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Impingement of a hot buoyant mantle plume head on the lithosphere is one of the few scenarios that can
initiate a new subduction zone without requiring any pre-existing weak zones. This mechanism can start
subduction and plate tectonics on a stagnant lid and can also operate during active plate tectonics where
plume-lithosphere interactions is likely to be affected by plate motion. In this study, we explore the influ-
ence of plate motion on lithospheric response to plume head-lithosphere interaction including the effect
of magmatic weakening of lithosphere. Using 3d thermo-mechanical models we show that the arrival of a
new plume beneath the lithosphere can either (1) break the lithosphere and initiate subduction, (2) pen-
etrate the lithosphere without subduction initiation, or (3) spread asymmetrically below the lithosphere.
Outcomes indicate that lithospheric strength and plume buoyancy control plume penetration through
the lithosphere whereas the plate speed has a subordinate influence on this process. However, plate
motion may affect the geometry and dynamics of plume-lithosphere interaction by promoting asymme-
try in the subduction zone shape. When a sufficiently buoyant plume hits a young but subductable mov-
ing lithosphere, a single-slab modern-style subduction zone can form instead of multiple subduction
zones predicted by stagnant lid models. In the case of subduction initiation of older moving oceanic litho-
sphere, asymmetrical cylindrical subduction is promoted instead of more symmetrical stagnant lid sub-
duction. We propose that the eastward motion of the Farallon plate in Late Cretaceous time could have
played a key role in forming one-sided subduction along the southern and western margin of the
Caribbean and NW South America.
� 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Subduction zones are essential components of plate tectonics
and therefore understanding different subduction initiation sce-
narios is a natural focus of geodynamic research (e.g., Stern and
Gerya, 2018; Crameri et al., 2020 and references therein). Different
physical mechanisms and tectonic settings have been proposed for
forming new convergent plate boundaries including: (1) sponta-
neous collapse of old oceanic lithosphere and its foundering into
the mantle at passive margins (e.g., Wilson, 1966; Nikoloava
et al., 2010), possibly assisted by the suction mantle flow (Baes
and Sobolev, 2017), (2) various weakening mechanisms at passive
margins such as water weakening (Regenauer-Lieb et al., 2001) and
sediment loading (Cloetingh et al., 1982; 1984; 1989), (3) collapse
of old oceanic plate at long lithospheric weaknesses such as trans-
form faults or fracture zones (Stern, 2004; Toth and Gurnis, 1998;
Hall et al., 2003; Gurnis et al., 2004; Baes et al., 2018), mid-oceanic
ridges (Ishikawa et al., 2002; Lebrun et al., 2003) and along STEP
faults (Subduction-Transform-Edge-Propagator; Baes et al.,
2011a), (4) propagation of subduction along passive margins
(Zhou et al., 2020), (5) subduction of young oceanic plate along
passive margins induced by external converging forces (Zhong
and Li, 2019; 2020), (6) subduction polarity reversal in back-arc
regions as a result of congestion of a mature subduction zone by
buoyant lithosphere (Baes et al., 2011b; Holt et al., 2018; Von
Hagke et al., 2016), (7) Subduction zone transference (or subduc-
tion backstepping) by arc/plateau accretion (Stern, 2004; Zhong
and Li, 2020; Kerr, 2003), (8) large bolide impact (Hansen, 2009;
O’Neill et al., 2017) and (9) lithospheric collapse around a large,
hot plume head (plume-induced subduction initiation or PISI;
Ueda et al., 2008; Burov and Cloetingh, 2009; 2010; 2020a;
2020b;; Gerya et al., 2015; Baes et al., 2016). Among the above-
mentioned scenarios, large bolide impact and PISI are the only ones
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which do not require a pre-existing lithospheric weakness or forces
induced by plate tectonics and can initiate subduction within the
single/stagnant lid (e.g., Gerya et al., 2015; Crameri and Tackley,
2016). Taking into account that large bolide impacts rapidly dimin-
ished after the Earth’s formation and likely only affected geody-
namics of the Hadean Earth (O’Neill et al., 2017), Gerya et al.
(2015) suggested that PISI triggered the beginning of plate tecton-
ics. Sobolev and Brown (2019) further proposed that multiple
events of PISI might have dominated the tectonic regime before
establishing global plate tectonics, causing episodic regional resur-
facing at the Earth and producing early continental crust.

