Hadiboh subduction zone in the
Tinacene, at 28 Maft, also uplifts the forearc of the Kharif Plate and forms the Hobyo
Ophiolites below which CPS of the Somali passive margin accretes as the Kismayo-
Mogadishu Nappes (fig. 17B). Following our general rule that unstretched, emergent
continental crust will not subduct, its arrival in the Hadiboh subduction zone stops
subduction. We model that ongoing convergence is accommodated by a polarity re-
versal that consumes Kharif Plate lithosphere westward beneath the Somali Margin,
forming the Ras Caseyr Subduction zone (fig. 17B). At this subduction zone, OPS may
accrete from the Kharif Plate, and after Kharif Ridge subduction, the Indo-Eurasian
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Plate. The high angle of the Somali Margin and the Hadiboh subduction zone results
in a diachronous obduction and polarity reversal starting in the Tinacene, at 28 Maft,
in the north and ending at the end of the Panchacene, at 50 Maft, in the south (figs.
17B-17D).

To the south, the Madagascar Margin arrives in the Characene, around 40 Maft,
at the Hadiboh Trench. This accretes Madagascar Margin CPS as the Toamasina
Nappes below the Mascarene Nappes and possibly underlying OPS or mélange. Like in
Somalia, we assume that the arrival of the Madagascar unstretched, emergent
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continent in the trench halts subduction of the Hadiboh subduction zone, and leads
to a polarity reversal, producing the Ambre subduction zone along the eastern
Madagascar Margin. The obliquity of this margin dictates that this polarity reversal
also propagates from north to south. The southern limit of the Mascarene Nappes,
coinciding with the geographic location of Mauritius, is thrust upon central-eastern
Madagascar. To the south of this, the Farafangana Ophiolites are not underlain by the
Mascarene Nappes, but only by OPS or mélange, and directly overlie the Toamasina
Nappes.

The polarity reversals along the Somali and Madagascar margins isolate an
increasingly narrow east-dipping Hadiboh subduction zone between the west-dipping
Ras Caseyr and Ambre subduction zones. Narrowing slabs have an increasing propen-
sity to roll-back (for example, Schellart and others, 2007) and we model Hadiboh sub-
duction roll-back around the northern tip of Madagascar into the north Mozambique
Channel, whereby OPS from the Comores Seamounts may accrete below the
Mascarene Nappes. This leads to ~180° counterclockwise rotation of the Mascarene
Nappes and overlying Antsiranana Ophiolites, before they become emplaced over
the northwestern margin of Madagascar in the Panchacene, between ~40 and 50
Maft. Emplacement drives accretion of CPS of the Madagascar margin as the
Toamasina Nappes, and these nappes hence form a contiguous belt from western, to
northern, to eastern Madagascar with a tight oroclinal shape (fig. 17D).

However, whereas the Mascarene Nappes rotated up to a 180° from an original
N-S position, the parallel striking Toamasina Nappes do not undergo significant rota-
tions. In addition, the CPS of the Toamasina Nappes of western Madagascar contains
a much older (~180-160 Ma) passive margin sequence than those on eastern
Madagascar (~100-80 Ma).

At the end of the Panchacene, around 50 Maft, the Hadiboh subduction zone
has everywhere collided with the Somali-Mozambique Margin. The roll-back of the
subduction zone into the Mozambique Channel is associated with diachronous, south-
ward propagating slab break-off along both the Mozambique Margin in the west and
the western Madagascar Margin in the east, and the remaining subduction zone
becomes progressively narrower as it rolls back southward. In our model, we assume
the subduction zone does not propagate and widen into the south Mozambique
Channel but breaks off when the trench arrives at the narrowest part of the channel.
The result is a southward convex orocline, with ~180° counterclockwise rotated
Antsiranana Ophiolites and Mascarene Nappes on western Madagascar, and not sig-
nificantly rotated, but far displaced Mascarene Nappes and overlying ophiolites, to-
gether with perhaps accreted OPS from the Comores, overlying the Dares- Salaam
Nappes that comprise CPS from the Mozambique Margin. Where the Mascarene
Nappes no longer exist, the Dar-es-Salaam Nappes are directly overlain by the Nyoka
Ophiolites and possibly underlying OPS and mélange. The Nyoka Ophiolites are the
northward continuation of the Farafangana Ophiolites and transition northward into
the Hobyo Ophiolites. The Dar-es-Salaam Nappes transition northward into the
Kismayo-Mogadishu Nappes (fig. 17D). The interaction of the Madagascar and east
Somali margins with the Hadiboh subduction zone thus forms a belt of ophiolites that
contains two sharp oroclines overlying passive margin CPS, and from Mozambique,
along western and northern to central eastern Madagascar also contains the far-
traveled Mascarene Nappes. The system is overlain by the Farafangana, Antsiranana,
Nyoka and Hobyo ophiolites, whose emplacement on a continental margin occurs dia-
chronously between the Tinacene and Panchacene, 28 to ~50 Maft. The northern
Mozambique Channel is underlain by back-arc basin crust that formed above the
Hadiboh subduction zone in the Panchacene, between ~40 and 50 Maft, whereas the
southern Mozambique Channel is underlain by oceanic crust that formed during
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Jurassic separation of Madagascar and Africa. Upon arrest of the Hadiboh subduction
zone, spreading at the Kharif spreading ridge ceases and after 50 Maft, the system
returns to two plates, Somalia in the southwest, and Indo- Eurasia in the northeast.
Spreading in the Kharif Forearc was nearly perpendicular to the mantle-stationary
Hadiboh Trench from subduction initiation at 0 Maft onwards. Absolute Indo-
Eurasian Plate motion of 3 cm/a (Davies and others, 2018) thus equals the spreading
rate at the Kharif Forearc, and ophiolitic crust of the forearc records this at half-
spreading rate of 1.5 cm/a or 15 km/Ma. In our construction, the width of the 5000
km long ophiolite belt is ~100 km, which would have formed in the first ~7 Ma after
the onset of SSZ spreading, from 0 to ~7 Maft.

