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Abstract Although many different mechanisms for subduction initiation have been proposed,

only few of them are viable in terms of consistency with observations and reproducibility in numerical
experiments. In particular, it has recently been demonstrated that intra-oceanic subduction triggered by
an upwelling mantle plume could greatly contribute to the onset and operation of plate tectonics in the
early and, to a lesser degree, modern Earth. On the contrary, the initiation of intra-continental subduction
still remains underappreciated. Here we provide an overview of 1) observational evidence for upwelling
of hot mantle material flanked by downgoing proto-slabs of sinking continental mantle lithosphere, and
2) previously published and new numerical models of plume-induced subduction initiation. Numerical
modeling shows that under the condition of a sufficiently thick (>100 km) continental plate, incipient
downthrusting at the level of the lowermost lithospheric mantle can be triggered by plume anomalies

of moderate temperatures and without significant strain- and/or melt-related weakening of overlying
rocks. This finding is in contrast with the requirements for plume-induced subduction initiation within
oceanic or thinner continental lithosphere. As a result, plume-lithosphere interactions within continental
interiors of Paleozoic-Proterozoic-(Archean) platforms are the least demanding (and thus potentially very
common) mechanism for initiation of subduction-like foundering in the Phanerozoic Earth. Our findings
are supported by a growing body of new geophysical data collected in various intra-continental areas. A
better understanding of the role of intra-continental mantle downthrusting and foundering in global plate
tectonics and, particularly, in the initiation of “classic” ocean-continent subduction will benefit from more
detailed follow-up investigations.

Plain Language Summary Subduction zones, areas where tectonic plates sink into the
Earth mantle, are a vital component of the plate tectonic cycle and result in the opening and closure

of oceans over geologic time. Despite major advances in the study of plate tectonics and geodynamics
during the last decades, the causes for triggering subduction are still not well understood. In this paper,
we review observations and insights from geodynamic models and show that upwelling inside the mantle
(i.e., “mantle plumes or hot spots”) offer a viable mechanism that takes lithospheric plates back into
the deep mantle, thus initiating subduction. However, subduction initiated by mantle plumes within
oceanic tectonic plates has rarely been observed in the Phanerozoic history of Earth (541-0 Ma). In
contrast, thick and old continental segments of tectonic plates appear to provide optimal conditions for
their participation in plume-induced sinking (subduction) into the interior of modern Earth in a mode
detectable by geophysical imaging in different regions (Europe, Asia, North America). The role of such
intra-continental mantle sinking in global plate tectonics warrants thorough further examination in
forthcoming studies.
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1. Introduction

Since the acceptance of the theory of plate tectonics, the subduction process is recognized as a first-order
element in the Wilson cycle driving the opening and closure of oceanic basins (Bercovici, 2003; Turcotte
& Schubert, 2014; Wilson, 1966). The onset (or initiation) of new subduction zones remains, however, in
many aspects an enigma either because of a general lack of direct observations indicating its present-day
manifestation or a limited record for past subduction initiation events (Crameri et al., 2020). As a result,
possibilities for combining modeling and natural observations to better understand this crucial process are
rather limited (see for a review Stern & Gerya (2018) and references therein).

From a traditional plate tectonics perspective (Dewey et al., 1973; Wilson, 1966), ocean-continent transi-
tions at passive margins-like those around the Atlantic Ocean, western Indian Ocean, or Gulf of Mexico—
are viewed as the primary sites for subduction initiation. Here, the negative buoyancy of sufficiently old and
cold oceanic lithosphere is considered the main reason for the onset of subduction (Davies, 1999; Vlaar &
Wortel, 1976). However, the simultaneous increase of lithospheric strength with cooling has been shown
to be a considerable obstacle for continental margin collapse (Cloetingh et al, 1982, 1989; Mueller & Phil-
lips, 1991). Strikingly, even though off-ridge oceanic lithosphere and offshore passive margins around the
Atlantic Ocean have been subjected to continued ridge-push stress, amplified by sediment loading (Cloet-
ingh et al, 1982, 1984; Regenauer-Lieb et al., 2001) and additional forcing of adjacent continental topogra-
phy (Marques et al., 2013; Pascal & Cloetingh, 2009), initiation of oceanic lithosphere subduction has not
commenced yet. This observation is in line with findings that although tectonic inversion of rifted conti-
nental Atlantic-type margins has been widely documented in various opening oceans (Johnson et al., 2008;
Lundin & Doré, 2002; Lundin et al., 2013; Vagnes et al., 1998), none of these margins has yet developed into
an actual phase of subduction initiation.

Spontaneous collapse along a passive continental margin appears thus to be rare in nature, and most of
the recent subduction initiation events are intra-oceanic (e.g., Crameri et al., 2020; Gurnis et al., 2004). In
fact, not a single passive margin has actually been converted into an active one during Cenozoic times (e.g.,
Gurnis et al., 2004). In addition, this process is difficult to reproduce in numerical models, because when
adopting realistic parameters for continental crustal and lithospheric thicknesses these preferentially sim-
ulate the stable margin mode (see Nikolaeva et al., 2010). As a result, many different alternative scenarios
for subduction initiation have been proposed (Stern & Gerya, 2018; and references therein). Most of them
are applicable to “classic” ocean-continent subduction or intra-oceanic environments, whereas intra-conti-
nental settings are explored relatively scantily in the context of the subduction-like behavior of the mantle
lithosphere. With this perspective in mind, we aim to complement previous summaries of subduction in-
itiation processes limited to intra-oceanic and ocean-continent tectonic settings (e.g., Crameri et al., 2020;
Gurnis et al., 2004; Stern, 2004; Stern & Gerya, 2018) by providing a closer look into intra-continental envi-
ronments and analyzing the nature of downthrusting of continental mantle and its subduction-like sinking
(or foundering) which could potentially further evolve into a fully established plate-scale subduction of
the entire lithosphere (i.e., crust plus mantle lithosphere). This leads us toward a better understanding of
lithosphere-scale mechanisms controlling the initiation of this process which, so far, has been overlooked
within intra-continental regions on Earth.

We first provide a brief summary of known scenarios of subduction initiation within ocean-continent and
intra-oceanic tectonic settings with a particular focus on plume-induced foundering of the lithospheric
mantle in order to take into account the possibility that such a mechanism might also be viable in intra-con-
tinental settings. We then review observational evidence for intra-continental anomalous mantle structures,
which can be interpreted as potential sites where sinking of continental lithosphere has been initiated due
to the upwelling of hot mantle material during Cenozoic and recent times. Finally, we compare these data
with conclusions drawn from previously published, and newly performed numerical models specifically
examining whether the interaction of upper mantle thermal instabilities with the overlying continental
lithosphere could provide a reasonable scenario for mantle downthrusting/foundering. We conclude that
the onset of large-scale and long-lived sinking of the lowermost lithospheric mantle is likely to be common
in continental interiors of Paleozoic-Archean platforms and/or their rims. According to numerical studies,
this process does not require any ad hoc assumptions such as preexisting weak zones, external tectonic forc-
ing, extremely positive buoyancy (compositional and/or thermal) of the plume, or an unrealistic reduction
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of strength of the lithosphere. Its potential role for the initiation of “classic” ocean-continent (i.e., active
continental margin) subduction, however, still remains unexplored.

2. Subduction Initiation: A Survey of Mechanisms and Scenarios

2.1. Ocean-Continent Subduction

Passive margin collapse is traditionally thought to be the primary mechanism of subduction initiation due
to the aging and increasing negative buoyancy of the oceanic lithosphere. In search of physically sound
parameter combinations that would lead to such gravitational instabilities, analog and numerical modeling
studies have systematically explored the role of density and strength, and variations thereof (e.g., Auzem-
ery et al., 2020; Faccenna et al., 1999; Goren et al, 2008; Marques et al., 2013; Mart et al., 2005; Nikolaeva
et al., 2011, 2010). Nikolaeva et al. (2010) have demonstrated that in the absence of preexisting weak zones
spontaneous subduction initiation at a passive margin only occurs when chemically buoyant (depleted)
continental lithosphere is anomalously thin and hot. From this point of view, the high heat flow area of
the southern Brazilian Atlantic margin (in addition subjected to significant gravitational forcing from high
topography—see Marques et al., 2013) is arguably the only viable candidate where subduction initiation
is to be expected, whereas other continental margins will remain stable under present-day geodynamic
conditions since strengthening of the oceanic plate precludes a gravitationally driven collapse (Nikolaeva
et al., 2011).

Apart from this “traditional” (but apparently not viable) mechanism for subduction initiation, at least five
other scenarios (directly or indirectly implying pre-existing subduction activity) are thought to trigger sub-
duction in a “classic” ocean-continent context:

1) Subduction initiation induced by suction flow: according to thermo-mechanical numerical modeling by
Baes and Sobolev (2017), passive margins (e.g., the western Atlantic) transform into an active ocean-con-
tinent convergent boundary when additional forces from mantle flow induced by neighboring subduc-
tion zones (e.g., Cascadia and Andean) are present. This mechanism also applies to subduction initiation
in an intra-oceanic environment (Baes et al., 2018).

