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Abstract Initiation of subduction following the impingement of a hot buoyant mantle plume is one of
the few scenarios that allow breaking the lithosphere and recycling a stagnant lid without requiring any
preexisting weak zones. Here, we investigate factors controlling the number and shape of retreating
subducting slabs formed by plume‐lithosphere interaction. Using 3‐D thermomechanical models we show
that the deformation regime, which defines formation of single‐slab or multi‐slab subduction, depends on
several parameters such as age of oceanic lithosphere, thickness of the crust and large‐scale lithospheric
extension rate. Ourmodel results indicate that on present‐day Earthmulti‐slab plume‐induced subduction is
initiated only if the oceanic lithosphere is relatively young (<30–40 Myr, but >10 Myr), and the crust has a
typical thickness of 8 km. In turn, development of single‐slab subduction is facilitated by older
lithosphere and pre‐imposed extensional stresses. In early Earth, plume‐lithosphere interaction could have
led to formation of either episodic short‐lived circular subduction when the oceanic lithosphere was young
or to multi‐slab subduction when the lithosphere was old.

1. Introduction

The formation of new subduction zones is a key component of global plate tectonics (Bercovici, 2003; Gurnis
et al., 2004; Stern & Gerya, 2018). It is commonly accepted that the negative buoyancy of cold and dense
oceanic lithosphere provides the major driving force of subduction once it becomes self‐consistent.
However, in order to initiate subduction, the lithosphere has to be broken, which is most likely to occur
in places of reduced strength that feature, for instance, a pre‐existing weakness zone in the lithosphere
(McKenzie, 1977; Mueller & Phillips, 1991; Stern, 2004; Stern &Gerya, 2018). This kind of pre‐existing weak-
ness might be created in a variety of tectonic settings such as transform/fracture zones, extinct mid‐ocean
ridges or back‐arc regions of mature subduction zones. Subduction initiation along a transform/fracture
zone or a mid‐ocean ridge follows from a change in the relative plate motion (Hall et al., 2003; Lebrun
et al., 2003; Pearce et al., 1992; Uyeda & Ben‐Avraham, 1972). Subduction initiation in backarc of mature
subduction zones occurs as a result of entering of buoyant continental crust or oceanic plateau to the subduc-
tion system (Cowley et al., 2004; Hathway, 1993; Kroenke, 1989; Phinney et al., 2004; Stern, 2004; Wells,
1989; Yan & Kroenke, 1993).

Despite the lack of any Cenozoic examples, other widely accepted locations of subduction initiation are pas-
sive margins (Cloetingh et al., 1982, 1984, 1989; Faccenna et al., 1999; Nikolaeva et al., 2010; Regenauer‐Lieb
et al., 2001; Stern, 2004; Stern & Gerya, 2018). The broad acceptance of these tectonic settings arises from the
role that they play in closing phase of the Wilson cycle (Wilson, 1966). Since both passive margins and pre‐
existing weakness zones in the lithosphere are products of plate tectonics this concept cannot address the
question of “how did the first subduction zone form on Earth?”

A recently proposed scenario that is independent of plate tectonics and can thus start recycling of a stagnant
planetary lid is plume‐induced subduction initiation (Baes et al., 2016; Gerya et al., 2015; Stern & Gerya,
2018; Ueda et al., 2008). According to this scenario, upon arrival of a hot and buoyant mantle plume beneath
the lithosphere, the lithosphere breaks apart and the hot mantle plume materials flow atop of the broken
parts of the lithosphere. This leads to bending of the lithosphere and eventually initiation of subduction.
Plume‐lithosphere interaction can lead to subduction initiation provided that the plume causes a critical
local weakening of the lithospheric material above it, which depends on the plume volume, its buoyancy,
and the thickness of the lithosphere (Ueda et al., 2008). Burov and Cloetingh (2010) noted that initiation
of continental lithosphere subduction is plausible following interaction of a plume with a continental
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lithosphere. They indicated that key factors in subduction of continental lithosphere to depths of 300–500
km are the rheological stratification of lithosphere and its free surface. Gerya et al. (2015) showed that three
factors play key roles in subduction initiation that are (a) strong, negatively buoyant oceanic lithosphere; (b)
magmatic weakening above the plume; and (c) lubrication of the slab interface by hydrated crust. They indi-
cated that in the early Earth plume‐lithosphere interaction could result in subduction initiation only if the
oceanic plate was older than 10 Myr. According to that study, episodic lithospheric drips were the result
of interaction between a plume with a younger plate in the early Earth. Plume‐lithosphere interaction in
present‐day Earth could lead to four different deformation regimes: (a) self‐sustaining subduction initiation;
(b) frozen subduction initiation; (c) slab break‐off; and (d) plume underplating (Baes et al., 2016). These
responses depend on several parameters, such as the size, composition and temperature of the plume, the
brittle/plastic strength and age of the oceanic lithosphere, and the presence/absence of lithospheric hetero-
geneity (Baes et al., 2016).

Geochemical, geochronological, and isotope data have recently provided strong evidence for plume‐induced
subduction initiation in the Central American region (Whattam& Stern, 2014). At about 100–95Ma the arri-
val of a large plume head, which formed the Caribbean Large Igneous Province, induced a new subduction
zone in this region. Compositional and density contrasts between the 140–110 Myr oceanic plateau and a
normal old oceanic lithosphere created favorable conditions for subduction initiation upon arrival of a man-
tle plume beneath the lithosphere (Whattam & Stern, 2014). Boschman et al. (2019), using plate kinematic
reconstructions indicated that the subduction in western Caribbean was formed in an intra‐oceanic environ-
ment as a result of plume‐lithosphere interaction at about 100Ma. The formation of the Cascadia subduction
zone in Eocene times was recently suggested as a second example of plume‐induced subduction initiation
(Stern & Dumitru, 2019).