Following polarity reversal, we model that the Ras Caseyr and Ambre Trenches
are connected through the Miwari Transfer Fault (figs. 17D-17F). The Somali Plate
undergoes eastward absolute plate motion and hence advances towards the west-dip-
ping Ras Caseyr and Ambre Subduction zones. We assume that trench rollback veloc-
ity is lower than overriding plate advance, resulting in Andean-style overriding plate
contraction and perhaps episodic flat slab subduction. This leads to uplift of the
Somali and Madagascar plateaus in response to upper plate shortening, which we assign
an arbitrary 360 km of contraction from the Characene to the Efatracene (37-88
Maft) in northern Somalia, decreasing to ~140 km from the Panchacene to the
Layyocene (48-140 Maft) in the southern section of the Somalian Continent, and
~100 km of contraction in Madagascar from the Panchacene to the Tanocene (40-
200 Maft).

Upon closure of the Indian Ocean all ocean floor that had formed at the pre-
subduction initiation Carlsberg Ridge in the Cenozoic (~63-0 Ma) (Collier and
others, 2008) and subsequently at the supra-Hadiboh Subduction Kharif Ridge in the
Bengalian (0-50 Maft) has been consumed. The Indian Margin first arrives in the Ras
Caseyr Trench in the Efatracene (88 Maft). From this moment onward, the former
Horn of Africa overrides the Indian Continent around the Kathiawar Peninsula, creat-
ing the Kathiawar Nappes comprised of Indian Margin CPS as well as remnants of the
Deccan Traps—related volcanic complexes from the former Kathiawar Peninsula
(Krishnan, 1963). The Kathiawar collision zone subsequently forms a pivot for the
Somali Plate that starts rotating counterclockwise relative to India (Davies and others,
2018). This moves the Kathiawar Nappes northward, whereby the previously under-
thrust western Indian Margin exhumes, or ‘educts' (Andersen and others, 1991). The
thus formed West-Indian Gneiss Region exposes metamorphosed India-derived nappes
and crystalline basement (fig. 12). The Somalia-India rotation also diachronously
closes the remaining Indian Ocean until the Mbilicene (170 Maft). While the associ-
ated, slow convergence may invite roll-back of the Ras Caseyr Slab and opening of
back-arc basins within the Somali margin and overlying nappes of OPS and CPS and
ophiolites, we do not add this complexity to our construction. Instead, we model a dia-
chronous arrival of the Indian margin in the Ras Caseyr Subduction zone and the
accretion of the CPS of the northern part of the Chagos-Laccadive Ridge and Indian
Margin as the Malabar Nappes below the Somali margin (figs. 17E and 17F). In the cen-
tral part of the collision zone, CPS of the Laxmi Ridge will accrete as a separate Laxmi
Nappe separated by possibly accreting Laxmi OPS or mélange derived from the Laxmi
Basin from the underlying Malabar Nappes but our maps simply display this as one
coherent fold-thrust belt (figs. 17F and 18B). By 200 Maft, convergence between
Somalia and India comes to a halt, and has formed the Somalaya Orogen, with the east-
verging, Mellontozoic (Myanmarian-Swahilian) (figs. 17 and 18) India-derived nappes
to the east and the Somali Plateau fringed by the west-verging, mostly Neozoic (mostly
Bengalian) Hobyo Ophiolites and underlying Somali Nappes to the west, separated by
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the Kilwa suture zone that may or may not contain OPS relics and subduction mélange
(figs. 18A and 18B).