Subduction polarity reversal, that is, a change of subduction zone dip when the subducting and over-

riding plates exchange roles (Stern, 2004). This may occur when buoyant crust (intra-oceanic arc or

plateau) of an already subducting plate enters the trench. The natural example of such transition from
intra-oceanic to ocean-continent subduction has been detected along Taiwan where break-off of the
originally south-dipping Eurasian oceanic slab was likely followed by switching of subduction polarity
with establishing the north-dipping subduction of the Philippine Sea plate under the Eurasian conti-
nent (Teng et al., 2000). Two other most commonly cited natural examples of this process—the Sol-
omon arc (SW Pacific), which is a result of Miocene collision with the Ontong-Java Plateau (Coop-
er & Taylor, 1985; Petterson et al., 1999), and the Eastern European Alps, where the downgoing slab
reversed from southward to northward during Adria-Europe collision (Handy et al., 2015; Lippitsch
et al., 2003) - correspond to a switch of subduction polarity within an intra-oceanic and intra-con-
tinental environment, respectively. The NW margin of the India-Asia collision zone (e.g., the Pamir

Mountains region) might be another example of intra-continental subduction polarity reversal (Kufner

et al., 2016). In numerical experiments, subduction polarity reversals have been reproduced only for

intra-continental (Baes et al., 2011b; Faccenda et al., 2008; Pysklywec, 2001) and intra-oceanic (Crameri

& Tackley, 2015) collision scenarios, whereas arc-continent collision settings remain to be explored in

future studies (Stern & Gerya, 2018).

3) Subduction zone transference (also called “back-stepping of subduction”; Kerr, 2003): when a buoyant
crustal block enters the trench, subduction halts locally. However, convergence continues due to the
initiation of a new subduction zone with the same dipping direction somewhere else. The new site
of subduction is thus transferred away from the collision site, e.g. along-strike of the convergent plate
(Stern, 2004). This is another example of subduction initiation due to continued plate convergence that
was conceived for ocean-continent interactions. However, the only confirmed natural example of this
type of subduction initiation is the Mussau Trench in the Western Pacific that developed within an in-
tra-oceanic setting in response to the collision of the Caroline Ridge with the Yap Trench (Lee, 2004).
No single ocean-continent subduction zone has been initiated in Cenozoic times through subduction
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zone transference (e.g., the continued collision between India and Eurasia since ~50 Ma did not develop
any new subduction zone along the southern passive margin). This process is also poorly explored by
numerical modeling (Stern & Gerya, 2018), which usually reproduces the oceanward trench jumps over
continued subduction (Tetreault & Buiter, 2012; Vogt & Gerya, 2014) rather than producing true subduc-
tion zone transference scenarios.

Compression-induced subduction initiation along inherited weak zones at the edge of a slab (i.e., along
so called STEP—Subduction-Transform Edge Propagator—faults; see Govers & Wortel, 2005): coupled
thermo-mechanical models by Baes et al. (2011a) postulate that STEP fault-perpendicular convergence
leads to the formation of a shear zone dipping toward the continent that has the potential to evolve into
a new subduction boundary. According to Baes et al. (2011a), incipient subduction appears to be more
feasible for younger oceanic lithosphere due to its lower flexural rigidity. This is in line with previous
findings by Cloetingh et al. (1989) on the growing strength of the lithosphere preventing a collapse at a
passive margin if the adjacent oceanic plate is older than 20 Ma. In nature, present-day subduction initi-
ation at STEP faults is attributed to the south Tyrrhenian region (Billi et al., 2007; Carminati et al., 1998;
Zitellini et al., 2020). Moreover, incipient subduction processes are likely to be expected in future along
the following prominent STEP boundaries: 1) the southern end of the New Hebrides subduction zone
and the northern end of the Tonga subduction zone (Govers & Wortel, 2005); 2) the northern and south-
ern ends of the Lesser Antilles trench (Wright & Wyld, 2011); and 3) both sides of the Atlantic slab sub-
ducting beneath the Scotia plate in the SW Atlantic Ocean (Dalziel et al., 2013; Giner-Robles et al., 2003).
Subduction propagation, that is, lateral transmission of subducting plate boundaries from pre-existing
intra-oceanic convergent zones along continental margins (reproduced in a recent numerical study by
Zhou et al., 2020). Strong slab pull combined with inherent weaknesses at an adjacent passive margin
resulted in subduction propagation in multiple regions as 1) demonstrated in a numerical study for
the Western Mediterranean (Chertova et al., 2014), 2) derived from the tectonic evolution of the Indo-
nesia subduction zone in the Banda region (Hall, 2012) and Nazca subduction along the Andes (Chen
et al., 2019), and 3) is to be expected north of the Lesser Antilles subduction zone (Zhou et al., 2020).
In the intra-oceanic setting, a similar scenario of subduction propagation from the point of subduc-
tion nucleation along inherent lithospheric weakness was also proposed almost 3 decades ago for the
Izu-Bonin-Mariana arc system in the Western Pacific (Stern & Bloomer, 1992). Subduction propagation
due to stress transfer from a nearby convergent region along inherited lithospheric weak zones could
be closely related to (and even in certain cases undistinguishable from) a direct migration of subduction
zones (i.e., slab rollback) that likely leads to convergent margins invading an ocean basin as, for example,
observed near the Scotia, Lesser-Antilles and Gibraltar arcs (Duarte et al., 2018). Actually, a new sub-
duction zone at the SW margin of Iberia has been proposed to form as a result of the combined impact
of 1) an “invasion process” (Duarte et al., 2013) related to the migration of the Gibraltar Arc (Gutscher
et al., 2002) and 2) the Africa-Eurasia convergence (Kherroubi et al., 2009), potentially accompanied
by 3) the delamination of oceanic lithosphere due to internal weakness in serpentinized upper mantle
(Duarte et al., 2019). However, interpretations that the Gibraltar Arc is a subducting plate boundary are
controversial (e.g., Platt et al., 2003, 2013).

2.2. Ocean-Ocean Subduction

Traditionally, subduction scenarios presume convergence between oceanic and continental lithospheres, but
most young subduction zones (i.e., formed in the last 65 Ma) are of intra-oceanic origin (Gurnis et al., 2004).
For the initiation of ocean-ocean subduction, four main mechanisms have so far been proposed:

1) Compression-induced conversion of a preexisting fault into subduction (Maffione et al., 2015; Toth &

Gurnis, 1998): a weak zone turns into a subduction zone in response to plate motion acceleration (Agard
et al., 2007) possibly caused by the push from (super)plumes (Jolivet et al., 2016).

2) Inversion of a spreading ridge (Beaussier et al., 2019; Duretz et al., 2016; Giilcher et al., 2019): intra-oce-

anic subduction initiated under external compressive forces at or near an intra-oceanic divergent plate
margin. A possible example is the Oman ophiolite complex, for which prior to its obduction, intra-oce-
anic subduction initiated at the locus of the actively spreading Neotethyan ridge in the Late Cretaceous
(Agard et al., 2016; Duretz et al., 2016).
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3) Collapse of oceanic transform faults, that is, subduction initiation due to a localized lateral buoyancy
contrast between juxtaposed oceanic plates of different cooling ages. This concept has been thoroughly
investigated and successfully reproduced in numerical (Dymkova & Gerya, 2013; Gerya et al., 2008; Hall
et al., 2003; Matsumoto & Tomoda, 1983; Nikolaeva et al., 2008; Zhu et al., 2009) and analog (Boutelier
& Beckett, 2018) modeling studies. A proverbial example of oceanic transform fault collapse is the for-
mation of the Izu-Bonin-Mariana subduction zone (Brandl et al., 2017; Stern & Bloomer, 1992) where
melt composition changes from MORB-like toleiites to boninites, reflecting an increase in the fluids
derived from the sinking slab during the progression of subduction initiation (Reagan et al., 2017). Such
a magmatic change, generalized to the “Subduction Initiation Rule” (Whattam & Stern, 2011), has been
recently reproduced in geodynamic-petrogenetic models (Leng et al., 2012).

4) Plume-induced subduction initiation involves a sufficiently large and hot plume head that can rupture
the overriding plate and flow atop of its broken part, thus providing self-sustained subduction in the
adjacent part of the oceanic lithosphere (Ueda et al., 2008; Gerya et al., 2015; Baes et al., 2016, 2020a,
2020b). Originally, given a lack of known present-day analogs, significant weakening of the lithosphere
caused by upward migration of the melts extracted from the plume was not thought to be feasible in the
Phanerozoic Earth, limiting the applicability of this mechanism to the hotter Archean lithosphere and
circular corona structures on Venus (Gerya et al., 2015; Giilcher et al., 2020; Ueda et al., 2008). However,
Whattam and Stern (2015) recently provided compelling evidence for plume-induced subduction initi-
ation along the southern margin of the Caribbean and northwestern South America in the Late Creta-
ceous, thus inspiring new numerical studies to explore this mechanism in the context of modern Earth
as well (Baes et al., 2016, 2020a, 2020b).