Ueda et al. (2008) investigated the impingement of a mantle
plume on oceanic lithosphere using 2d numerical models. When
a mantle plume head arrives beneath lithosphere, mantle melting
produces a plateau above the plume head. Dykes above sufficiently
big and buoyant plumes can help weaken the lithosphere and
break it. Spreading of the buoyant plume rocks atop of broken seg-
ments of lithosphere together with negative buoyancy of the sur-
rounding oceanic plate can lead to foundering of proto-slabs into
the mantle to form a new subduction zone. The controlling factor
in this process is the localized weakening of the lithosphere above
the plume head, which depends on plume buoyancy, magmatic
flux, and lithospheric strength. Burov and Cloetingh (2010) and
Cloetingh et al. (2021) showed that at shallow depth intra-
continental subduction initiation induced by a mantle plume is
governed by lithospheric rheological stratification and free surface.
Phase changes and interaction of the new subducting slab with the
mantle are key factors controlling continental subduction at
greater depth. Following recognition of the first evidence of
plume-induced subduction initiation in the Caribbean (Whattam
and Stern, 2014), Gerya et al., (2015) carried out comprehensive
3d numerical modeling to investigate plume-lithosphere interac-
tions. Results showed that the lithospheric response to arrival of
a rising mantle plume beneath the plate depends on the litho-
spheric strength and its age, magmatic weakening above the plume
head, and lubrication of the plate interface by hydrated crust. In
the early Earth, episodic lithospheric drips were likely when the
plume interacted with young, weak oceanic lithosphere whereas
multi-slab subduction initiated if the plume impinged on old,
strong, dense lithosphere. On the present-day Earth initiation of
single- or multi-slab subduction depends on several parameters,
including the size, temperature, and composition of the plume,
the age and brittle/plastic strength of the oceanic lithosphere and
thickness of the oceanic crust (Baes et al., 2016; 2020a; 2020b).
Crameri and Tackley (2016) presented the first 3d global mantle
convection model with a free surface, in which plume-induced
subduction was self-consistently produced. They showed that nar-
row mantle plumes impinging on the base of the lithosphere cause
locally weak plate segments and large topography at the
lithosphere-asthenosphere boundary, which can cause subduction
initiation. Their model also produced a lithospheric overturn in
form of rapidly retreating plume-induced subduction of an initially
prescribed homogeneous stagnant lid.

In PISI, the initial step in forming a new subduction zone is pen-
etration of the plume into the lithosphere. Plume penetration,
however, does not lead to sustained subduction if the overlying
oceanic lithosphere is younger than 5–10 Myr (Baes et al., 2016)
or if the plume head is not large or hot enough (Gerya et al.,
2015). This explains the scarcity of plume-induced subduction ini-
tiation, as most large oceanic plateaus form on oceanic litho-
spheres that are less than 5–10 Myr (Whittaker et al., 2015).
Several tectonic features such as crustal heterogeneities, external
compressional/extensional forces and pre-existing lithospheric
weaknesses can further affect deformation caused by plume-
lithosphere interactions. The lithospheric response to impinge-
ment of a mantle plume head also depends on position of the
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plume head and the plateau-oceanic crust transition (Baes et al.,
2020b). Arrival of a mantle plume beneath a thick (and hence
buoyant) plateau may hinder formation of a new subduction if
the plume head is far away from plateau-crust transition (Baes
et al., 2020a; 2020b). On the contrary, external forces can ease PISI.
For instance, PISI of old oceanic lithosphere with overthickened
oceanic plateau-like crust only becomes possible if it is stretched
by external tectonic forces. The other facilitating factor in subduc-
tion initiation is pre-existing rheological weakness (e.g., a hydrated
oceanic fracture zone) in the lithosphere (Baes et al., 2016).