Finally, the relative India-Somali plate rotation predicts that the southern Indian
Margin arrives just north of the Mtwari Transfer Fault in the Ras Caseyr subduction
zone. To the south, the Laccadive Ridge arrives in the Ambre subduction zone adja-
cent to the Madagascar Plateau. We model that this arrival accretes CPS of the Chagos
Nappes, including extensive volcanic successions of the Chagos-Laccadive Ridge, to the
east Madagascar Margin, after which westward subduction continues until the end of
our modeled interval at 200 Maft (fig. 18C).

Scenario 2: Subduction Initiation at the Indian-Laccadive Margin

In the second scenario, convergence between the Somali and Indo-Eurasian
Plate initiates the Malé subduction zone along the western margin of the Chagos-
Laccadive Ridge/Chain. As in Scenario 1, we assume that this east-dipping subduction
zone is initially mantle stationary. The ~3 cm/a northeastward absolute motion of the
Indian Plate modeled by Davies and others (2018) then requires that the upper plate
above the Malé Subduction zone under-goes extension. We chose to accommodate
extension within the Indian Continent by interconnecting the reactivated Cambay
fault zone, the Narmada-Son fault zone, and the Mahanandi Rift (fig. 19). In the
Duicene, by 12 Maft, this extension has exceeded 300 km, accommodated by pre-drift
extension of the Rewa Rift within Indian continental crust, and marks the onset of for-
mation of a slow-spreading Rewa spreading ridge. As a consequence, the Indian conti-
nent is split into two, creating the Dakshinapatha Plate (and Dakshinapatha Continent) in
the upper plate of the Malé subduction zone, and the Uttarapatha Subcontinent that is
part of the Indo-Eurasian Plate (figs. 19A and 19B).

Keeping the Malé subduction zone mantle-stationary throughout the conver-
gence history has a side-effect that the eastern Arabian Margin would start subducting
in the northern part of the Malé subduction zone. Because we intend to show what
effect the initial subduction zone configuration has on orogenic architecture resulting
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from collision of the Indian and Somali margins, we preferred to avoid this complica-
tion and chose to slowly migrate the Malé subduction zone, and the Dakshinapatha
Plate, southward such that the relative Dakshinapatha-Arabia motion is accommo-
dated along a future version of the Owen Fracture Zone (fig. 19).

With this modification, the Mascarene Plateau arrives in the Malé subduction
zone in the Characene, between 31 to 37 Maft, and its lower crustal and lithospheric
mantle underpinnings are diachronously subducted whereas its sedimentary cover is
accreted as the 2300 km long Mascarene Nappes below the Laccadive lithosphere in the
upper plate. Following this accretion, oceanic subduction of the Mascarene Basin may
be associated with OPS accretion below the Mascarene Nappes.

In the north, the former Horn of Africa arrives at the Malé Trench in the
Characene, at 37 Maft, and starts subducting while accreting margin CPS as the Punt
Nappes below the northern Dakshinapatha Margin (and possibly below previously
accreted OPS nappes or mélange) (fig. 19). Because it is unlikely that the thick conti-
nental crust of the Horn of Africa will subduct steeply into the mantle, and it is not
kinematically possible to relocate subduction elsewhere, we assume that the Horn of
Africa horizontally underthrusts Dakshinapatha. In response, Dakshinapatha is short-
ened to form the Sawrashira Plateau. In contrast, we assume that towards the south,
where oceanic crust continues to subduct below Dakshinapatha along the Malé
Subduction zone, no flat slab subduction occurs, and we model a neutral upper plate.
To accommodate the relative motion of the northern and southern section of
Dakshinapatha we reactivate the remaining section of the Narmada fault zone (figs. 15
and 19) as a dextral strike-slip fault.

In the Panchacene, around 44 Maft, Madagascar arrives in the Malé subduction
zone, after subduction continues for 2 Ma until 150 km of the continental margin has
been subducted. This leads to the accretion of the overlying CPS as the Panganales
Nappes, below the Mascarene Nappes and possibly underlying OPS and mélange, and
the Chagos-Laccadive Ridge in the upper plate. Arrival of unstretched Madagascar
crust leads to arrest of subduction and slab break-off. Because the upper plate consists
of (micro-)continental lithosphere, we choose in this scenario to accommodate
ongoing convergence by initiating the Qamar subduction zone along the western margin
of Madagascar (fig. 19). To the north, the Malé subduction zone remains unchanged,
and connects with the new Qamar subduction zone. This re-initiation of subduction
leads to a temporary narrowing of the Malé Slab, increasing its propensity to roll back.
As a result, we let the Malé subduction zone rotate clockwise, and the Qamar
Subduction zone counterclockwise, towards the curved Somali Margin (fig. 19), which
is followed by continental underthrusting of this margin at both subduction zones at
the beginning of the Iraycene (50 Maft). This leads to accretion of CPS as the Dar-es-
Salaam Nappes between Madagascar and the south Somali Continent, establishing the
Mahajanga Suture (figs. 19 and 20), and to emplacement of the Kismayo Nappes
between the Chagos Margin and the northern Somali Margin establishing the Kanheri
Suture (figs. 19 and 20). The opposite rotations and oroclinal bending results in
trench-parallel stretching of the Malé subduction zone, and possibly the formation of
a spreading ridge, of the Chagos-Laccadive Forearc. If margin-parallel stretching
forms a spreading ridge, these may become preserved as ophiolites with Panchacene
crustal ages, slightly older than 50 Maft, not much older than or even overlapping
with the age of obduction and with spreading directions parallel to the trench.