2.3. Continent-Continent Subduction

Plume-induced subduction initiation within oceanic lithosphere has received significant attention in mod-
ern geodynamic research (Ueda et al., 2008; Gerya et al., 2015; Lu et al., 2015; Baes et al., 2016, 2020a, 2020b)
unlike a paucity of studies in continental settings. Since the studies by Burov & Cloetingh (2009, 2010),
no new attempts have been made to investigate plume-lithosphere interaction as the driving mechanism
for subduction-like downward movements of the continental lithosphere. This is still the case despite a
growing body of robust geophysical data, including observations from seismic tomography and magne-
to-telluric sounding in areas such as the Caucasus (Ismail-Zadeh et al., 2020; Koulakov et al., 2012; Zabelina
etal., 2016); Central Asia (He & Santosh, 2018); North-East China (Kuritani et al., 2019; Li et al., 2020; Wang
et al., 2018; Zhang, 2012); Iberia and its margins (Civiero et al., 2019); the Carpathians (e.g., Wortel & Spa-
kman, 2000; Koulakov et al., 2010; Ismail-Zadeh et al., 2012; Adam et al., 2017; Petrescu et al., 2019), and
the Colorado Plateau (Levander et al., 2011) where upwelling of hot mantle material flanked by downgoing
slabs of sinking mantle lithosphere has been recently documented. This makes plume-induced intra-con-
tinental mantle sinking/foundering a viable and testable mechanism, deserving detailed investigation by
means of both modeling and critical analysis of pertinent observations.

3. Joint Occurrence of Upper Mantle Upwelling and Simultaneous Sinking/
Foundering of Continental Lithosphere: Observational Evidence

Extensive observational evidence has been reported for deep-rooted mantle upwelling expressed by negative
anomalies in seismic velocity and apparent resistivity. In many cases, these deep-rooted upwellings appear
to trigger subduction-like sinking of the lower lithospheric mantle manifested in positive seismic velocity
and resistivity anomalies, leaving, however, the shallower part of the lithosphere tectonically undisturbed.

A compelling example is given by a ~NNNW-SSE oriented seismic cross-section from the Scythian to the
Arabian plate through the Caucasus Mountains (Figure 1a; Ismail-Zadeh et al., 2020; see also Koulakov
et al., 2012). Beneath the mountain belt, a significant negative seismic velocity anomaly (up to 3%) rooted at
depths of ~400 km is interpreted as a zone of hot mantle upwelling/plume emplacement. At the southern
and northern flanks of the head of this mantle plume, subduction-like sinking/foundering of mantle lith-
osphere (high velocity zones) is detected to depths of ~200-300 km. Delaminated lithospheric remnants at
deeper levels (~400-500 km) provide evidence for proto-slab(s) break-off/detachment.
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Figure 1. Examples of intra-continental settings with observational evidence for plume-induced sinking/foundering of lithospheric mantle. (a) Combined
results of regional and local tomography and interpretation of the Caucasus area. Blue patterns correspond to parts of the mantle lithosphere; green pattern
represents the rigid block in the Transcaucasian region. Arrows indicate possible paths of feeding volcanic centers in the Lesser Caucasus and Greater Caucasus
belts. Red colors mark areas of upper mantle upwelling rooted at the top of mantle transition zone (Ismail-Zadeh et al., 2020). (b) Tomographic slice parallel

to the 83 longitude from the Tibetan Plateau, through the Tianshan orogenic belt to the Junggar Basin (He & Santosh, 2018). (c) Results from magneto-

telluric imaging in North-East China. Two cross-sections parallel to the 41.1° (left) and 46.9° (right) latitudes demonstrate deep origins of Cenozoic volcanism
(Changbai and Halaha, respectively) as well as downwelling of continental lithosphere in surrounding areas (Li et al., 2020). (d) Seismic tomography below

the Iberian Peninsula and its Atlantic passive margin, illustrating subvertical low-velocity upper mantle structure flanked by two zones of positive anomalies
(Civiero et al., 2019). (e) Regional tomographic cross-section through the Pannonian Basin/Carpathians arc system showing a wide area with low upper mantle
velocities below the Neogene back-arc basin and a slab-like high-velocity body below the arc (Wortel & Spakman, 2000). (f) Seismic tomography beneath the
Colorado Plateau revealing a high-velocity downwelling body extending to ~200-250 km depth and adjacent deep-seated low-velocity zone representing plume-
like upwelling of upper mantle material (Levander et al., 2011).

A suite of NS and EW oriented seismic profiles across the Chinese Tianshan and the Tarim Basin in west-
ern China (He & Santosh, 2018) revealed two positive velocity anomalies dipping in opposite NS direc-
tions (Figure 1b). These have been interpreted as remnant slabs, that is, the northward and southward
subducted lithosphere of the Tarim and Junggar basins, respectively, reaching depths of ~400 km (see also
Koulakov, 2011; Sychev et al., 2018). A shallow (~100-200 km) negative velocity anomaly located beneath
the boundary between the Tianshan and the Tarim Basin is thought to reflect upwelling mantle mate-
rial responsible for extensive magmatism in the region, while the positive velocity anomaly at ~500 km
depth beneath the Tianshan may represent delaminated material (He & Santosh, 2018). However, given the
well-recorded and prolonged subduction of the Junggar Ocean since the Cambrian (Han et al., 2016; Han &
Zhao, 2018), this deep-seated positive anomaly may also be interpreted as the southward continuation of the

CLOETINGH ET AL. 6 of 25



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2020GC009482

Junggar basin lithosphere. Hence, mantle upwelling beneath the Tianshan may have promoted foundering
of the Tarim and Junggar continental lithospheres.

Figure 1c shows the results of a magnetotelluric study of North-East China (Li et al., 2020) for two E-W ori-
ented cross-sections through the Changbai and Halaha volcanic areas (left and right sections, respectively).
In the centers of both sections, deep-rooted (>400 km) negative resistivity anomalies are visible. Along the
Halaha volcano section, the low resistivity zone is flanked by two high resistivity bodies at both the western
and eastern sides reaching depths of ~200 km. On the Changbai volcano section, only one relatively small
and shallow (to a depth of ~100 km) positive resistivity anomaly is observed on the western side of the low
resistivity area. The latter can be interpreted as an upwelling mantle plume, whereas high resistivity zones
along its edges mark the downward movements of continental lithospheric mantle.

An E-W oriented seismic transect through the center of the Iberian Peninsula and the adjacent passive
margin of the Atlantic Ocean clearly displays a negative seismic velocity anomaly under the high intraplate
topography of Central Iberia flanked by high velocity bodies on its western and eastern sides (Figure 1d;
Civiero et al., 2019). Negative seismic velocity anomalies beneath the Pannonian Basin and a positive veloc-
ity anomaly beneath the Carpathian belt at the Vrancea zone are clearly expressed in a seismic tomography
profile from the Eastern Alps to the Black Sea (Figure le, Wortel & Spakman, 2000). This suggests that
mantle upwelling beneath the Pannonian Basin marked by high heat flow (Lenkey et al., 2002) might have
played a key role in the detachment/delamination of the Vrancea slab. Although the existence of thermally
induced upwelling beneath the Pannonian Basin has been challenged by some recent studies (Harangi
et al., 2015; Harangi & Lenkey, 2007), the presence of hydrous plumes from the mantle transition zone (see
below) may offer a viable alternative (Kovacs et al., 2020).

Figure 1f shows the results of a NNE-SSW oriented seismic cross-section through the Colorado Plateau
from the Basin and Range to the Rocky Mountains (Levander et al., 2011) with a sub-vertically aligned nar-
row high-velocity body extending to ~200-250 km depth. At the SSW-end, this high velocity body is edged
by a slow velocity zone, which reaches considerably deeper levels in the upper mantle (>350 km). In our
view, mantle upwelling has probably contributed to the weakening and subsequent foundering of the lower
part of the continental lithosphere beneath the Colorado Plateau.