So far three natural terrestrial examples of plume-induced sub-
duction initiation have been proposed whereas further PISI exam-
ples have been suggested for Venus (e.g., Davaille et al., 2017;
Gulcher et al., 2020). The first was for the southern and western
margins of the Caribbean Plate (Whattam and Stern 2014). On
the basis of geochemical, isotopic, geochronological, and tectonic
considerations Whattam and Stern (2014) suggested that the arri-
val of a mantle plume head circa 100 Ma was the key factor in Late
Cretaceous subduction initiation along Central America and north-
ern South America (Supplementary Fig. S1 shows the present-day
tectonic setting of the Caribbean region along with a plate recon-
struction model proposed by Whattam and Stern (2014)). Interac-
tion of lithosphere with the Galapagos plume head formed the
Caribbean large igneous province and triggered lithospheric col-
lapse to form new subduction zones along the southern and west-
ern margins of the Caribbean plate. This interpretation is
supported by plate kinematic reconstructions indicating that west-
ern Caribbean subduction zones formed in an intra-oceanic envi-
ronment conceivably as a result of impingement of a mantle
plume on lithosphere (Boschman et al., 2019)). A second example
of PISI is proposed for formation of the Cascadia subduction zone
in Eocene times (Stern and Dumitru, 2019). Arrival of the Yellow-
stone mantle plume head beneath western North America at
~55 Ma terminated the existing Cordilleran subduction zone lead-
ing to lithospheric collapse and development of the present Casca-
dia subduction zone. Recently 3d mantle convection models
constrained by ophiolite records of Neotethys subduction sug-
gested that the pre-Deccan plume initiated the southern Neotethys
subduction at ~110–105 Ma (Rodriguez et al., 2021).

Based on the Whattam and Stern (2014) model, the Caribbean
region was subjected to at least two episodes of plume-related
magmatic events since 140 Ma. An earlier episode may have
occurred 140–110 Ma resulting in formation of a plateau.
Whattam and Stern (2014) suggested that pre-existing composi-
tional and density contrasts between the 140–110 Ma plateau
and its surrounding normal oceanic lithosphere may have created
favorable conditions for PISI on the southern margin of the Carib-
bean and north-west of South America at circa 100 Ma. Apparently,
the Caribbean plateau is one of the few examples of a large oceanic
plateau formed on oceanic lithosphere older than 10 Myr
(Whittaker et al., 2015). This is a favorable condition for PISI
(Baes et al., 2016). Formation of a single-slab subduction in the
Caribbean might be due to either plume-plateau interaction in an
extensional regime or arrival of a mantle plume beneath oceanic
lithosphere with typical crustal thickness of 8 km (Baes et al.,
2020a). It could be also the consequence of plume-plateau interac-
tion when the plume head impinged on the oceanic lithosphere
close to the plateau-oceanic crust transition (Baes et al., 2020b).

It has been hence demonstrated on the basis of natural data
(e.g., Whattam and Stern, 2014; Stern and Dumitru, 2019) that PISI
can operate during active modern-style plate tectonics where
plume-lithosphere interactions are likely to be affected by plate
motion. However, previous studies investigated plume-
lithosphere interactions either for the case of stationary litho-
sphere or for moving lithosphere but ignored the effect of mag-
matic weakening of lithosphere above the plume head. Our aim
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in this study is to use 3d numerical thermo-mechanical modeling
to investigate the response of moving lithosphere to the arrival
of a stationary mantle plume including the effect of magmatic
lithospheric weakening. We show that under certain conditions
plate motion can affect the lithospheric response to plume-
lithosphere interaction.

2. Numerical modeling

2.1. Model description

We use 3d thermo-mechanical models employing the I3ELVIS
code which is based on finite difference staggered grid and
marker-in-cell techniques with an efficient OpenMP multigrid sol-
ver (Gerya, 2013, 2010). It solves the continuity, momentum and
energy equations to obtain stresses and velocities:

r � v!¼ 0

@rij

@xj
� @P
@xi

þ qgi ¼ 0 ð1Þ

qCP
DT
Dt

� �
¼ �r � q!þ Hr þ Ha þ Hs þ Hl

where D
Dt ; P; q; v

!
; rij ; gi; CP and q

!
are Lagrangian time deriva-

tive, pressure, density, velocity, deviatoric stress tensor, gravity
acceleration, heat capacity and heat flux, respectively.
Hr; Ha; Hs and Hl denote for radioactive, adiabatic, shear and
latent heating, respectively.