Roll-back of the Malé Trench, and the associated clockwise rotation, triggers
extension in the upper Dakshinapatha Continent. We accommodate this by opening
of two back-arc basins: the Godavari back-arc basin separates Dakshinapatha into the
Deccan- Dharwar Block and the Bastar Block and the Mangalore back-arc basin separates
the Chagos-Laccadive Ridge from the Deccan-Dharwar Margin. The Godavari back-
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arc basin does not reach oceanic conditions within the Dakhinapatha Continent but
propagates southwards into the ocean where it forms a spreading ridge. The Chagos-
Laccadive Ridge/Chain also becomes oceanic southward where extension exceeds
300 km. Both basins end in a pivot point in the north and abut against the Sri Lanka
transform fault in the south. Opening of the Mangalore back-arc basin ceases when the
Somali continental margin arrives in the Malé Trench and subduction stops. This
finalizes the formation of the Mumbay Orogen that separates the Chagos-Laccadive and
Saurashtra Plateau upper plate from downgoing plate-derived, Mascarene and
Kismayo nappes that comprises Somali Margin CPS, and possibly OPS and mélange
along the Kanheri suture zone (figs. 19D and 20).
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Fig. 20. Schematic cross sections through the Mumbay orogen (see fig. 19 for locations). AR =
African Ridge, Bas = Bastar block, CLC = Chagos-Laccadive chain, Com = Comores hotspot track, DeD =
Deccan-Dharwar block, GoB = Godavari back-arc-basin, GoF = Godavari fault zone, HaM = Hamar meta-
morphic core complex, KaF = Kanheri thrust fault, KiN = Kismayo nappes, Mad = Madagascar, Mak =
Makran block, MgB = Mangalore back-arc basin, MjF = Mahajanga fault, Msc = Mascarenes, MsN =
Mascarene nappes, NaN = OwT = Owens transform, PaN = Panganales nappes, PeO = Pemba ophiolite,
PuN = Punt Nappes, QaS = Qamar subduction zone, ReR = Rewa spreading ridge, RSO = Red Sea
Orogen, Sau = Saurasthra block, SL'T = Sri Lanka transfer fault.

Post-50 Maft convergence is subsequently transferred to subduction of the Rewa
Ocean along the southern margin of Uttarapatha and the western margin of
Sundaland and continues into the late Neozoic and Mellontozoic, until the end of the
assembly of Novopangea. Because we aim to compare the orogens between India,
Somalia, and Madagascar between the two scenarios, we do not model the orogenesis
due to the closure of the Rewa Ocean in any detail.

DISCUSSION

Below, we evaluate to what extent our 'rules of orogenesis' translate the modern
geography of the Indian Ocean and the plate kinematic scenario of Davies and others
(2018) into sensible orogens with a similar architecture as modern orogens. But first,
we briefly discuss some caveats of our thought experiment. First, the scenarios we
model are only two examples of many possible initial subduction zone configurations,
and there is no reason to assume one initial condition is more likely than the other. It
is also possible to vary within each scenario, for example with other locations for sub-
duction initiation, with the absolute motion of the subduction zone, or through slab
segmentation. Such possibilities, however, are not limitations of the models that we
produced but rather provide opportunities to explore the effects of a more complex
evolution of plate boundaries than modeled here on final orogenic architecture.
Second, our constructions strictly follow the kinematic evolution of the Somali and
Indo-Eurasian plates as in the scenario of Davies and others (2018). It is likely, how-
ever, that different initial subduction configurations would lead to different dynamic
evolution of plates. For instance, the subduction polarity reversal in Scenario 1 would
change the Indo- Eurasian Plate from an upper to a lower plate position, and this pro-
cess may have an effect on its absolute plate motion (for example, Domeier and
others, 2017). Additionally, the southward motion of the Dakshinapatha Plate during
the Bengalian in Scenario 2 that we invoke to avoid the complexity of collision with
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the Arabian margin may not be geodynamically realistic in the absence of a subduc-
tion zone in the south to drive such plate motion. For the purpose of our thought
experiment, however, in which we simply aim to illustrate how the interplay between
plate kinematics, subduction zone configuration, and paleogeography is reflected in
orogenic architecture, such geodynamic considerations are not of importance — they
would simply lead to a somewhat different kinematic history, and hence to a some-
what different orogenic architecture.