In summary, in several areas in Eurasia (Caucasus, Central Asia, North-East China, Iberia, Central Europe),
and North America (Colorado Plateau) subduction-like sinking/foundering of continental lithosphere is
associated with upwelling of hot mantle material (see Figure 1). These upwellings are likely to contribute
significantly to the weakening and subsequent sinking of the lower continental lithosphere. It is important
to note that relatively narrow high velocity (and apparent resistivity) bodies usually extend not deeper than
neighboring, deep-rooted low velocity and resistivity anomalies. Therefore, it appears that upper mantle
instabilities actually precede initiation of foundering of continental lithosphere instead of the other way
around (except of possibly the example of the Pannonian Basin/Carpathian arc system—see below). An-
other striking feature of these sites is that plumes affect mostly the deep to middle lithospheric mantle and
generate only moderate extension of the crust and slightly elevated heat flow at the surface.

While in most of the examples discussed above (Figures 1a-1c and 1e) plume emplacement has preceded
subduction-like foundering of the mantle of continental origin, mantle upwelling in the upper mantle in
the Neogene back-arc Pannonian Basin associated to lithospheric mantle removal (delamination) beneath
the Southeast Carpathians region (Figure 1d) has, in contrast, been triggered by a phase of previously ex-
isting oceanic lithosphere subduction zones (Matenco et al., 2007; Gogiis et al., 2016). Subsequent onset
of continental subduction/collision along the Carpathian belt has caused a break-off/detachment of the
oceanic slab (“1st break-off” on Figure 1d), with detached fragments still residing within the upper mantle
transition zone (~400-600 km). The present-day ongoing slab detachment/delamination in the Vrancea
zone at depths of ~200 km could, however, have a strong causal relationship with the impact of present-day
subduction-induced convective instabilities within the upper mantle wedge (“2nd break-off” on Figure 1d).
Note also the negative velocity anomalies at both sides of the downgoing Vrancea slab (Figure 1d) indicating
that slab break-off could already have been completed in the adjacent segments along-strike the Carpathian
arc (Wortel & Spakman, 2000). Lateral tearing of the slab in SE direction is also consistent with the analyses
of the Neogene-Quaternary sedimentary (Meulenkamp et al., 1996) and magmatic (Seghedi et al., 2004)
records in the area.
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In this context, it should be noted that initial mantle instabilities do not only occur as a consequence of
thermal perturbations but also as a result from refertilization/rehydration of the upper mantle (i.e., hydrous
plumes; Xia et al., 2013; Kuritani et al., 2019) through the subduction of fluid-rich oceanic plates. Alterna-
tively, mantle instabilities may originate from a hydrous transition zone at ~410-660 km depth. Although
the excess of fluids in this zone was commonly attributed to be the graveyard of previously subducted
slabs—for example, the Mesozoic slabs under the Carpathian-Pannonian region (Kovacs et al., 2020; Wortel
& Spakman, 2000; Hetényi et al., 2009), it may not be directly linked to the present-day subduction cycle.
Moreover, given the questionable interpretation that slab subduction by itself can bring enough volatiles
down to the transition zone (Zheng et al., 2016), some studies have, in contrast, postulated a potentially
pristine origin for volatiles in the hydrous transition (e.g., Hier-Majumder & Hirschmann, 2017).

Moreover, subduction initiation by a mantle plume is likely to be a common process operating not only
on Earth but also on other Earth-like planets. In particular, recent numerical studies (Giilcher et al., 2020)
have demonstrated the importance of plume-induced subduction in the formation of Venus' coronae, long-
known circular volcano-tectonic features, often associated with elevated topography and active volcanism
(Gerya, 2014; Roberts & Head, 1993; Stofan et al., 1991). These results pave the path for more detailed stud-
ies on the possible occurrence of similar, corona-like structures on Earth, in particular within the intraplate
areas subjected to mantle upwelling. For example, the plume-assisted east African continental rifts embrac-
ing the Tanzanian craton (Koptev et al., 2015, 2016, 2018b) have been shown to bear many features—such as
an overall elliptical shape, the presence of a mantle plume (Kenya plume), doming processes (Kenya dome),
a central plateau (East African plateau) and volcanism—that are strikingly similar to those of the Venus
coronae (Lopez et al., 1997). From a geometric point of view, the Alboran domain and the adjacent Betics
and Rif mountains of the Western Mediterranean back-arc system (e.g., Platt et al., 2013) and the Caribbean
plate system (Whattam & Stern, 2015) may represent other possible candidates. However, an unambiguous
identification of such circular trenches within (intra-continental) subduction settings is more difficult on
Earth, because active plate tectonics and erosion continue to reshape and remove the surface expression of
past Earth mantle upwelling events.

4. Plume-Induced Initiation of Subduction and Subduction-like Sinking/
Foundering: Insights From Numerical Models

According to a commonly used classification proposed by Stern (2004), subduction initiation is subdivided
into “induced” (caused by ongoing plate convergence related to far-field tectonic forcing) and “spontane-
ous” (caused by internal gravitational instability, i.e., by local forces originating in situ). However, when
subduction initiates along preexisting structures it can be challenging to discriminate between induced
and spontaneous scenarios. Oceanic transform fault collapse, for example, was traditionally thought of as
an “induced” mechanism that requires external forces (Hall et al., 2003) as simplified geodynamic models
often have difficulties to reproduce this mechanism without using kinematic boundary conditions (Arcay
et al., 2020). Yet, lateral buoyancy contrasts between different oceanic plates juxtaposed at oceanic trans-
form faults have proven to be an adequate driving force to trigger subduction spontaneously. A required
condition is the efficient reduction of strength along hydrated faults, which may be pre-defined (Gerya
et al., 2008; Nikolaeva et al., 2008) or formed due to fluid percolation in a self-consistent solid-fluid model
(Dymkova & Gerya, 2013). Similarly, passive continental margins that are considered as potential sites for
purely spontaneous gravitationally driven subduction initiation (Davies, 1999; Vlaar & Wortel, 1976), are
likely subject to significant amounts of additional forcing originating from topographic gradients (Marques
et al., 2013; Pascal & Cloetingh, 2009) and/or mantle suction flow induced by neighboring subduction zones
(Baes & Sobolev, 2017). In addition, a recently established database on subduction initiation events suggest
that most new subduction zones initiate in oceans in proximity of active trenches: subduction breads sub-
duction (Crameri et al., 2020).

Numerical models exploring the spontaneous mode of subduction initiation (e.g., Arcay et al., 2020; Dym-
kova & Gerya, 2013; Gerya et al., 2008; Nikolaeva et al., 2010, 2008) inevitably require a pre-defined suffi-
ciently wide lithosphere-scale “weak” zone of hydrated rocks presumably inherited from previous tectonic
activity. The presence of such pre-localized weak interfaces (usually characterized by significantly reduced
brittle/plastic strength) is compulsory in these models to localize initial deformation and to decouple the
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plates, thus triggering slab foundering. On the contrary, within originally homogenous lithosphere, self-lo-
calized deformation (driven, e.g., by shear heating; Crameri & Kaus, 2010) that can subsequently lead to
subduction initiation (Thielmann & Kaus, 2012) always implies the need to employ compressional bound-
ary conditions that mimic externally induced plate convergence.

A radically different conceptual framework for understanding subduction triggering processes has come
from studies investigating mantle plume-lithosphere interactions. As shown in 2D (Ueda et al., 2008; Burov
& Cloetingh, 2009, 2010) and 3D (Gerya et al., 2015; Baes et al., 2016, 2020a, 2020b) modeling studies, the
emplacement of a thermo-(chemical) mantle plume anomaly beneath an oceanic (Ueda et al., 2008; Gerya
et al., 2015; Baes et al., 2016, 2020a, 2020b) or continental (Burov & Cloetingh, 2009, 2010) plate appears
to trigger self-sustained subduction, even in the absence of both kinematic boundary conditions and ini-
tially pre-defined intra-lithospheric heterogeneities/weaknesses. According to the scenario first proposed
by Ueda et al. (2008), a hot and positively buoyant plume rises to the oceanic lithosphere (Figure 2al) and
then quickly passes through it, ultimately leading to crustal break-up (Figure 2a2). Partially molten plume
material, initially uplifted along a narrow central wedge, then starts to spread laterally atop of the broken
plate, while at the same time pushing the ends of two newly created lithospheric segments downwards
(Figure 2a3). Continuous downward movement of these proto-slabs eventually evolves into self-sustained
subduction on both sides of the newly formed oceanic lithosphere that developed above the site of initial
plume emplacement (Figure 2a4).