The model domain covers a volume of 1302 km � 328 km �
1302 km that is discretized to 373 � 165 � 373 grids (finer grid
in vertical direction). The upper most layer of the model is 20-
km thick ‘‘sticky air” with a low density (1 kg/m3) and viscosity
(1� 1018Pas) to simulate surface topography (Crameri et al.,
2012). Below this layer are upper crust, lower crust, mantle litho-
sphere and asthenosphere till depth of 328 km. A mushroom-
shaped plume with different plume head radiuses in different
models exists within the asthenosphere. In the reference model
(model M1), the plume head radius is 140 km with a center
Fig. 1. Initial model setup. (a) Model domain contains oceanic lithosphere, asthenosphe
shape as it rises. The upper panel shows the model temperature field and the lower pane
model. Color codes for the compositional field are shown at the bottom of the figure. Th
motion. (b-d) shows the vertical profiles of density, temperature and viscosity along two
(For interpretation of the references to color in this figure legend, the reader is referred
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230 km deep. In the initial setup of the experiments (Fig. 1), the
30 km cylindrical plume tail is located below the bottom model
boundary and forms as the plume rises. Plume head and plume tail
are defined as mantle rocks with higher temperature compared to
ambient mantle. Plume rises due to buoyancy associated with
higher temperature. The upper and lower crusts are 2 km and
6 km thick layers and their rheological parameters are based on
wet quartzite and plagioclase (An75) (Ranalli, 1995), respectively
(Table 1). The thickness of lithosphere is 50 km, corresponding to
an oceanic lithosphere with the age of 20 Myr. The ages and hence
thicknesses of lithosphere are changed to investigate their effect on
the model results (Table 2). The ambient mantle and plume are
considered to be composed of dry olivine and wet olivine, respec-
tively (Ranalli, 1995).

The viscosity depends on stress, temperature and pressure and
is expressed as:

gdiffusion ¼ 1=2
AD

rn�1
cr

exp
Eþ PV
RT

� �

gdislocation ¼ 1=2A1=n
D exp

Eþ PV
nRT

� �
_eð1�nÞ=n
II ð2Þ

1
geffective

¼ 1
gdiffusion

þ 1
gdislocation

where gdiffusion and gdislocation are viscosities for diffusion and disloca-
tion creep, geffective is effective viscosity, P is pressure, T is tempera-

ture, _eII ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2 _eij _eij

p
is the second invariant of the strain rate tensor,

rcr is the diffusion-dislocation creep transition stress, and AD, E, V, n
are strain-rate pre-exponential factor, activation energy, activation
volume and stress exponent, respectively. We limit the viscosity
to between 1� 1018Pas and 1� 1026Pas.

A modified version of Drucker-Prager yield criterion (Ranalli,
1995; Byerlee, 1978) is considered for expression of plastic
deformation:

s ¼ C þ /kmeltP ð3Þ
where C, kmelt and / are the rock strength at P = 0, melt-induced
weakening factor (Gerya et al., 2015) and internal friction coeffi-
re down to 328 km depth and a spherical plume, which develops into a mushroom
l illustrates the compositional field along a cross-section through the middle of the
e red arrows illustrate the imposed velocity boundary condition to simulate plate
lines whose locations are shown by green and blue lines in the lower panel of (a).
to the web version of this article.)



Table 1
Rheological model parameters. See text for further explanation.