Previous modeling studies (Baes et al., 2016; Gerya et al., 2015; Ueda et al., 2008) showed that plume‐
lithosphere interaction can result in initiation ofmulti‐slab or single‐slab subduction zones around the newly
formed plateau. However, they did not explore the factors playing key roles in discriminating between the
single‐slab andmulti‐slab subduction scenarios. The reconstructionmodel ofWhattam and Stern (2014) sug-
gests that the arrival of plume head beneath the lithosphere at 100 Ma led to the formation of a single‐slab
subduction zone along the west and southwest Caribbean plate, which raises the question of why was sub-
duction initiated only on one side of Caribbean plateau?Whattam and Stern (2014) argued that themain rea-
son for initiation of single‐slab subduction zone in Caribbean region was the existence of the Puerto
Rico/Lesser Antilles subduction zones around the northeastern Caribbean that were formed tens of million
years before subduction initiation in the west and southwest of the region. On the other hand, according to
the reconstruction ofWhattam and Stern (2014), at the time of arrival of mantle plume near the surface, there
was an older oceanic plateau (with an age of nearly 40 Myr at the time of plume‐lithosphere interaction) in
the back‐arc region of the Puerto Rico/Lesser Antilles trenches. From the curved shape of trenches at 100Ma
it is inferred that the slab was probably rolling back, having led to an extensional regime in the back‐arc area.
It is important therefore to investigate the effect of additional factors, which might affect formation of single‐
slab subduction zone in the Caribbean region such as the existence of the old oceanic plateau above the
plume head and the extensional regime in the back‐arc area of Puerto Rico/Lesser Antilles subduction zones.

Based on the above considerations, the present study aims to address two key unexplored questions for
plume‐induced subduction initiation: Which lithospheric parameters play key roles in defining either
single‐slab or multi‐slab subduction initiation? And what is the impact of regional extension on plume‐
lithosphere interaction? Here, we will answer these questions by using 3‐D numerical models and by linking
the results to the formation of single‐slab subduction in the northwest of South America and west of the
Caribbean plate.

2. Numerical Model Description

We use the code I3ELVIS, which solves the momentum, continuity, and energy equations based on a stag-
gered finite difference scheme combined with a marker‐in‐cell technique (Gerya, 2010):

Dρ
Dt

þ ρ∇: v!¼ 0;
∂σij
∂xj

−
∂P
∂xi

þ ρgi ¼ 0; ρCP
DT
Dt

� �
¼ −∇: q!þHr þ Ha þ Hs þ Hl (1)
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where D
Dt, P, ρ, v, σij, and gi are Lagrangian time derivative, pressure, density, velocity, Cauchy stress and grav-

ity acceleration, respectively. CP and q denote heat capacity and heat flux while Hr,Ha,Hs, and Hl stand for
radioactive, adiabatic, shear, and latent heating, respectively.

Ourmodel domain covers a volume of 1212 × 296 ×1212 km, which is resolved by 404 × 148 × 404 grid points
with a resolution of 3 × 3 km in the horizontal (x‐z) plane and 2 km in the vertical (y) direction. More than
235 million markers are employed for advecting various material properties and temperatures. The model
consists of a 20 km thick layer of sticky air simulating an internal free surface, an oceanic lithosphere, a sphe-
rical plume with radius of 100 km, and asthenosphere until depth of 296 km (Figure 1). The oceanic litho-
sphere is composed of upper and lower crust. The upper crust has a thickness of 2 km and thickness of
lower crust varies from 6 km (typical 8 km thickness of oceanic crust) to 28 km (representing a 30 km oceanic
plateau) in different models (Table 2). The thickness of the oceanic lithosphere, which is defined thermally,
varies from 50 to 92 km corresponding to lithospheric age of 20 to 70 Myr in different experiments. We use
non‐Newtonian viscoplastic rheologies (Ranalli, 1995) for different layers of our model (Table 1). The upper
crust, lower crust, plume, and mantle are considered to be wet quartzite, plagioclase An75, wet olivine, and
dry olivine, respectively.

The viscosity in our models depends on stress, temperature and pressure. The effective viscosity is expressed as

1
ηeffectiv

¼ 1
ηdiffusion

þ 1
ηdislocation

(2)

where ηdiffusion and ηdislocation are viscosities for diffusion and dislocation creep, respectively, and are defined as

ηdiffusion ¼ 1
�
2

AD

σn−1cr
exp

E þ PV
RT

� �
ηdislocation ¼ 1

�
2AD

1
nexp

E þ PV
RT

� �
_ε
ð1�nÞ=n
II

�
(3)

in which P is the pressure, T is temperature, _εII ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1
2
_εij _εij

r
is the second invariant of the strain rate tensor, σcr

is the diffusion‐dislocation creep transition stress, and AD, E, V, and n are strain rate pre‐exponential faсtor,
activation energy, activation volume, and stress exponent, respectively. We limit the viscosity to the range
between 1 × 1018 and 1 × 1026 Pa s.

We use the following modified version of Drucker‐Prager yield criterion (Byerlee, 1978; Ranalli, 1995) to
define plastic deformation:

τ ¼ C þ ϕλmeltP (4)

where C is the rock strength at P= 0, λmelt is the melt‐induced weakening factor (Gerya et al., 2015), and ϕ is
the internal friction coefficient for the confined fractures. The product of ϕλmelt is called effective friction
coefficient. We note that melt‐induced weakening is implemented locally within the lithosphere above areas
of melt extraction. For all other materials, no magmatic weakening is assumed (λmelt = 1).

All the model boundaries are free slip boundaries, except at the bottom of the model, which is an open
permeable boundary. In some models we impose some kinematic boundary conditions on the right and left
sides of the model simulating an extensional regime (Model M36–M59 in Table 2). In these models the
imposed outflow is compensated by the inflow at the bottom boundary to conserve mass globally in
the model.