Following up on the pioneering study by Ueda et al. (2008, Figure 2a), intra-oceanic subduction initiation has
been further investigated considering 1) the mantle plume itself (Gerya et al., 2015; Baes et al., 2016, 2020a,
2020b) or 2) horizontal flow in the asthenosphere induced by a remote thermal upwelling (Lu et al., 2015)
as the driving force. All these studies have postulated that the interaction of the oceanic lithosphere with
upper mantle thermal instabilities is a very efficient mechanism to break plates and initiate subduction.
Natural observations of this process, however, are notoriously rare. Despite numerous intra-oceanic “hot-
spots” (Courtillot et al., 2003), only one of them has triggered subduction around the Caribbean plate in the
Late Cretaceous (Whattam, 2018; Whattam & Stern, 2015), whereas in all other cases no proven hot spot-re-
lated ocean-ocean subduction has been detected so far. One of the most prominent “negative” examples is
the North Atlantic Igneous Province (Saunders et al., 1997) associated with the Iceland plume that 1) pro-
duces melt during most of the past 60 Myr (e.g., Kerr, 2003), thus contributing to melt-induced magmatic
weakening of the overlying plate, which is typically the most important condition for plume-induced sub-
duction (Ueda et al., 2008, Gerya et al., 2015; Baes et al., 2016, 2020a, 2020b); 2) has presumably triggered
the opening of the North Atlantic Ocean at ~60 Ma (Beniest et al., 2017b) and caused the active spreading
axis to jump from the Aegir ridge to the Kolbeinsey ridge at ~30-35 Ma (Koptev et al., 2017), thus attesting
a sufficiently high buoyancy of the plume to overcome the strength of not only oceanic but even continen-
tal lithosphere; 3) channeled along the thin-lithosphere corridors underneath continental lithosphere and
the mid-oceanic ridges (Steinberger et al., 2019); 4) presently extends not only along the mid-oceanic ridge
but also in perpendicular directions (see seismic tomography by Rickers et al., 2013 and laboratory and
numerical experiments by Schoonman et al., 2017 and Koptev et al., 2017, respectively), thus impinging
oceanic lithosphere of ages older than 20 Ma as required for the formation of stable subduction zones in
numerical experiments (Baes et al., 2016; Lu et al., 2015). For these reasons, the Iceland plume seems to
satisfy all principal model prerequisites for the initiation of stable subduction within the North Atlantic
oceanic lithosphere: 1) intensive plume-induced magmatism likely lowering the strength of the overlying
plate, 2) sufficient buoyancy of the thermo-(chemical) plume anomaly, and 3) interaction with oceanic lith-
osphere of ages exceeding 20 Ma. However, the North Atlantic region still remains a subduction-free area.
This apparent contradiction between numerical model predictions and observations can likely be traced to
the adoption of not well known values for model parameters controlling magmatism-induced lithospheric
weakening (e.g., brittle/plastic strength reduced by a factor of ~1072-10"*; Gerya et al., 2015) and/or mantle
plume buoyancy (e.g., buoyancy flux of ~0.15 kg x m™" x s™%; Lu et al., 2015). Both of these assumptions
are likely not typical for present-day Earth conditions, making this scenario of plume-induced intra-oceanic
subduction more feasible in a Venus-like environment (Giilcher et al., 2020) and/or in the hotter and more
vigorously convecting early Earth, producing hotter upper mantle thermal instabilities with a higher degree
of partial melting (Gerya et al., 2015; Ueda et al., 2008). It is also noteworthy that plume-induced subduc-
tion initiation is usually reproduced in the context of tectonically neutral or compressional regimes. The
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Figure 2. Numerical models of plume-induced subduction initiation in (a) intra-oceanic and (b) intra-continental settings. (a) Temporal evolution of mantle
plume induced subduction initiation (model by Ueda et al., 2008; plot modified from Stern & Gerya, 2018). Note the extremely fast (<0.05 Myr) penetration
of buoyant thermo-chemical plume material through the overlying oceanic plate, which is subjected to significant weakening due to plume-related magmatic
activity. (b) Emplacement of extremely hot (initial temperature of ~2,300°C) plume anomaly initiates downwelling movements in continental lithosphere of
different ages (modified from Burov & Cloetingh, 2009, 2010): b1) 60 Ma (Cenozoic lithosphere); b2); 150 Ma (Mesozoic lithosphere); b3) younger (60 Ma;
Cenozoic) central block embedded into older (300 Ma; Paleozoic) lithosphere; b4) 1,000 Ma (Proterozoic lithosphere). Note the different vertical levels for
horizontal intrusion of the plume head: below the crust (b1 and b2), between upper and lower crust (b3) and within the lowermost lithospheric mantle (b4).

North Atlantic Realm, in contrast, has been under tectonic extension not only since continental break-up in
Early Tertiary (Lundin & Doré, 2005) but also during the preceding long-lasting phase of pre-break-up rift-
ing initiated in Permo-Triassic times (Reemst & Cloetingh, 2000; Ziegler & Cloetingh, 2004). The presence
of far-field extensional forces could be, therefore, an alternative explanation for the absence of plume-in-
duced subduction in the region.
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Plume-induced subduction initiation in the context of a continental overlying plate has been comprehen-
sively explored in studies by Burov & Cloetingh (2009, 2010). Similar to the intra-oceanic tectonic setting
(Figure 2a), most scenarios for continental lithosphere invoke strong thermo-mechanical erosion of the
lithospheric mantle followed by crustal break-up and incipient oceanization above the plume head (Fig-
ures 2b1-2b3). However, in contrast to the oceanic models where plume material always spreads atop of a
ruptured plate (Figures 2a3 and 2a4), horizontal intrusion of a hot mantle plume may occur at very different
levels of the continental lithosphere depending on its age and internal structure. In particular, when rela-
tively young (60-150 Ma) and homogeneous lithosphere is involved (Figures 2b1 and 2b2), the plume in-
trudes below the positively buoyant continental crust, pushing the underlying part of denser mantle down-
ward (Figure 2b1). If, on the contrary, the lithosphere is heterogeneous with a younger (60 Ma) central block
embedded into older (300 Ma) surroundings, plume material spreads laterally at much shallower levels,
decoupling upper crust from the lower crust. The lower crust then remains attached to the mantle of the
older segments that are pushed downward by the plume-induced movement (Figure 2b3). The oldest conti-
nental plate (1,000 Ma) represents the opposite end-member where the plume underplates the lithosphere,
causing downthrusting of only the very lowermost parts of the lithospheric mantle on the extremities of the
flattened plume head (Figure 2b4). Importantly, in this last scenario plume-induced mantle downthrusting
is not accompanied by vertical penetration of plume material toward the surface, and the overlying plate
is thus not ruptured, which is in contrast to all previous models for plume-induced subduction initiation
for both oceanic (Figure 2a) and younger continental lithosphere (Figures 2b1-2b3). Note also that the
deformation in the lowermost lithospheric mantle primarily occurs in a regime of ductile flow. Different
from the commonly known term “thrust” applied in the field of structural geology, usually ascribing the
term to deformation under brittle conditions, we adhere here to the terminology adopted in Burov & Cloet-
ingh (2010), attributing the term “(mantle) downthrusting” to initial downward sinking motion of the low-
ermost lithospheric mantle followed by quasi-vertical foundering of formed proto-slabs.

Different from drastically reduced yield stresses adopted in models for the oceanic lithosphere that is pre-
sumably weakened by intense magmatic activity of the plume (Ueda et al., 2008; Gerya et al., 2015; Baes
et al., 2016, 2020a, 2020b), the parameters of elastic-ductile-plastic rheology laws for crust and mantle of
the continental lithosphere in the study by Burov & Cloetingh (2009, 2010) are based on experimentally
derived estimates for the rock mechanical properties (Kirby & Kronenberg, 1987; Kohlstedt et al., 1995), and
were not subject to further lowering due to the effects of strain- (Brune & Autin, 2013; Gueydan et al., 2008;
Huismans & Beaumont, 2003) and/or melt-related softening (Bahadori & Holt, 2019; Gerya et al., 2015;
Gerya & Meilick, 2011; Lavecchia et al., 2016). This means that mantle plume ascent through the entire
plate as reproduced in the models for relatively young continents (Figures 2b1 and 2b2) is mostly due to the
significantly positive buoyancy of the plume head (Ap ~100-120 kg X m™?), mainly associated to the high
thermal contrast between the plume itself and its surrounding material (up to +1,000°C when emplaced
below the lithosphere).

In order to investigate the effects of a more realistic (lower) temperature contrast when a plume encounters
the base of the lithosphere (AT ~250-350°C; White & McKenzie, 1995; Thompson & Gibson, 2000), we
carried out an additional set of modeling experiments (Figure 3), built upon the setups from our previous
studies (Beniest et al., 2017a). In these models, we adopt a laterally homogeneous (two-layered continental
or one-layered oceanic) crust and lithospheric mantle and free-slip boundary conditions for the left and
right vertical edges. The mantle plume anomaly is incorporated as a semi-circle of 100 km-radius seeded at
the bottom of the model box. Additional details of the model setup and parameters used are presented in
detail in Supporting Information Section S1.