Material Flow law* q
(kg m�3)

C (MPa) u (–) A (Pan s) E

(KJ mol�1)

V

(m3 mol�1)

N K (W m�1 K�1) H
(lW m�3)

Upper crust Wet quartz 3000 1 0.0 1.97 � 1017 154 0 2.3 1.18 + 474/(T + 77) 0.25
Lower crust Plagioclase

An75
3000 1 0.2 4.8 � 1022 238 0 3.2 1.18 + 474/(T + 77) 0.25

Upper and lower crust** Diabase 3000 1 0.2 1.26 � 1024 260 0 3.4 1.18 + 474/(T + 77) 0.25
Lithospheric mantle Dry olivine 3300 1 0.2 3.9 � 1016 532 0.8 � 10-5 3.5 0.73 + 1293/(T + 77) 0.022
Asthenosphere Dry olivine 3300 1 0.2 3.9 � 1016 532 0.8 � 10-5 3.5 0.73 + 1293/(T + 77) 0.022
Plume Wet olivine 3000 1 0.2 5.01 � 1020 470 0.8 � 10-5 4 0.73 + 1293/(T + 77) 0.022

* Flow law for all materials are based on (Ranalli, 1995).
** Rheological parameters of the crust in models M31 and M32.

Table 2
List of experiments.

Age:thickness of
oceanic plate (Myr:km)

Plume radius
(km)

Plume temperature
(K)

Imposed velocity
(cm/yr)

Figure name State of deformation

M1 20:50 140 1820 5 Fig. 2a-d Single-slab subduction
M2 20:50 140 1820 – Fig. 2e-h Multi-slab subduction
M3 40:70 140 1820 5 Fig. 3a-d Plume penetration without subduction
M4 40:70 140 1820 – Fig. 3e-h Plume penetration without subduction
M5 60:85 140 1820 5 Plume penetration without subduction
M6 60:85 140 1820 – Plume penetration without subduction
M7 20:50 100 1820 5 Fig. 4a-d No penetration
M8 20:50 100 1820 – Fig. 4e-h No penetration
M9 40:70 100 1820 5 No penetration
M10 40:70 100 1820 – No penetration
M11 60:85 100 1820 5 No penetration
M12 60:85 100 1820 – No penetration
M13 20:50 170 1820 5 Single-slab subduction
M14 20:50 170 1820 – Multi-slab subduction
M15 40:70 170 1820 5 Cylindrical subduction
M16 40:70 170 1820 – Cylindrical subduction
M17 60:85 170 1820 5 Plume penetration without subduction
M18 60:85 170 1820 – Plume penetration without subduction
M19 20:50 140 1920 5 Fig. 5a-d Single-slab subduction
M20 20:50 140 1920 – Fig. 5e-h Cylindrical subduction
M21 40:70 140 1920 5 Cylindrical subduction
M22 40:70 140 1920 – Cylindrical subduction
M23 60:85 140 1920 5 Fig. 6a-d Cylindrical subduction
M24 60:85 140 1920 – Fig. 6e-h Cylindrical subduction
M25 20:50 100 1920 5 Penetration without subduction
M26 20:50 100 1920 – Penetration without subduction
M27 40:70 100 1920 5 No penetration
M28 40:70 100 1920 – No penetration
M29 60:85 100 1920 5 No penetration
M30 60:85 100 1920 – No penetration
M31* 20:50 140 1820 5 Single-slab subduction
M32* 20:50 140 1820 – Multi-slab subduction
M33 20:50 140 1820 10 Single-slab subduction
M34 40:70 140 1820 10 Plume penetration without subduction
M35 60:85 140 1820 10 Plume penetration without subduction

* Rheology of lower oceanic crust in these models are based on Diabase rheology.
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cient for the confined fractures, respectively. The internal friction
coefficient is calculated as:

/ ¼ /0 1� c
c0

� �
for c � c0

0 for c > c0

(
ð4Þ

and

c ¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

_eij
plastic _eij

plastic
=2

q
dt ð5Þ

where c � 0 is the time-integrated plastic strain, c0 = 0.5 is the
upper strain limit for the fracture-related weakening, t is time

and _eij
plastic are components of the plastic strain rate tensor. Melt-

induced weakening factor is defined as kmelt = 1 � Pmelt/P , which
depends on the ratio between the melt pressure (Pmelt) and total
pressure (P). Melt-induced weakening is implemented locally
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within the lithosphere above areas of melt extraction and all other
materials have no magmatic weakening (kmelt ¼ 1). We note that
melt-related decrease in the yield strength has been explored not
only in the context of plume-oceanic lithosphere interaction (e.g.,
Ueda et al., 2008; Gerya et al., 2015; Baes et al., 2016; 2020a;
2020b) but also in the case of interaction of plume with continental
lithosphere (e.g., Bahadori & Holt, 2019; Koptev et al., 2021; Beniest
et al., 2017a; 2017b).