The initial temperature of the oceanic lithosphere is calculated based on cooling half space formulation
(Turcotte & Schubert, 1982). We consider oceanic lithospheres with different ages to investigate the effect
of oceanic lithospheric age on the plume‐lithosphere interaction (Table 2). The temperature in the astheno-
sphere is adiabatic with a gradient of ∼0.5 K km−1. The temperature of the plume is constant, varying
between 1850 and 2050 K in different experiments. The thermal boundary conditions are 273 K at the upper
boundary and zero horizontal heat flux across the vertical boundaries. An infinity‐like external temperature
condition (Gerya, 2010) is imposed on the lower boundary. In somemodels, we consider a 200 K higher tem-
perature at the lower boundary to simulate a plume with a tail (M60–M107 in Table 2).
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Density in our experiments depends on pressure and temperature:

ρ ¼ ρ0 1−α T−T0ð Þ½ � 1þ β P−P0ð Þ½ � (5)

where ρ0 and T0 are the density under the conditions of P0 = 0.1 MPa and T0 = 298 K (pressure and tempera-
ture at Earth's surface) and α and β are the thermal expansion coefficient and the compressibility coefficient,
respectively.

Melt extraction and melt percolation are defined in a simplified manner as described in (Gerya, 2013; Gerya
et al., 2015). Melt extraction is tracked by Lagrangianmarkers. The total amount of melt,M, for every marker
is calculated as

M ¼ M0−Σm Mext (6)

whereM0 is the standard volumetric degree of mantle melting and ΣmMext is the total melt fraction extracted
during the previous melt extraction episodes. The extracted melt moves vertically and is added to the top of
the shallowest partially molten mantle above the plume and forms volcanic rocks. Melt percolation is not
modeled directly and is considered to be instantaneous (Connolly et al., 2009).

Crystallization of magma and melting of the crust are computed from the simple linear batch melting model
(Gerya, 2013)

M ¼ 0whenT<Tsolidus;

M ¼ T−Tsolidusð Þ= Tliquidus−Tsolidus
� �

whenTsolidus<T<Tliquidus;

M ¼ 1 whenT>Tliquidus

(7)

Figure 1. Initial model setup (model M4 in Table 2). The upper panel shows the initial temperature field of the model. The lower panel, illustrating a cross‐section
cutting through the middle of model, represents the compositional field (color code is at the bottom of the figure).
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where Tsolidus = 1327 + 0.091P and Tliquidus = 1423 + 0.105P are solidus and liquidus temperature of the
crust at a given pressure P, respectively. The effective density of the mafic magma and molten crust is
defined as (Gerya, 2013)

ρeff ¼ ρsolid 1−M þMð Þ ρ0molten

ρ0solid
(8)

where ρsolid = 3,000 kg/m3 and ρ0molten = 2,800 kg/m3 are the standard densities of solid and molten crust,
respectively and ρsolid is the density of solid crust at given P and T, which is calculated as

ρsolid ¼ ρ0solid× 1−α T−298ð Þð Þ× 1þ β P−0:1ð Þð Þ (9)

where α = 3 × 10−5 1/K and β = 10−5 1/MPa are thermal expansion and compressibility of the crust,
respectively.

Slab dehydration and mantle hydration are based on the water markers approach (Gerya &Meilick, 2011) in
which the equilibrium mineralogical water content for the crust and the mantle is defined as a function of
pressure and temperature from thermodynamic data by free energy minimization. Fluid markers simulate
upward motion of released water by slab dehydration process. The fluid markers migrate upwards and
release water when they reach a rock with capability of assimilating water by hydration or melting reactions
at given PT‐conditions and rock composition. Eclogitization of subducted crust is modeled as a linearly
increase of density with pressure from 0% to 16% in the PT region between the experimentally determined
garnet‐in and plagioclase‐out phase transitions in basalt (Ito & Kennedy, 1971).

3. Model Results

In our model suite we investigate the effect of thickness of the crust, mantle temperature, extension rate, and
plume tail on the response of the lithosphere to plume‐lithosphere interaction. Since one of the controlling
factor in the lithospheric deformation is the age of lithosphere, we vary lithospheric age along with afore-
mentioned parameters to study the effect of each of them on plume‐lithosphere interaction. Altogether we
conducted 107 experiments, which are listed in Table 2.

We found four distinctly different lithospheric deformation patterns: (a) multi‐slab subduction initiation, (b)
single‐slab subduction initiation, (c) plateau formation without subduction initiation, and (d) episodic short‐
lived circular subduction initiation. Below we show the results for some of our models, which represent dif-
ferent deformation patterns in response to changes in specific model parameters.

3.1. Effect of Crustal Thickness

Models with different thickness of the crust and oceanic lithospheric ages show diverse responses to plume‐
lithosphere interaction. Based on our numerical model results three deformation patterns are achieved that
are (a) multi‐slab subduction initiation, (b) single‐slab subduction initiation, and (c) plateau formation with-
out subduction initiation.

(a) Multi‐slab subduction initiation

Table 1
Rheological Parameters of Different Layers of the Model

Material Flow lawa ρ (kg m−3) C (MPa) φ (‐) A (Pan s) E (kJ mol−1) V (m3mol−1) n K (W m−1 K−1) H (μWm−3)

Upper crust Wet quartz 3,000 1 0.1 1.97 × 1017 154 0 2.3 1.18 + 474/(T + 77) 0.25
Lower crust Plagioclas

An75
3,000 1 0.2 4.8 × 1022 238 0 3.2 1.18 + 474/(T + 77) 0.25

Lithospheric
mantle

Dry olivine 3,300 1 0.2 3.9 × 1016 532 0.8×10‐5 3.5 0.73 + 1293/(T+ 77) 0.022

Asthenosphere Dry olivine 3,300 1 0.2 3.9 × 1016 532 0.8×10‐5 3.5 0.73 + 1293/(T+ 77) 0.022
Plume Wet olivine 3,000 1 0.2 5.01 × 1020 470 0.8×10‐5 4 0.73 + 1293/(T+ 77) 0.022

Note. See text for further explanation.
aFlow law for all materials are based on Ranalli (1995).
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Table 2
List of Experiments

Temp. of
mantle (°K)

Temp. of
plume (°K)

Age:thickness of oceanic
plate (Myr:km)