In the models presented in Figure 3, the lower temperatures (1,700°C) assumed for the initial mantle
anomaly prevent a penetration of the plume material into the lithosphere with a strength not subjected
to weakening. In previously published studies of plume interactions with very young oceanic lithosphere
(5-20 Ma), such “plume underplating” (i.e., when plume material spreads below the bottom of the litho-
sphere) has been considered as “failed subduction initiation” (Baes et al., 2016). This agrees with our model
where lithospheric mantle of a “young” (30 Ma) oceanic plate is subjected to extremely shallow (<100 km)
downthrusting of a thin layer (Figure 3al). However, for significantly older (80 Ma) and thicker (115 km)
oceanic lithosphere, we identify a different mode of intermediate downthrusting/foundering (to depths of
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Figure 3. Numerical models of a mantle plume anomaly with a moderate initial temperature (1,700°C) interacting with an overlying oceanic (a) and (b)
continental lithosphere of different thermo-tectonic ages. Note that the style of plume-induced downthrusting and sinking/foundering is mainly conditioned by
the thermal thickness of the overlying plate. In particular, a deep and stable mode of mantle downward motion only develops under condition of relatively old
(>300 Ma) and thick (>100 km) lithosphere.

200-300 km) with subsequent break-off of the foundering proto-slabs (Figure 3a2). Interestingly, the exper-
iments with a lithosphere of similar thicknesses but with a continental structure—either Cenozoic (65 km;
Figure 3b1) or Mesozoic (100 km; Figure 3b2)—evolve in the same way as their oceanic counterparts (Fig-
ures 3al and 3a2, respectively). It thus appears that the system behavior in terms of plume-induced down-
thrusting and foundering is controlled by the total thermal thickness of the overlying plate, whereas its in-
ternal rheological stratification (Burov, 2011; Koptev et al., 2019) is irrelevant. Finally, when a mantle plume
anomaly is emplaced below a sufficiently old (>300 Ma) and thick (150-200 km) lithosphere (Figures 3a3
and 3a4), the initiated intra-continental mantle sinking can be regarded as stable and deep since the pro-
to-slabs founder continuously (i.e., not interrupted by detachment), reaching the bottom of the model box at
400 km. It is also noteworthy that downwelling lithospheric material is sufficiently thicker here (thickness
is of order of several tens km) than in cases of shallow and intermediate downthrusting characterized by
extremely low thicknesses of sinking proto-slabs (not more than 10 km). In the model with a 200 km-thick
Proterozoic overlying plate (Figure 4), initial downthrusting of the lowermost lithospheric mantle, which
is expressed in the symmetrical descending of the isotherm of 1,300°C by ~50 km at the flanks of the
plume-related thermal anomaly, starts immediately after the plume impinges on the base of the lithosphere
(Figure 4al). Due to negative buoyancy of these relatively cold (<1,300°C) downthrusted segments, which
are also subjected to the push of the head of the laterally spreading plume, subduction-like foundering of
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Figure 4. Numerical model of plume-induced subduction-like sinking/foundering in case of the Proterozoic lithosphere (see also Figure 3b4): modeled fields
of (a) temperature; (b) viscosity; and (c) strain rate at 1 and 2 Myr.

mantle material continues, reaching 400 km depth at ~2 Myr after onset of the experiment (i.e., ~1 Myr
after plume emplacement and initiation of mantle downthrusting; see Figure 4a2). Subsequently, sunken
proto-slabs remain stable for several Myr (Figure 3d). In the viscosity field (Figure 4b) the proto-slabs are
expressed less clearly than in the temperature distributions (Figure 4a). Importantly, modeled strain rates
show that deformation occurs only in ductile material of the asthenosphere and lowermost lithosphere,
whereas the crust and most of the lithospheric mantle remain nearly undeformed (Figure 4c).

Based on the above results, we conclude that large-scale and long-lived foundering at the level of the lower-
most lithospheric mantle can be triggered by mantle anomalies of moderate temperatures and sizes within
strong continental interiors of Paleozoic-Proterozoic-(Archean) platforms that are not subject to significant
magmatic weakening, thermal erosion or rifting/break-up. Moreover, given the minimal requirements to
reproduce this process in the model (without any added kinematic boundary conditions nor pre-localized
lithospheric structures nor strength lowering in the lithosphere nor excessive thermo-chemical contrasts in
the plume), thick and old continental lithosphere might potentially provide the optimal conditions for man-
tle downthrusting and subduction-like sinking/foundering into the interior of the Earth. This is in line with
numerous hatural examples of intra-continental downwelling in the upper mantle detected by different
geophysical techniques in various regions over the world, such as the Caucasus (Ismail-Zadeh et al., 2020;
Koulakov et al., 2012), North-East China (Kuritani et al., 2019; S. Li et al., 2020), and the Colorado Plateau
(Levander et al., 2011) (see Section 3 for details).

As mentioned above, deep-seated mantle downthrusting/foundering in the case of a thick continental litho-
sphere (Figure 2b4; Figures 3b3 and 3b4) does not require vertical uplift (or emplacement) of plume material
up to intermediate/shallow lithospheric levels, nor will they show the associated rifting/break-up processes
detectable at the surface. However, we do not exclude that for certain combinations of thermo-mechanical
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Figure 5. Numerical experiments of plume-lithosphere interaction at passive continental margins (modified from Francois et al., 2018). (a) A mantle plume
emplaced at the transition zone between oceanic and continental lithosphere triggers not only mantle downthrusting on the extremities of the plume but also
incipient subduction of the oceanic crust. (b) A mantle plume initially shifted toward the thick continental lithosphere produces intra-continental mantle
downthrusting at both ends of the flattened plume head (similar to the fully intra-continental models shown in Figure 2b4 and Figures 3b3 and 3b4).

parameters and boundary conditions such processes may take place at a later stage. For example, in pre-
vious studies it was reported that under ultraslow tectonic extension (<5 mm/yr) mantle plume protru-
sion into the lithosphere might be postponed up to ~100 Myr after initial emplacement at the lithospheric
base (Koptev et al., 2018). Delayed rupture of the lithosphere, combined with other possible factors as for
example changes in far-field forcing (i.e., tectonic inversion) and/or (re)activation of shear zones in the
crust and the uppermost lithospheric mantle, might be important for the transition from initial plume-in-
duced deep-mantle downthrusting/foundering into a fully established process of plate-scale subduction.
Present-day observations (see Section 3) seem to detect an intermediate stage of this process when hot
plume material already resides at relatively shallow depths—~100 km in the Caucasus area (Ismail-Zadeh
et al., 2020; Koulakov et al., 2012), ~80-100 km in North-East China (S. Li et al., 2020), and ~60-80 km
in the Colorado Plateau (Levander et al., 2011) - but has not yet reached the crust to complete the rup-
ture of the continental plate (Figure 1). This might indicate that a much longer time period is needed for
mantle plumes to penetrate into shallowest lithospheric levels than usually expected in models for oceanic
(<0.1 Myr; Figure 2a) and young continental (<5 Myr; Figure 2b1-3) lithosphere, for which plume-induced
break-up is mandatory before or during subduction/downthrusting. In nature, however, vertical ascent
of plumes through the lithosphere and subsequent break-up (if any) likely postpones the initial phase of
downthrusting, especially in the case of a mature overlying plate.

Mantle plume emplacement at the transition zone between oceanic and continental lithosphere might play
a key role in the initiation of ocean-continent subduction (e.g., Van der Lee et al., 2008). For example, as
shown in a recent study by Stern and Dumitru (2019), the Yellowstone mantle plume emplaced at ~55 Ma
below the western coast of North America has likely disrupted an older subduction zone and allowed ther-
mal weakening and lithospheric collapse of the oceanic Farallon plate forming the new east-dipping Cas-
cadia subduction zone. Numerical models of plume-lithosphere interaction at passive continental margins
(Francois et al., 2018) also reveal plume-induced incipient downthrusting of oceanic crust and mantle lith-
osphere (Figure 5a). Supported by external tectonic compression, such a system might be easily transformed
into a self-sustained ocean-continent subduction zone. When the position of the plume is shifted toward
the continental interiors, initiated downthrusting is localized at the level of the lowermost mantle of the
continental lithosphere (Figure 5b), similar to the results of models that assume a sufficiently thick over-
lying plate is subjected to the impact of the mantle plume (Figure 2b4; Figures 3b3 and 3b4). In between
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Figure 6. Plume-induced sinking of intra-continental lithosphere and its possible consequences for subduction
initiation. (a) interaction of mantle plume with continental mantle as a mechanism for initiation of subduction-like
sinking (foundering) of the lowermost lithosphere (see Sections 3-4); (b) shift of original plume location closer to
the passive margin or along-strike (in y-dimension) lateral migration of plume-induced mantle downthrusting and
foundering, for example, along oblique continent-ocean boundary, potentially leading to (c) incipient downthrusting
of oceanic lithosphere (see Figure 5a3) passive margin collapse and establishment of self-sustained “classic” ocean-
continent subduction.