With these caveats in mind, we now explore similarities and differences between
our model orogens and real orogens. Not surprisingly, the first-order architecture of
the Somalaya and Mumbay orogens (figs. 18 and 20) are similar to known orogens: an
accretionary fold-thrust belt derived from downgoing plate CPS and possibly OPS
(equivalent to, for example, the Himalaya or Zagros) separated by a suture zone from
a deformed upper plate. The Somali Plateau in Scenario 1 may be in part equivalent
to, for example, the Tibetan or Iranian plateaus (fig. 6), even though it formed
entirely prior to arrival of the Indian continental margin in the Ras Caseyr subduction
zone, and the southern Tibetan Plateau is not overlain by ophiolites (those instead
overlie the Himalaya). Somali Plateau formation resulted entirely from overriding
plate advance, whilst the Iranian and Tibetan plateaus appear more related to slab
and/or continental edge advance in the downgoing plate (fig. 8) — similar to the
Saurashtra Plateau of Scenario 2. Similarly, the Mangalore or Godavari back-arc basins
behind the Mumbay Orogen at 50 Maft may be equivalent to the Liguro-Provencal
and Tyrrhenian back-arc basins, fig. 3) behind the Apennines (Faccenna and others,
2001), or the South Fiji and Lau basins in the upper plate adjacent to the Tonga
trench (Karig, 1970; Seton and others, 2016).

Subduction in Scenario 1 initiates in an intra-oceanic position and results in the
emplacement of a ~ 5000 km long, curvilinear belt along the Somali and Madagascar
margins. The 100 km wide ophiolite belt contains crustal ages that cover a 7 Ma range.
Such narrow age bands are commonly observed in long ophiolite belts (for example,
Robertson, 2002; Dilek and Furnes, 2011; Dewey and Casey, 2013; Gaina and others,
2015) — and this range would be even narrower if our scenario would include slab roll-
back shortly after subduction initiation, which would generate higher upper plate
spreading rates. It is important to note that the Kharif supra-subduction zone spread-
ing ridge remains active for 50 Ma, in this case until obduction and subduction polar-
ity reversal is finalized. This illustrates that the age range of crust found in ophiolite
belts is not representative for the longevity of supra- subduction zone spreading but is
the result of the preservation of only a narrow strip of the total ocean floor produced
at the SSZ ridge (for example, Maffione and van Hinsbergen, 2018).

The ophiolites of Scenario 1 may all have the same oceanic crustal ages, but the
timing of arrival of continental crust below these ophiolites differs strongly along
strike. This is also a feature that is well-known from the geological record. In our
example, the subduction of the Mascarene ribbon continent and the accretion of the
Mascarene Nappes occurs diachronously between 28 and 33 Malft, after which the east-
ern Madagascar Margin first arrives around 40 Maft, and roll-back and oroclinal bend-
ing leads to final emplacement of ophiolites around 50 Maft. The Madagascar and
Mascarene scenario bears strong similarities to ophiolite obduction in the eastern
Mediterranean region (even though there was no subduction polarity reversal in
the Mediterranean case). The first continental crust to arrive below an Eastern
Mediterranean belt of ophiolites with a narrow age range (94-90 Ma) comprises the
now-rootless nappes decoupled from their original lithospheric underpinnings
(Tavsanh and Kirsehir massifs (figs. 3 and 5), equivalent to the Mascarene Nappes)
and occurred around 90 to 85 Ma (Whitney and Hamilton, 2004; Pourteau and
others, 2019; Radwany and others, 2020). These were emplaced after subduction of a
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narrow oceanic basin that bounded the Tavsanli-Kirgehir massifs to the south onto the
margin of Greater Adria around 70 Ma (Pourteau and others, 2013), that is with a sim-
ilar time delay as in our case of Scenario 1 (even though convergence rates for the
eastern Mediterranean region were considerably lower, and paleogeographic width of
the ocean basins narrower (van Hinsbergen and others, 2020b). East of the Kirsehir
Massif, oceanic subduction below ophiolites continued longer, until ~70 Ma (van
Hinsbergen and others, 2020b), but the age of the first continental arrival below the
ophiolites then gradually becomes older again to ~85 Ma on easternmost Greater
Adria (Topuz and others, 2017) due to diachronous arrival of the continental margin
in the trench, equivalent to the Somali Margin in Scenario 1. Between Greater Adria
and Arabia, the ophiolite belt was bent into a westward convex orocline (figs. 3B and
5) due to slab roll- back into the Eastern Mediterranean Ocean (Maffione and others,
2017). As a result, it took ~20 to 25 Ma from formation until final emplacement of
ophiolites on both margins of the Eastern Mediterranean Ocean around 70 Ma
(Ozgul, 1984; Al-Riyami and others, 2002; Kaymakci and others, 2010; McPhee and
others, 2018, McPhee and van Hinsbergen, 2019), similar to the roll-back invasion of
the north Mozambique Channel in scenario 1 (fig. 17).