Thickness of
crust (km) Extra conditions State of deformation

M1 1573 1858 20:50 20 — No subduction
M2 1573 1858 30: 60 20 — No subduction
M3 1573 1858 40:70 20 — No subduction
M4 1573 1858 50:77 20 — No subduction
M5 1573 1858 60:85 20 — No subduction
M6 1573 1858 70:92 20 — No subduction
M7 1573 1858 20:50 16 — No subduction
M8 1573 1858 30:60 16 — No subduction
M9 1573 1858 40:70 16 — No subduction
M10 1573 1858 50:77 16 — No subduction
M11 1573 1858 60:85 16 — No subduction
M12 1573 1858 70:92 16 — No subduction
M13 1573 1858 20:50 12 — No subduction
M14 1573 1858 30:60 12 — No subduction
M15 1573 1858 40:70 12 — single‐slab subduction
M16 1573 1858 50:77 12 — No subduction
M17 1573 1858 60:85 12 — No subduction
M18 1573 1858 70:92 12 — No subduction
M19 1573 1858 20:50 8 — Multi‐slab subduction
M20 1573 1858 30:60 8 — Single‐slab subduction
M21 1573 1858 40:70 8 — Single‐slab subduction
M22 1573 1858 50:77 8 — No subduction
M23 1573 1858 60:85 8 — No subduction
M24 1573 1858 70:92 8 — No subduction
M25 1773 2058 20:50 20 Higher heat production in crust and mantle Episodic short‐lived

circular subduction
M26 1773 2058 30:60 20 Higher heat production in crust and mantle Episodic short‐lived

circular subduction
M27 1773 2058 40:70 20 Higher heat production in crust and mantle Episodic short‐lived

circular subduction
M28 1773 2058 50:77 20 Higher heat production in crust and mantle Multi‐slab subduction
M29 1773 2058 60:85 20 Higher heat production in crust and mantle Multi‐slab subduction
M30 1773 2058 70:92 20 Higher heat production in crust and mantle Multi‐slab subduction
M31 1773 2058 30:60 30 Higher heat production in crust and mantle Episodic short‐lived

circular subduction
M32 1773 2058 40:70 30 Higher heat production in crust and mantle Episodic short‐lived

circular subduction
M33 1773 2058 50:77 30 Higher heat production in crust and mantle Multi‐slab subduction
M34 1773 2058 60:85 30 Higher heat production in crust and mantle Multi‐slab subduction
M35 1773 2058 70:92 30 Higher heat production in crust and mantle Multi‐slab subduction
M36 1573 1858 20:50 20 Applying 1 cm/yr No subduction
M37 1573 1858 30:60 20 Applying 1 cm/yr No subduction
M38 1573 1858 40:70 20 Applying 1 cm/yr Single‐slab subduction
M39 1573 1858 50:77 20 Applying 1 cm/yr Single‐slab subduction
M40 1573 1858 60:85 20 Applying 1 cm/yr Single‐slab subduction
M41 1573 1858 70:92 20 Applying 1 cm/yr No subduction
M42 1573 1858 20:50 8 Applying 1 cm/yr Single‐slab subduction
M43 1573 1858 30:60 8 Applying 1 cm/yr Single‐slab subduction
M44 1573 1858 40:70 8 Applying 1 cm/yr Single‐slab subduction
M45 1573 1858 50:77 8 Applying 1 cm/yr Single‐slab subduction
M46 1573 1858 60:85 8 Applying 1 cm/yr Single‐slab subduction
M47 1573 1858 70:92 8 Applying 1 cm/yr No subduction
M48 1573 1858 20:50 20 Applying 0.5 cm/yr No subduction
M49 1573 1858 30:60 20 Applying 0.5 cm/yr Single‐slab subduction
M50 1573 1858 40:70 20 Applying 0.5 cm/yr Single‐slab subduction
M51 1573 1858 50:77 20 Applying 0.5 cm/yr No subduction
M52 1573 1858 60:85 20 Applying 0.5 cm/yr No subduction
M53 1573 1858 70:92 20 Applying 0.5 cm/yr No subduction
M54 1573 1858 20:50 8 Applying 0.5 cm/yr Single‐slab subduction
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Table 2
(continued)

Temp. of
mantle (°K)

Temp. of
plume (°K)

Age:thickness of oceanic
plate (Myr:km)

Thickness of
crust (km) Extra conditions State of deformation

M55 1573 1858 30:60 8 Applying 0.5 cm/yr Single‐slab subduction
M56 1573 1858 40:70 8 Applying 0.5 cm/yr Single‐slab subduction
M57 1573 1858 50:77 8 Applying 0.5 cm/yr Single‐slab subduction
M58 1573 1858 60:85 8 Applying 0.5 cm/yr Single‐slab subduction
M59 1573 1858 70:92 8 Applying 0.5 cm/yr No subduction
M60 1573 1858 20:50 20 Upwelling of hot mantle below the mantle plume No subduction
M61 1573 1858 30:60 20 Upwelling of hot mantle below the mantle plume No subduction
M62 1573 1858 40:70 20 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M63 1573 1858 50:77 20 Upwelling of hot mantle below the mantle plume No subduction
M64 1573 1858 60:85 20 Upwelling of hot mantle below the mantle plume No subduction
M65 1573 1858 70:92 20 Upwelling of hot mantle below the mantle plume No subduction
M66 1573 1858 20:50 16 Upwelling of hot mantle below the mantle plume No subduction
M67 1573 1858 30:60 16 Upwelling of hot mantle below the mantle plume No subduction
M68 1573 1858 40:70 16 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M69 1573 1858 50:77 16 Upwelling of hot mantle below the mantle plume No subduction
M70 1573 1858 60:85 16 Upwelling of hot mantle below the mantle plume No subduction
M71 1573 1858 70:92 16 Upwelling of hot mantle below the mantle plume No subduction
M72 1573 1858 20:50 12 Upwelling of hot mantle below the mantle plume No subduction
M73 1573 1858 30:60 12 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M74 1573 1858 40:70 12 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M75 1573 1858 50:77 12 Upwelling of hot mantle below the mantle plume No subduction
M76 1573 1858 60:85 12 Upwelling of hot mantle below the mantle plume No subduction
M77 1573 1858 70:92 12 Upwelling of hot mantle below the mantle plume No subduction
M78 1573 1858 20:50 8 Upwelling of hot mantle below the mantle plume Multi‐slab subduction
M79 1573 1858 30:60 8 Upwelling of hot mantle below the mantle plume Multi‐slab subduction
M80 1573 1858 40:70 8 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M81 1573 1858 50:77 8 Upwelling of hot mantle below the mantle plume Single‐slab subduction
M82 1573 1858 60:85 8 Upwelling of hot mantle below the mantle plume No subduction
M83 1573 1858 70:92 8 Upwelling of hot mantle below the mantle plume No subduction
M84 1573 1858 20:50 20 Upwelling of hot mantle below the mantle plume