these end-members (Figures 5a and 5b) a large spectrum of intermediate cases is to be expected for different
initial locations of the plume and various widths of the transition zone. Moreover, by analogy with recent,
successfully modeled propagation of pre-existing intra-oceanic convergent zones along weakened passive
margins (Zhou et al., 2020), lateral migration in the third dimension could also be an efficient mechanism
for transmitting incipient intra-continental downthrusting/foundering toward passive continental margins,
potentially leading to their collapse (Figure 6). Additional numerical experiments that explore the role of in-
tra-continental mantle foundering in the initiation of “classic” ocean-continent subduction should equally
be pursued as the search for potential and hitherto unrecognized examples of this process in nature.
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5. Discussion

Subduction zones are the expression of convergent plate margins (Stern, 2002), with a total present-day
along strike length of >55,000 km (Lallemand, 1999), almost equal to that of mid-oceanic spreading ridges
(Kearey et al., 2009). The initiation of ocean-continent subduction along passive continental margins has re-
mained a controversial problem. As shown by numerical modeling experiments, in the absence of pre-exist-
ing weak zones, a passive margin can be spontaneously transformed into an active subduction zone under
the following two conditions: 1) unusually thin overriding continental lithosphere (<65-75 km; Nikolaeva
et al., 2010) or 2) sufficient mantle downwelling flow just below the passive margin (Baes & Sobolev, 2017).
Numerous candidates for future sites of active subduction at present-day passive margins have been pro-
posed including: the mechanically weak southern Brazilian Atlantic margin (Marques et al., 2013; Nikolae-
va et al., 2011); the East African margin (Gerya, 2011) which is strongly affected by the thermal anomaly
of the African superplume (Mulibo & Nyblade, 2013; Koptev et al., 2015, 2016); and the Argentine Basin
and the U.S. East Coast which are both presumably subjected to slab suction from long-lived Andean and
Cascadia subduction zones (Baes & Sobolev, 2017). Despite confirmation by numerical models and the
identification of promising candidate regions that are expected to develop subduction initiation processes
along passive margins, no irrefutable natural example of initiated self-sustained subduction has yet been
documented.

The most viable mechanism to trigger ocean-continent subduction appears to be the lateral propagation
from pre-existing intra-oceanic convergent zones which onset, in turn, is very common in the Cenozoic
(Crameri et al., 2020; Gurnis et al., 2004). This scenario requires the existence of inherited localized weak
zones at passive margins (Munch et al., 2020; Zhou et al., 2020), and has been successfully reproduced in
numerical models and proposed as a likely future scenario for the Atlantic passive margin to the north of
the Lesser Antilles (Zhou et al., 2020). It also appears to apply to well-established subduction in the Sunda
Arc where subduction initiation in the Eocene is thought to be due to eastward propagation from the east-
ern end of two parallel subduction zones north of India, one of which was intra-oceanic (Hall, 2012; Jagoutz
et al., 2015). Subduction polarity reversal due to arc-continent collision is another intuitively acceptable
mechanism for the transition from ocean-ocean to ocean-continent subduction (Stern, 2004) although both
data- and model-driven evidences for this process are limited (Crameri et al., 2020; Stern & Gerya, 2018).

Intra-continental subduction is traditionally thought to be related to oceanic basin closure and subsequent
continental collision. In this case, underthrusting of the continent by another block of continental lith-
osphere is presumably driven by the negative buoyancy of adjacent oceanic lithosphere that already en-
tered the trench. Far-field tectonic forces represent another mechanism driving continental subduction
that are usually simulated by a constantly advanced wall/piston in laboratory analog experiments (Regard
et al., 2003; Willingshofer et al., 2013), or by a constant velocity applied to the vertical edges of numerical
models (e.g., Pysklywec et al., 2010). In this case a precursor oceanic slab is not essential and may be absent,
as was reported, for example, for the Dinaric subduction zone that formed during the Paleogene in response
to a change in the convergent motion between Africa and Eurasia (Sun et al., 2019). However, such “col-
lisional” intra-continental subduction usually only lasts a few Myr (Yamato et al., 2007) and is succeeded
by return flow (exhumation) of buoyant continental crust to the surface (Burov et al., 2001; Burov & Yam-
ato, 2008), slab break-off (Duretz et al., 2014; Li et al., 2013) and/or delamination of the overriding plate
lithospheric mantle (Francois et al., 2014; Li et al., 2016; Ueda et al., 2012).

Another (and potentially much more common) way to initiate a subduction-like process in an intra-conti-
nental setting is the interaction of the continental lithosphere with plume-like diapiric mantle instabilities.
As demonstrated by numerical experiments, upwelling of hot plume material can produce spontaneous
downthrusting/foundering of the mantle part of the overlying continental lithosphere even without any
induced convergence or pre-existing localized plate weaknesses. Under the condition that the continent is
relatively young (Cenozoic-Mesozoic, LAB <150 km), subduction initiation occurs only when the mantle
plume is sufficiently hot (and therefore buoyant) to penetrate through the entire lithosphere, and drag-
ging its broken segments into the mantle with a downward motion (Burov & Cloetingh, 2009, 2010). This
mechanism is consistent with findings from numerous studies of intra-oceanic settings (Ueda et al., 2008;
Gerya et al., 2015; Baes et al., 2016, 2020a, 2020b), where subduction develops exclusively in combination
with preceding break-up of the lithosphere by ultra-fast (<0.1 Myr) uplift of plume material to the surface.
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If, however, the strength of oceanic lithosphere above the plume anomaly overcomes its thermal and/or
compositional buoyancy, “plume underplating” (i.e., lateral spreading of the plume head beneath the plate)
without subduction initiation becomes the dominant mode (e.g., Baes et al., 2016). Thick and strong con-
tinental plates of older thermo-tectonic ages (Paleozoic-Proterozoic-Archean, LAB >150 km) prohibit any
vertical penetration of the plume material through the lithosphere even if the impinging thermal anomaly
is extremely high (up to +1,000°C below the LAB at the moment of the emplacement; Burov & Cloet-
ingh, 2009). However, in contrast to thin plates of oceanic and young continental lithospheres, horizontal
propagation of the plume head below a thick continent is shown to initiate downward displacement of the
adjacent lowermost lithospheric mantle into the asthenosphere. Once triggered, downthrusting becomes a
self-sustaining process leading to sinking of the proto-slabs to depths of at least 400-500 km (Figure 2b4;
Burov & Cloetingh, 2009). With newly performed numerical experiments (Figures 3 and 4), we have demon-
strated that mantle downthrusting and foundering of old continental lithosphere can be reproduced with
thermal anomalies of moderated size (initial radius of 100 km) and of much more moderate temperature
contrasts (+250-350°C) than in previous studies (Burov & Cloetingh, 2009, 2010) and in the absence of a
compositional stratification of lithospheric mantle (e.g., a highly depleted upper part underlain by a more
fertile lowermost segment characterized by a higher proportion of high-density minerals as advocated by
Hu et al., 2018). Therefore, lithospheric mantle foundering of a mature continental platform appears to be
the least demanding mechanism of plume-induced mantle sinking. It neither requires excessive density
contrasts between plume and lithosphere nor significant weakening of the overlying plate that are both
necessary conditions for vertical ascendance of plume material to the surface and associated fragmentation
of the lithosphere, mandatory precursors of subduction in the scenario for young continental and oceanic
lithosphere.