Orocline formation due to slab roll-back invading oceanic embayments is often
interpreted from the geological record, for example, the Late Cretaceous eastern
Mediterranean example above, but also the Carpathians (Csontos and Voros, 2004;
Ustaszewski and others, 2008), or the Alboran region (Lonergan and White, 1997;
Rosenbaum and others, 2002; van Hinsbergen and others, 2014) (fig. 3). Our con-
struction illustrates that the Mozambique channel may provide a modern example of
a geography that will be prone to the formation of such oroclines.

The polarity reversals along the Somali and Madagascar margins in Scenario 1
yield geological records that are commonly observed. The diachronous polarity rever-
sal of Madagascar covers a similar time span, generates a similar orogenic architec-
ture, and occurs over a similar distance as reconstructed from Kamchatka (figs. 12
and 13) (Konstantinovskaia, 2001; Shapiro and Solov'ev, 2009; Domeier and others,
2017; Vaes and others, 2019). And although we did not construct the Sunda trench in
any detail in our thought experiment, this arc arrives in the Ambre subduction zone
below Madagascar around 200 Maft, a situation reminiscent of the arrival of the
Kronotsky arc below Kamchatka (figs. 12 and 13) (Shapiro and Solov'ev, 2009;
Domeier and others, 2017; Vaes and others, 2019). The westward obduction followed
by a subduction polarity reversal along the north Somali margin yields an orogenic
architecture for the Somalaya orogen of Scenario 1 that bears similarities to the
Balkanides and Hellenides architecture in the Mediterranean region. The Balkanides
(and Rhodopes that likely formed structurally below the basal decollement of the
Balkanides) formed first due to CPS accretion during southward continental margin
subduction below oceanic crust preserved as the East Vardar Ophiolites, followed by a
polarity reversal (figs. 3 and 4). After closure of the remaining ocean there followed
accretion of Greater Adria Margin CPS in the latest Cretaceous and Cenozoic (van
Hinsbergen and others, 2020b). The Hellenides are equivalent to the Malabar
Nappes, the Balkanides/Rhodopes and East Vardar Ophiolites to the Kismayo and
Dar-es-Salaam nappes and Hobyo Ophiolites, respectively. What differs in the
Mediterranean case is that the Greater Adria Margin (equivalent to the west Indian
Margin) was prior to latest Cretaceous Sava Ocean closure also obducted by ophiolites
(with metamorphic soles, hence upper oceanic plate derived, for example, Liati and
others, 2004; Tremblay and others, 2015), whereas the west Indian Margin in
Scenario 1 is not. For this reason, the paleogeographic reconstructions of the eastern
Mediterranean region invoke two intra-oceanic subduction zones to account for
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emplacement of ophiolites on both continental margins (for example, Schmid and
others, 2008, 2020; van Hinsbergen and others, 2020b).

The Mascarene Nappes, derived from the modern microcontinental ribbon con-
tinent that stretches from the Seychelles to Mauritius, are in both scenarios incorpo-
rated earlier into an accretionary fold-thrust belt than the CPS units of the
continental margins of Madagascar or Somalia. The geological expression of this time
difference will be evident from the age of flysch deposited on the Mascarene Nappes
and if exhumed, of HP metamorphic rocks in deeply buried portions of these nappes,
which will be significantly older than those of the Dar-es-Salaam, Kismayo, Toamasina
and Panganales nappes of Somalia and Madagascar. Such time delays between accre-
tion of nappes are also known from modern orogens, such as the Himalaya (~59-54
Ma in the Tethyan Himalaya versus Miocene in the Lesser Himalaya (for example,
DeCelles and others, 2014; figs. 6 and 7), or the Brian¢onnais Nappe (Paleocene-early
Eocene) versus the Helvetic nappes (late Oligo-Miocene) in the Alps (fig. 3), and
illustrates that such delays may indicate that in intervening periods oceanic litho-
sphere subducted. For the Alps, this is evident, since OPS relics are found below and
on top of the Brianconnais nappe (Schmid and others, 2004). We note, however, that
the Brianconnais fragment of the Alps, and its westward paleogeographic continua-
tion to Corsica and Sardinia, was only a small block of some 100s of km long rather
than the > 2000 km of the Mascarene Nappes, and may be better compared to the
Laxmi nappe that forms the highest unit of the Malabar Nappes in Scenario 1 (fig.
17). The Mascarene Nappes may also provide an equivalent of the Tethyan (and
Greater) Himalaya nappes as portrayed in van Hinsbergen and others (2012).
However, there are no relics of the lithosphere that subducted between the early
Eocene and early Miocene in the Himalaya and the paleogeographic interpretation of
the nature of this lithosphere cannot be directly constrained from accreted relics
(Ingalls and others, 2016; Kapp and DeCelles, 2019; van Hinsbergen and others,
2019b). Nevertheless, our thought experiments may provide useful insights to further
this paleogeographic debate.