+ applying 1 cm/yr
Single‐slab subduction

M85 1573 1858 30:60 20 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M86 1573 1858 40:70 20 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M87 1573 1858 50:77 20 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Singe‐slab subduction

M88 1573 1858 60:85 20 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Multi‐slab subduction

M89 1573 1858 70:92 20 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

No subduction

M90 1573 1858 20:50 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M91 1573 1858 30:60 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M92 1573 1858 40:70 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M93 1573 1858 50:77 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M94 1573 1858 60:85 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M95 1573 1858 70:92 8 Upwelling of hot mantle below the mantle plume
+ applying 1 cm/yr

Single‐slab subduction

M96 1573 1858 20:50 20 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

No subduction

M97 1573 1858 30:60 20 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

No subduction

M98 1573 1858 40:70 20 Single‐slab subduction
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As the plume reaches the bottom of the lithosphere, it weakens the lithosphere and starts to penetrate it ‐
Figure S1 in the supporting information data illustrates how magmatic weakening acting locally above
the plume head results in breaking of the lithosphere. At the same time an oceanic plateau forms above
the plume head as a result of decompression melting of the plume material (lower panel of Figure 2a
showing the compositional field of model M19, which has a lithosphere of 20 Myr age and 8 km oceanic
crust with present‐day mantle temperature). This plateau thickens with time, leading to a growing density
contrast at the plateau margins (see Figure S1 in supporting information data). When the plume breaks
the whole lithosphere (see upper panel of Figure 2a showing the lithospheric stress field of model
M19), it spreads within the circular region, which is formed due to the breaking of the lithosphere.
Plume materials spread atop of the broken segments of the lithosphere and push them downward into
the mantle. This downward displacement of the oceanic lithosphere along with density contrast within
the lithosphere created by formation of a new plateau can lead to development of new circular subduction
zone (Figure 2b). The ring confinement resists slab downward motion. This resistive force is eventually
overcome by tearing the slab. The slabs tear due to the strain weakening, which results in a decrease
of internal friction with increasing strain leading to strain localization along a shear zone (see Figure
S2 in the supporting information data). Tearing the slab leads to multi‐slab subduction initiation around
the plateau (Figure 2c). Subduction becomes self‐sustained and slabs move towards the model boundaries
(Figure 2d). Model results show that under the assumptions we made multi‐slab subduction initiation
occurs only if the crust is thin (8 km) and if oceanic lithosphere is young—with an age of 20 Myr
(Table 2 and Figure 9).

(b) Single‐slab subduction initiation

Figure 3 shows the compositional and lithospheric stress fields of model M15, which has a 12 km crust and
40 Myr oceanic lithosphere with present‐day mantle temperature as an example of single‐slab subduction
initiation. The plume breaks the lithosphere and forms a plateau above the plume head (Figure 3a). The
plume materials spread within the circular area, formed due to the penetration of plume into the litho-
sphere. They move atop of broken parts of lithosphere and start a downward motion of the lithosphere.
This leads to formation of a circular subduction (Figure 3b). Unlike experiment shown in Figure 2, here

Table 2
(continued)

Temp. of
mantle (°K)

Temp. of
plume (°K)

Age:thickness of oceanic
plate (Myr:km)

Thickness of
crust (km) Extra conditions State of deformation

Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

M99 1573 1858 50:77 20 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M100 1573 1858 60:85 20 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M101 1573 1858 70:92 20 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

No subduction

M102 1573 1858 20:50 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Multi‐slab subduction

M103 1573 1858 30:60 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M104 1573 1858 40:70 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M105 1573 1858 50:77 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M106 1573 1858 60:85 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

Single‐slab subduction

M107 1573 1858 70:92 8 Upwelling of hot mantle below the mantle plume
+ applying 0.5 cm/yr

No subduction
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the ring confinement is not overcome by tearing of the slab. Here, slab breaks off from one side of the circular
subduction and sinks into the mantle. Extra negative buoyancy induced form detached slab facilitates
subduction of slab which is still attached to the surface (Figure 3c). A single‐slab subduction zone forms
and retreats spontaneously towards the boundary of the model (Figure 3d). The lithospheric response to
plume‐lithosphere interaction is single‐slab subduction initiation if the crust is thin (8 km) and the age of
oceanic lithosphere is between 30 and 40 Myr or when the lithosphere has an age of 40 Myr and crustal
thickness of 12 km (Table 2 and Figure 9).

(c) Plateau formation without subduction initiation

Following plume‐lithosphere interaction, the plume breaks the lithosphere and forms a volcanic crust in the
circular region created in the middle of the model, which indicates formation of a new oceanic plateau
(Figure 4a showing the compositional and lithospheric stress fields of model M12 in Table 2). The plume
materials spread atop of the broken lithosphere leading to bending of the lithosphere downward. However,
due to the resistance of lithosphere to descending, subduction is not formed (Figure 4b). The deformation
regime following plume‐lithosphere interaction is plateau formation without subduction initiation when
either the crust is thicker than 12 km or the oceanic lithosphere is older than 50 Myr (Table 2 and Figure 9).