These modeling results are consistent with natural observations. Numerous “hot-spots” within oceanic ba-
sins (Courtillot et al., 2003) are associated with the emplacement of long-lived (Jellinek & Manga, 2002)
mantle plumes, which are likely rooted at the base of the lower mantle (French & Romanowicz, 2015). In
some cases, they result in the formation of thick oceanic plateaus due to very large volumes (>0.1 X 10° km®)
of plume-derived magmatic material that erupts onto and intrudes into the oceanic lithosphere (Kerr, 2003,
2015). However, only one of these “hot-spots” (the Late Cretaceous Caribbean plume) has forced the over-
lying plate into sustained intra-oceanic subduction (Whattam & Stern, 2015). Such scarcity in documented
examples of plume-induced subduction within intra-oceanic settings is in line with the modeling studies
simulating this process (Baes et al., 2016; Gerya et al., 2015; Ueda et al., 2008), where subduction initiation
requires far-going assumptions on the high required buoyancy of the plume, and an overlying lithosphere
that needs to be strongly weakened. Both conditions are rarely met in Phanerozoic Earth's history, making
this scenario more applicable to the Precambrian Earth and to other Earth-like planets (e.g., Venus, see
Ueda et al., 2008; Gerya et al., 2015; Giilcher et al., 2020). In contrast, observations within intra-continental
settings provide numerous examples of anomalous mantle structures that can be interpreted as downgoing
proto-slabs triggered by a mantle plume upwelling: that is, the Caucasus (Ismail-Zadeh et al., 2020; Koulak-
ov et al., 2012); Central Asia (He & Santosh, 2018); North-East China (Kuritani et al., 2019; Li et al., 2020);
Iberia (Civiero et al., 2019); the Carpathians (Ismail-Zadeh et al., 2012; Wortel & Spakman, 2000); and the
Colorado Plateau (Levander et al., 2011). Importantly, observed depths of the upper mantle positive thermal
anomalies are typically deeper than the maximum depth of the cold downwelling bodies (Wang et al., 2018;
Wang & Kusky, 2019). This confirms one of the basic assumptions that upper mantle instabilities precede
initiation of downthrusting in continental lithospheric mantle, not vice versa. Other striking observations
in the continental realm, such as 1) mantle plumes that never reach the crust or the shallowest levels of
the lithospheric mantle, and 2) the lack of evidence for incipient or shortly forthcoming ruptures of the
lithosphere, are also in agreement with model predictions that favor initial downthrusting at deep levels
of the lithospheric mantle. In this case, no penetration of plume material through the lithosphere occurs
and the plate will not break, which would be expected in the case of subduction initiation within oceanic
lithosphere under Precambrian Earth conditions (Gerya et al., 2015; Ueda et al., 2008). Apart from thermal
plumes, convective movements in the upper mantle generated by adjacent tectonic activity or small-scale
(Solomatov, 2004) edge-driven convection (Liu et al., 2018; Wang & Kusky, 2019) may also lead to down-
thrusting and foundering of the mantle lithosphere. This would explain why subduction-like behavior of
the continental lithosphere is more frequently detected along the edges of plate domains.
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The increasing number of documented examples of intra-continental foundering together with simple nu-
merical requirements to reproduce this process suggest that it might be common on Earth. It is notewor-
thy that this mechanism does likely operate not only in the Cenozoic and present-day, but also in deeper
Phanerozoic time. For example, a recent study by Hu et al. (2018) postulates plume-triggered foundering
and subsequent detachment/delamination of lithospheric keels of the Western Gondwana craton since
Mesozoic times. We, thus, conclude that plume-induced downthrusting and sinking of deeper continental
lithospheric mantle might be as important to plate tectonics as mid-oceanic spreading ridges and passive/
active continental margins (Figure 6).

However, the exact consequences of continental mantle downthrusting/foundering to global tectonics remain
unclear. In particular, the question how this foundering could initiate “classic” ocean-continent subduction
has never been addressed. Could ongoing continent-continent foundering laterally propagate toward adjacent
passive margins? What is the contribution of external tectonic forces to such propagations? What is the role of
pre-existing crustal/lithospheric weakness zones and their spatial location with respect to the area of initial
plume impingement (e.g., Lavecchia et al., 2017)? How important is the delayed (plume-induced?) break-up of
the overriding plate? How relevant are magmatically induced weakening of the continental lithosphere (e.g.,
Bahadori & Holt, 2019; Sobolev et al., 2011) and the existence of mid-lithospheric discontinuity (e.g., Kovacs
et al., 2017; Rychert & Shearer, 2009; Selway et al., 2015)? Can hydrous (i.e., compositionally buoyant) plumes
trigger similar downthrusting of the mantle lithosphere to thermal plumes (e.g., Kuritani et al., 2019)? What is
the role of surface erosion and associated sediment transport and deposition? The last (but not least) question
might be particularly important in view of first-order control of erosion and sedimentation on crustal stresses
and fault activity (well known for decades—see for example, Burov & Poliakov, 2003; Roy et al., 2016; Ballato
et al., 2019) and on the conditions of partial melting (recently discovered by Sternai, 2020). The newly devel-
oped numerical techniques allowing thermo-mechanical models to be fully coupled with landscape evolution
simulations in 3D (Braun & Yamato, 2010; Collignon et al., 2014; Nettesheim et al., 2018; Thieulot et al., 2014;
Ueda et al., 2015) open new perspectives for a hybrid geomorphological-geodynamical modeling quantifying
the distinct tectonic and surface processes and their mutual feedbacks on different spatial and temporal scales.
The aforementioned fundamental questions, therefore, need to be addressed by the (re)assessment of the ge-
ological record and geophysical data combined with these innovative modeling approaches. Given a general
lack of viable mechanisms for ocean-continent subduction initiation (see section 2.1), a detailed examination
of possible scenarios for the further development of plume-induced foundering of the continental mantle
(especially with regard to the spatial-temporal transition to “classic” ocean-continent subduction) is warranted
and presents a challenging task to be pursued further.

6. Conclusions

The process of subduction is fundamental to understand the driving forces behind plate tectonics and the
tectonic history of Earth. Traditionally, negative buoyancy of sufficiently old oceanic lithosphere has been
viewed as a primary cause for gravitationally driven subduction initiation at passive continental margins
(Vlaar & Wortel, 1976). However, increasing the strength of the oceanic plate through cooling places serious
hurdles toward continental margin collapse (Cloetingh et al., 1982, 1989), even in the presence of addi-
tional forcing due to topographic gradients (Marques et al., 2013) and/or sedimentary loading (Cloetingh
et al., 1982, 1984). Nevertheless, as summarized by Gurnis et al. (2004), nearly a third of all active subduc-
tion zones have been formed during Cenozoic times, implying that subduction initiation must be a routine
process in the mode of plate tectonics currently operating on Earth. Intra-oceanic subduction is most likely
triggered by mechanical heterogeneities within the oceanic lithosphere that is subjected to forcing from
proximate active subduction zones (Crameri et al., 2020). Less frequent (Crameri et al., 2020) initiation of
“classic” ocean-continent subduction could be caused by lateral propagation of the trench from a previously
existing ocean-ocean subduction zone toward a sufficiently weak continental margin (Zhou et al., 2020).
Other scenarios of subduction initiation in an intra-oceanic environment or at the continent-ocean transi-
tion zone usually lack independent confirmation through observations and/or self-consistent reproducibili-
ty in numerical models (e.g., Stern & Gerya, 2018; Crameri et al., 2020; and references therein).

Continent-continent subduction has been most commonly attributed to the closure stage of an oceanic ba-
sin. Preceded by subduction of an adjoining oceanic slab, underthrusting of one continental block by anoth-
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er has, therefore, not been considered as a formation of a new subduction zone. Interaction of a continental
plate with a hot mantle plume anomaly provides a fundamentally different framework for the understand-
ing and interpretation of intra-continental subduction-like sinking/foundering since it is initiated without a
pre-existing subduction zone, applied far-field tectonic forces or inherited lithospheric-scale heterogeneities
and weaknesses (Burov & Cloetingh, 2009, 2010). Numerical experiments reveal that downthrusting at the
level of the lowermost mantle of sufficiently thick lithosphere (>100 km) can be triggered by upper mantle
instabilities under minimal requirements for thermo-chemical contrasts in the plume of moderate initial
radius (100 km) and without magmatism-induced strength lowering in the overlying plate.

Therefore, it appears that continental interiors of thick Paleozoic-Proterozoic-(Archean) platforms provide
optimal conditions for initiation of sinking of lithospheric mantle into the underlying asthenosphere. This
is in agreement with numerous recent observations of mantle downwelling in intra-continental settings:
the Caucasus (Ismail-Zadeh et al., 2020; Koulakov et al., 2012); Central Asia (He & Santosh, 2018) North-
East China (Kuritani et al., 2019; Li et al., 2020); Iberia (Civiero et al., 2019); the Carpathians (Ismail-Za-
deh et al., 2012; Wortel & Spakman, 2000); and the Colorado Plateau (Levander et al., 2011). In contrast,
intra-oceanic subduction initiated by mantle plumes is notoriously rare in the Phanerozoic with only one
proven example of subduction initiated in Late Cretaceous times around the Caribbean plate (Whattam &
Stern, 2015).

We conclude that continental mantle sinking is a much more common feature than hitherto assumed,
detectable by geophysical imaging and easily reproducible in numerical experiments. The role of these in-
tra-continental structures in global plate tectonics deserves to be comprehensively explored in more detail in
future research, with a particular focus on their lateral propagation toward passive continental margins and
possible subsequent transformation into “classic” ocean-continent subduction zones (Figure 6), in analogy
with the recently successfully modeled propagation of intra-oceanic convergent zones (Zhou et al., 2020).

Data Availability Statement

Rheological and thermal data used for the construction of the numerical simulations in this research are
summarized in the supporting information file of this paper. The rheological data in there originate from
Chopra and Paterson (1984), D'Acremont et al. (2003), and Ranalli (1995). The thermal data are from Arte-
mieva (2006) and Koptev & Ershov (2010, 2011). The FLAMAR software used in this research is based on
the FLAC-Para(o)voz computational method (Cundall, 1989; Poliakov et al., 1993) and is described in detail
in Burov and Poliakov (2001), Burov and Diament (1995), Le Pourhiet et al. (2004), and Yamato et al. (2008).
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