The evolution of subduction zones in Madagascar in Scenario 2 is an example of
a commonly interpreted feature in orogenic evolution scenarios: terrane accretion.
We model that the whole Madagascar lithosphere accretes to the upper plate, facili-
tated by Hadiboh slab breakoff and Qamar subduction initiation. An alternative sce-
nario would be subduction of a single slab through delamination of the Madagascar
continent, as proposed for western Turkey, the Banda region, and the South America-
derived continents in the Scotia back-arc (Spakman and Hall, 2010; van Hinsbergen
and others, 2010; van de Lagemaat and others, 2021), but the size of Madagascar is
much larger than those examples and we consider our modeled scenario more feasi-
ble. This history may thus form an equivalent of the commonly portrayed accretion
history of the Lhasa block in southern Tibet (Yin and Harrison, 2000; Zhu and others,
2013; Kapp and DeCelles, 2019; Li and others, 2019), or of the Cimmerian blocks of
Iran following Paleotethys closure and inception of Neotethys subduction (§engor,
1984; Stampfli and Borel, 2002; Scotese, 2004; Muttoni and others, 2009). The histor-
ies of Madagascar and the Mascarene plateau in our scenarios illustrate the end-mem-
ber behaviors between continental fragments as we identified in our ‘rules’ of
orogenesis: they either subduct and leave their upper crust as nappes in the geological
record, or they only accrete their passive margin CPS and then lead to arrest and relo-
cation of subduction.

The above comparisons of the results of our thought experiments to modern geo-
logical records include our preferred interpretations of those geological records and
will thus undoubtedly not be universally agreed upon. Nevertheless, our comparisons
illustrate that the orogenic architecture that we produce by applying our ‘rules of
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orogenesis’ to modern geography in combination with a future continental drift sce-
nario (Davies and others, 2018) compares well with known orogens. Thought experi-
ments like ours may thus be used as inspiration and proof-of-concept of
paleogeographic interpretations (also with alternative rules).

Based on our experiments, we notice several features in our reconstruction that
may be used as basis for future hypotheses on orogenic evolution. For example, in
Scenario 1, the construction of Davies and others (2018) predicts that the Horn of
Africa overrides the Indian continent, but because Somalia subsequently pivots
around this initial collision zone, the previously underthrusted Indian continent is
extensionally exhumed. We suggestively named the resulting exhumed Indian Margin
the ‘West-Indian Gneiss Region’, as it may provide a hypothetical equivalent to the
Western Gneiss Region of the Norwegian Caledonides. There, the continental margin
of Baltica was deeply underthrusted during collision with Laurentia in the Paleozoic,
and subsequently ‘educted’, that is it exhumed as a HP-LT metamorphosed, but other-
wise coherent continental crust overlain by accreted CPS and OPS nappes (Andersen
and others, 1991). Such eduction is often viewed as the result of plate divergence fol-
lowing collision (Andersen and others, 1991; Brueckner and van Roermund, 2004;
Duretz and others, 2012), but Andersen (1998) and Krabbendam and Dewey (1998)
suggested that margin-oblique transtension may also have played a role. The scenario
for the West-Indian Gneiss Region may illustrate how plate rotation and interaction of
continental margins oblique to subduction zones could generate such transtension.

As noted above, the subduction termination and relocation from east to west
Madagascar in Scenario 2 may be equivalent to the evolution of the Lhasa block upon
its Early Cretaceous collision with Tibet. In that context, it is interesting to note that
the Malé subduction zone to the north of Madagascar remains unaffected by this
jump and remains active. This may serve as an inspiration to infer that the subduction
jump recorded around the Lhasa margins may not have affected the region where the
Lhasa block ends in the west, which is currently in the region occupied by the
Kohistan-Ladakh arcs (fig. 6) (Schwab and others, 2004). The plate tectonic evolution
of the Kohistan region is debated (Khan and others, 2009; Hébert and others, 2012;
Bouilhol and others, 2013; Borneman and others, 2015; Jagoutz and others, 2015;
Martin and others, 2020) and reconstructing intra-oceanic subduction history from
narrow sutures is notoriously difficult due to the scarcity of accreted relics. The exam-
ple of the Madagascar evolution in Scenario 2 illustrates that the events associated
with Lhasa-Qiangtang collision, and the associated arrest and relocation of subduction
zones, may not have affected the Kohistan region, where instead subduction may have
continued much longer on the same subduction zones.