Figure 2. An example of models to investigate effect of thickness of crust (model M19 in Table 2), which illustrates formation of a multi‐slab subduction zone. (a, b)
The second invariant of the stress tensor within the lithosphere. (c, d) Compositional field of a 2‐D cross‐section cutting through center of model (color code is at the
bottom of the figure).
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3.2. Effect of Extension Rate

Here we impose some kinematic boundary conditions to the left and right sides of the model. We vary both
age of the lithosphere and extension rate in different models. To investigate the effect of extension rate on the
thickness of the crust we run experiments with two crustal thickness of 8 (typical thickness of oceanic crust)
and 20 km (representing a plateau). Experiments with extension rates of 0.5 and 1 cm/yr and different age of
lithosphere and thickness of the crust show two different deformation patterns. The lithospheric response to
extension during plume‐lithosphere interaction is either (a) single‐slab subduction initiation or (b) plateau
formation without subduction initiation. The evolution of deformation in these responses is very similar to
those shown in Figures 3 and 4. Therefore, in this section we only show the latest stage of lithospheric
response to plume‐lithosphere interaction.

(a) Single‐slab subduction initiation

The plume breaks the lithosphere and a circular subduction forms. Slab breaks off from the surface from one
side, while on the other side the slab continues to subduct as a single‐slab subduction. In this process
breaking‐off the slab from one side creates an extra driving force for the still‐attached slab, helping the
single‐slab subduction to become self‐sustained. This single‐slab subduction retreats toward the side bound-
ary of the model (Figure 5a representing the compositional and lithospheric stress fields of model M45 in

Figure 3. An example of models to investigate effect of thickness of crust (model M15 in Table 2) showing single‐slab subduction initiation. For explanation of
panel meanings, see Figure 2 caption.
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Table 2). Our numerical study reveals that in a low‐rate extensional regime (0.5 cm/yr) single‐slab
subduction of a lithosphere with a typical crustal thickness of 8 km occurs only if the age of lithosphere is
less than 50 Myr. Single‐slab subduction of lithospheres with thick plateau of 20 km is possible when the
age of lithosphere is between 30 and 40 Myr. Higher extensional regimes facilitate subduction of older
lithospheres (Table 2 and Figure 9).

(b) Plateau formation without subduction initiation

The lithosphere breaks as a result of magmatic weakening induced by arrival of a mantle plume beneath the
lithosphere. A plateau forms at the surface above the plume head. Subduction is not formed due to indispo-
sition of lithosphere to subduct. Deformation is dominated by extension and thinning of the lithosphere
(Figure 5b showing the compositional and lithospheric stress fields of model M48 in Table 2). The deforma-
tion regime is plateau formation without subduction initiation when the oceanic lithosphere is old (older
than 40 and 50 Myr in low‐ and high‐rate extensional regimes, respectively; Table 2 and Figure 9).
Interaction of a plume with a thick plateau of 20 km within a young lithosphere of 20 Myr also results in
plateau formation without subduction initiation.

3.3. Effect of Mantle Temperature

In this section, we compare the response of the lithosphere to the arrival of a plume in Archean and present‐
day time. Since in Archean times, the mantle temperature, heat production in the crust as well as mantle,
and crustal thickness were likely higher than those in the present‐day (Herzberg et al., 2010), we run experi-
ments with 200 K hotter mantle, higher heat production in crust and mantle (~2 times higher than those in
the present day) and thicker crust (20–30 km). We vary the lithospheric age in different models. Two defor-
mation regimes result from these experiments: (a) multi‐slab subduction initiation and (b) episodic short‐
lived circular subduction initiation.

(a) Multi‐slab subduction initiation

A plateau forms due to decomposition melting of the plume material and penetration of upwelling plume to
the lithosphere (Figure 6a illustrating the compositional and lithospheric stress fields of Model M29 in
Table 2). Plateau thickening is much faster than that in models with lower mantle temperature, increasing
the density contrast along the margins of plateau. Plumematerials spread atop of the lithosphere and push it

Figure 4. An example of models to investigate effect of thickness of crust (model M12 in Table 2) indicating the formation of a plateau without subduction initia-
tion. For explanation of panel meanings, see Figure 2 caption.
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downwards. This along with density contrast within the lithosphere results in formation of a circular slab
(Figure 6b). The ring confinement, which acts as a resistive force in subduction process, is overcome by
tearing of the slab and formation of multi‐slab subduction (Figure 6c). Slabs subduct to greater depth with
time and at the same time they retreat towards the side boundaries of model (Figure 6d). This regime
occurs if the oceanic lithosphere is 50 Myr or older (Table 2 and Figure 10).

(b) Episodic short‐lived circular subduction initiation

The plume breaks the lithosphere and a new plateau forms in the circular region created by plume penetra-
tion into the lithosphere. Descending of lithosphere into mantle starts as a result of negative buoyancy force
due to the oceanic lithosphere and plume materials that are replaced atop of the lithosphere as well as den-
sity contrast at the plateau margin (Figure 7a indicating the compositional and stress fields of Model M25 in
Table 2). Subducted slab breaks off at shallow depth (Figure 7b). A new downgoing circular slab forms
behind the broken slab (Figure 7c). However, similar to the first short‐lived slab, this subducted lithosphere
is broken‐off soon after its formation (Figure 7d). Our model results show that interaction of a plume with a
young lithosphere (with the age of younger than 50Myr) could result in episodic short‐lived circular subduc-
tion initiation (Table 2 and Figure 10).

3.4. Effect of Mantle Plume With a Tail

We set‐up some models in which we assume that the rising plume may bring some hot mantle materi-
als with itself toward the surface. We simulate this by considering 200 K higher temperature at the
lower model boundary. Figure 8 shows the compositional and stress fields of models M19 (which has
a lithosphere of 20 Myr age with a crustal thickness of 8 km and present‐day mantle temperature)
and M78 that is similar to model M19 2 except that here a higher temperature below the mantle plume
is considered. As the plume rises towards the surface hotter mantle rocks ascend below the plume.
Subduction is formed faster in this model compared to model M19, which is a direct consequence of
interaction of a more buoyant plume with the lithosphere which causes higher magmatic weakening.
Due to continuous heating from the below, more mantle rucks are molten in this model compared to
model M19. Outcomes of experiments with different lithospheric age, extension rate and thickness of
the crust (Table 2, Models M60‐M107) show that continuous rising of hot mantel materials towards

Figure 5. An example of models to investigate effect of extensional regime. Results of model: (a) M45 and (b) M48 (Table 2). For explanation of panel meanings, see
Figure 2 caption.
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the surface facilitates subduction initiation, especially when a mantle plume interacts with a lithosphere
containing a thick plateau.