Finally, in Scenario 2, the Horn of Africa forms the downgoing plate and under-
thrusts the Dakshinapatha, leading to accretion of the Punt nappes and upper plate
shortening making the Saurashtra plateau (fig. 19). It is interesting to note that such
local oroclines forming the eastern and western Himalayan syntaxes (fig. 6) are
located in the regions where horizontally underthrust Indian continental crust pro-
trudes farthest below Tibet (Agius and Lebedev, 2013; van Hinsbergen and others,
2019b) and where the youngest, Miocene phase of slab break-off likely occurred first
Webb and others (2017). The underthrusting of the Horn of Africa promontory
below the Dakshinapatha continent may thus provide a hypothetical example of syn-
taxis formation.

Our thought experiments illustrate that identical initial conditions with a differ-
ent, but simple initial subduction zone configuration, lead to different orogenic archi-
tectures and evolutions. From this, we infer that orogenic architecture is sensitive to,
and allows reconstruction of, the unique paleogeography and subduction configura-
tion that led to its development. The initial position and polarity of subduction
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determines which margins generate accretionary fold-thrust belts, whether and where
ophiolite belts form, and whether and where oroclines form. In addition, in our exam-
ple the overall eastward absolute plate motion combined with the modeled subduc-
tion polarity determines the deformation history of the upper plate: in this particular
case extensional above eastward dipping subduction zones and contractional above
westward dipping subduction zones. Slab (or continental edge) advance only plays a
role in our example for the Horn of Africa underthrusting below the Dakshinapatha
Continent. As a result of our assumption that eastward dipping subduction zones
remain more or less mantle-stationary, the final Somalia-India suturing differs by
>100 Ma between the two scenarios, and the second scenario will lead to another
major orogen within modern India through closure of the Rewa Ocean (fig. 19). This
illustrates how final orogenic architecture is a sum of paleogeography, initial subduc-
tion zone geometry, and absolute plate motions of the plates involved.

Finally, we chose a relatively simple paleogeography, and a simple plate kinematic
scenario for our thought experiments. Much more complex scenarios and orogenic
architecture would result from, for example, a hypothetical convergence between
Australia, Eurasia, and India, closure of the Mediterranean region between Africa and
Eurasia, or closure of the Caribbean region between North and South America. Such
exercises may generate sources of inspiration for the detailed reconstruction of com-
plex, and resource-rich orogens such as the Central Asian Orogenic Belt, the Pan-
African orogen, or the Variscan orogen. Thought experiments using the possibilities
provided by GPlates plate reconstruction software, future supercontinent construc-
tions like those of Davies and others (2018) and our (or alternative) ‘rules of orogene-
sis” may unlock the well-known modern geography for interpreting paleogeography
from orogens that formed throughout Earth history.

CONCLUSIONS

In this paper, we review the relationships between orogenic architecture, subduc-
tion history, and paleogeography. We find that current concepts that link orogenic
architecture and evolution to the oceanic or continental nature of the downgoing
plate do not predict the evolution of Mesozoic-Cenozoic orogens well enough to use
them as a basis for paleogeographic reconstruction. In particular, widely assumed
diagnostic features to date continental collision, such as upper plate deformation,
plate motion change, or arrest of magmatism, also occurred during oceanic sub-
duction, and do not always apply to continental collision zones. We propose an al-
ternative view on analysis of orogenic history by separately analyzing the history of
accretion, of ocean and continent-derived nappes using Oceanic and Continental
Plate Stratigraphy (OPS and CPS) and of upper/intra-plate deformation. The
accretionary history provides arguments for the paleogeography of subducted
lithosphere, and the timing of its arrival in a trench. Upper/intra-plate deforma-
tion results from the competition between absolute motions of the upper plate
and downgoing slab along-side the sum of tractions affecting the entire plate, and
is reconstructed separately based on kinematic criteria, independent from inter-
pretations on relationships with the nature of the downgoing plate, and independ-
ent from the presence, absence, or nature of magmatism. We translate our views
into a set of ‘rules' (of thumb) or orogenesis that link the paleogeography of a
downgoing plate and the absolute motion of an overriding plate and slab to result-
ing orogenic architecture (or vice versa). We illustrated the use of these rules by
constructing orogens from the modern Indian Ocean, using a recently con-
structed continental drift scenario of a future supercontinent in which the Somali
margin collides with India. We show that the resulting orogens bear strong
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similarities with existing orogens, and this way unlocks modern geography as ana-
logue for the study of paleogeography from orogenic architecture.

EPILOGUE

The seed for this paper was planted by several journalists who, when reporting on
plate reconstructions of the past, asked the first author whether it is also possible to
predict the future. We realized that in order to do so, we needed the set of ‘rules' that
many scholars of tectonics and paleogeography may have developed for themselves,
but that to our knowledge have not been explicitly formulated in the literature before.
We hope that formulating such rules, which are obviously open for discussion, will be
useful for the scientific community, and we thank the science writers and journalists
who translate the results of the scientific community to the public for sparking the
idea that became this paper. An animation for a non-specialist audience summarizing
the content of this paper is available at https://www.youtube.com/watch?v=
HSilbObdCZ48&t=24s.
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