4. Discussion
4.1. General Models of Modern Earth

Results of our experiments for the present‐day Earth show that plume‐lithosphere interaction could result in
three lithospheric deformation regimes that are formation of plateau without subduction initiation, single‐
slab subduction initiation and multi‐slab subduction initiation. These lithospheric responses are governed
by changes in several model parameters such as age of oceanic lithosphere, thickness of the crust, and exten-
sion rate. We acknowledge that several other parameters like plume buoyancy, which depends on the plume
temperature, volume and chemical density likely affect the response of the lithosphere to the plume as well
(Baes et al., 2016; Gerya et al., 2015; Ueda et al., 2008). We discuss some of these effects below but leave their
detailed investigation for future studies.

To initiate subduction induced by plume‐lithosphere interaction the first step is to break the lithosphere.
Breaking of the lithosphere depends on several parameters such as plume volume, plume buoyancy and
lithospheric thickness (Baes et al., 2016). In this study, a plume can break the lithosphere in all

Figure 6. An example of models to investigate effect of mantle temperature (model M29 in Table 2) showing formation of multi‐slab subduction initiation. For
explanation of panel meanings, see Figure 2 caption.
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experiments, indicating that the plume buoyancy is sufficient enough to overcome the lithospheric strength.
Following breaking of the lithosphere, initiation of subduction depends on the subductability of the
lithosphere, which is related to the strength and buoyancy of the lithosphere. Our experiments show that
lowering the strength of the lithosphere by for instance imposing extension or interaction of lithosphere
with a plume with a tail (which is more buoyant compared to a plume without a tail) can facilitate
subduction initiation (see Figure 9, which summarizes the outcomes of our numerical study in terms of
six regime diagrams). Negative buoyancy of the lithosphere, which acts as a driving force in subduction
initiation, increases with decreasing of the crustal thickness and increasing of the lithospheric age.
Interaction of a plume with a lithosphere with crustal thickness of 8 km, typical for the modern oceanic
crust, may result in formation of multi‐slab subduction if the oceanic lithosphere is young (age < 30 Myr
for models with a plume with no tail and age < 40 Myr for models with a plume with a tail), but older
than 10 Myr (Baes et al., 2016). When a mantle plume arrives beneath an older lithosphere with crustal
thickness of 8 km, it may lead to formation of single‐slab subduction. Plume‐lithosphere interaction may
lead to formation of plateau without subduction initiation if the lithosphere is older than 50 (Figures 9a
and 9d). This indicates that although the aging of the lithosphere increases the negative buoyancy of the
plate, its strength growth acts as a resistive force in subduction initiation process. We note that plume‐
induced subduction initiation of lithospheres older than 50 Myr maybe possible if a more buoyant plume
interacts with the lithosphere (Baes et al., 2016; Gerya et al., 2015). Thicker oceanic crust hampers

Figure 7. An example of models to investigate effect of mantle temperature (model M25 in Table 2) indicating formation of episodic short‐lived circular subdution
zone. For explanation of panel meanings, see Figure 2 caption.
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subduction initiation due to its positive buoyancy, which increases resistance to subduction (Figures 9a and
9d). In models with a plume with no tail, subduction of plateau induced by plume‐lithosphere interaction is
rarely possible (Figure 9a). It occurs only if the crustal thickness and lithospheric age are 12 km and 40 Myr,
respectively. In models with a plume with a tail, results of models with oceanic crustal thicknesses of more
than 12 km show that subduction initiation induced by plume‐lithosphere interaction occurs only if the age
of oceanic lithosphere is 40 Myr. These results indicate the scarcity of formation of a new subduction zone
induced by interaction of a mantle plume with a lithosphere containing a thick plateau.

Imposing extension can increase the subductability of oceanic lithosphere (Figures 9b‐c9 and 9e‐f9).
Lithosphere with typical crustal thickness of 8 km under low extension rate show almost similar deforma-
tion regimes as those without extension, indicating the possibility of subduction of young oceanic

Figure 8. Effect of uprising of hotmantlematerials below the plume. Panels (a) and (c), and (b) and (d) show the results of initial and final stages of modelsM78 and
M19, respectively. For explanation of panel meanings, see Figure 2 caption.
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lithospheres (Figures 9b and 9e). However, higher extensional rate of 1 cm/yr enables formation of single‐
slab subduction also for the older lithospheres (Figures 9b and 9e). This is because fast extension reduces
lithospheric strength. The same is true for the lithosphere with 20 km thick crust. In this case extension
rate of 0.5–1 cm/yr enables subduction of moderately aged oceanic lithospheres (age = 30–60 Myr,
Figure 9c).

The formation of single‐slab or multi‐slab subduction depends on the strength of the lithosphere. In models
leading to development of multi‐slab subduction, the strength of the slab is low due to its young lithosphere.
As a result, ring confinement can be overcome by tearing of the low‐strength slab at shallow depth (Figure S2
in supporting information data). However, in models resulting in formation of single‐slab subduction, the
failure of the lithosphere cannot occur at depth due to the high strength of the slab and depth dependency
of the yield stress (equation (4) in section 2.). Therefore, in these models the ring confinement is overcome by
breaking of the lithosphere (strain localization) at shallow depth from one side of the circular slab (Figure S3
in the supporting information data).

Comparing the results of models with a plumewith and without a tail shows that subduction of a lithosphere
containing a thick plateau becomes easier when a plume with a tail interacts with the lithosphere (Figure 9).
The other effect of rising of a plume with a tail towards the surface is on the time of subduction initiation
(Figure 8). Subduction is formed faster as a result of increasing of plume buoyancy, which leads to higher
magmatic weakening. Multi‐slab subduction, which requires a young and weak lithosphere, occurs more
often in models simulating a plume with a tail.

In this study we simulate a plume head with a sphere of 200 km diameter. We note that comparison of model
results with observations in the nature with the same plume radius depends on several parameters such as
size of plume tail, amount of cold materials entrained into the plume head and plume composition.

Figure 9. Summary of model results for present‐day Earth. Effect of (a and d) thickness of the crust, (b and e) extension rate in models with 8 km crust, and (c and f)
extension rate in models with 20 km crust. Panels (a)–(c) and (d)–(f) illustrate the results of models with a plume without and with a tail, respectively.
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4.2. Application for the Early Earth

In Archean times the earth was 100–300 K hotter (Herzberg et al., 2010) and the crust was thicker than those
in present day. We investigate the interaction of plume with Archean lithosphere assuming thickness of the
oceanic crust of 20–30 km and higher mantle temperature of 1753 K. Figure 10 illustrates the results of mod-
els with average present‐day mantle temperature (1573 K) along with outcomes of experiments with 200 K
higher mantle temperature. The thickness of crust in all models is 20 km and the age of oceanic lithosphere
is varying from 20–70 Myr.

Modeling results show that in contrast to present day where subduction initiation induced by interaction of a
plume with a lithosphere containing a thick plateau is unlikely, plume‐induced subduction initiation in the
hot early Earth with thick crust was quite possible. Interaction of a plume with lithosphere in Archean times
could result in either episodic and short‐lived (young lithosphere) or multi‐slab retreating (old lithosphere)
subduction initiation, but not single‐slab subduction zones, which should be common on modern Earth.
These results are in good agreements with those in Gerya et al., 2015.

Fig 6 shows that initiation of multi‐slab retreating subduction zones in hot early Earth was very efficient way
to melt mantle and to produce new crust. We note that to allow initiation of multi‐slab retreating subduc-
tion, early Earth lithosphere should have been older than 40–50 Myr. It means that just 40–50 Myr after
the previous resurfacing the early Earth lithosphere was ready for the new extensive recycling and extensive
formation of the new crust, triggered by arrival of large and hot enough mantle plume. This result confirms
the recent suggestion that plume‐induced retreating subduction zones was a plausible tectonic regime in
Archean (Sobolev & Brown, 2019) when the rate of production of the crust was much higher than that on
modern Earth (Dhuime et al., 2012).

4.3. Application for Caribbean

Whattam and Stern (2014) suggested plume‐induced subduction initiation in the southern margin of the
Caribbean and NW South America. They indicated that initiation of subduction was due to the presence
of an old plateau (it was formed by plume‐lithosphere interaction at 140–110 Ma), which created a pre‐exist-
ing compositional and density contrast between the plateau and surrounding normal oceanic lithosphere.
They also noted that the reason for single‐slab subduction initiation (instead of multi‐slab subduction)
was the presence of subduction beneath the NEmargin, which was formed some tens of million years before
subduction initiation in western Caribbean. In this study we showed that formation of single‐slab subduc-
tion depends on several parameters such as age of oceanic lithosphere, thickness of the crust and rate of
extension (Figure 9). In contrary to Whattam and Stern (2014) we find that presence of plateau hinders
plume‐induced subduction initiation. However, our model results show that interaction of a plume with
thick plateau can result in subduction initiation if the lithosphere is under extension.

Figure 10. Summary of model results. Effect of mantle temperature in models with 20 km crust.
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Previous studies show that the oceanic lithosphere at the time of plume‐lithosphere interaction in Caribbean
(at 100 Ma) was older than 40 Myr (Gerya et al., 2015, and references therein). According to our model
results in order to initiate single‐slab subduction in Caribbean region plume might arrived either beneath
a plateau, which was under extension, or beneath a lithosphere with crustal thickness of 8 km (see
Figure 9). We point out that assumption of lithospheric extension some 100 Ma in Caribbean is plausible
because the plume‐lithosphere interaction in Caribbean occurred in the extensional back‐arc region of the
west dipping Puerto Rico/Lesser Antilles subduction zone (Whattam & Stern, 2014).

We note that it is not clear whether plume‐lithosphere interaction in the Caribbean occurred within the pre‐
existing plateau or away from it. Here we assumed that the plume interacted with the lithosphere within the
thick plateau. Further study is needed to investigate the effect of non‐uniform crustal thickness and the loca-
tion of plume head. We also studied the effect of a pre‐existing subduction zone in the Caribbean region
implicitly by considering the effect of extension in its back‐arc. Exploring the effect of pre‐existing subduc-
tion on plume‐lithosphere interaction in more details requires models with different model setup and larger
dimensions, which is worth to be investigated in future studies.

5. Conclusions

Using 3‐D thermo‐mechanical models we have shown that the response of the lithosphere to arrival of a
mantle plume beneath it depends on several parameters such as age of oceanic lithosphere, thickness of
the crust, extension rate, and mantle temperature. The numerical experiments revealed that plume‐
lithosphere interaction in present day Earth can result in three different deformation regimes: (a) multi‐slab
subduction initiation, (b) single‐slab subduction initiation, and (c) plateau formation without subduction
initiation. On early Earth (in Archean times) plume‐lithosphere interaction could result in formation of
either multi‐slab subduction zones, very efficient in production of new crust, or episodic short‐lived circular
subduction. The former occurs if the lithosphere is older than 50 Myr and the latter refers to the interaction
of a plume with a younger lithosphere. In contrary to the early Earth, in present‐day Earth, multi‐slab sub-
duction zones can be initiated only if a plume hits a relatively young oceanic lithosphere (<40 Myr but older
than 10 Myr). We found that extension eases subduction initiation caused by plume‐lithosphere interaction.
Plume‐induced subduction initiation of old oceanic lithosphere with a plateau with thick crust is only pos-
sible if the lithosphere is subjected to extension. Interaction of lithosphere with a plume that features a
plume tail also facilitates subduction initiation. We suggest that single‐slab subduction in the eastern
Caribbean was formed due to either plume‐plateau interaction in an extensional regime or arrival of a man-
tle plume beneath a lithosphere with typical crustal thickness of 8 km.
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