The friction coefficient of all model layers is 0.2 except in the
upper crust, which has zero friction coefficient to lubricate the
plate interface when the lithosphere subducts.

Melt extraction and melt percolation are defined in a simplified
manner (see Gerya, 2013; Gerya et al., 2015). In this method the
total amount of melt for Lagrangian markers, which are used to
track the melt extraction, is calculated as:
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M ¼ M0 �
X
m

Mext ð4Þ
whereM0 and
P

mMext are the standard volumetric degree of mantle
melting and total melt fraction extracted during the previous melt
extraction episodes. Slab dehydration and mantle hydration is
based on the water markers approach (Gerya and 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. Eclogitiza-
tion is expressed by a linear increase of density with pressure from
0% to 16% in the PT-region between the garnet-in and plagioclase-
out phase transitions in basalt (Ito and Kennedy, 1971).

The initial temperature field of the oceanic lithosphere is calcu-
lated on the basis of cooling half-space formulation (Turcotte and
Schubert, 1982). The temperature in the asthenosphere is adiabatic
with a gradient of ~ 0.5 K km�1. Temperature of the plume is
1820 K, which is 200 K hotter than ambient mantle. In some mod-
els we increase the plume temperature to 1920 K to evaluate the
effect of plume temperature on the results (Table 2). Temperature
within the sticky air is constant (273 K). The upper boundary of the
model has an initial thermal boundary condition of 273 K. The
boundary conditions across the vertical model sides are zero hori-
zontal heat flux. An infinity-like external temperature condition
(Gerya, 2010) is imposed on the lower boundary.
Fig. 2. Results showing the influence of plate motion on plume-lithosphere interaction. O
left to the right) relative to the asthenosphere at 5 cm/yr and (e-h) model M2 which is sim
lower panels stand for surface topography (top view), viscosity field of lithosphere and c
cross-section through the model center, respectively. Insets show a zoom in of the upperm
the direction of plate motion. Comparing results of model M1 and M2 indicates that inte
case, plate motion causes formation of a single-slab subduction (instead of multi-slab sub
and V2. (For interpretation of the references to color in this figure legend, the reader is
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The moving plate is simulated by imposing a kinematic bound-
ary condition (5 cm/yr) on the lithospheric part of the left and right
boundaries. We consider free slip boundary conditions for the right
and left mode sides below the lithosphere and all other boundaries,
except the bottom of the model, which is an open permeable
boundary.

Table 2 describes the experiments we performed in this study.
The experiments differ in the age of the lithosphere, existence or
absence of plate motion and size and temperature of the mantle
plume. To analyze the effects of lithospheric age, we carried out
experiments with lithospheric ages of 20, 40 and 60 Myr. The effect
of plume buoyancy is investigated by considering plumes with
radiuses of 100, 140 and 170 km and temperatures of 1820 and
1920 K in various experiments.

2.2. Model results

2.2.1. Reference model
Model M1, representing the reference model, is characterized

by an initial plume head radius of 140 km, lithospheric age of 20
Myr and plume temperature of 1820 K (Table 2). To better
acknowledge the effect of plate motion in Fig. 2 we show the
results of reference model together with those of similar experi-
ment but without plate motion (model M2 in Table 2). Results of
model M1 demonstrate that at 0.036 Myr after model start, the
utcomes of: (a-d) reference model (M1) where the lithosphere is moving (from the
ilar to the reference model but without moving lithosphere. The upper, middle and

ompositional field (color codes as shown on the bottom-right side of figure) of a 2d
ost lithosphere above the plume head. Blue arrows in lower panels of (a-d) indicate
raction of a plume with young lithosphere can lead to subduction initiation. In this
duction). See detailed evolution of models M1 and M2 in Supplementary videos V1
referred to the web version of this article.)
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mushroom-shaped plume penetrates the lower lithosphere
(Fig. 2a). This is coeval with melting of the upper plume head (light
red-colored area in lower panel of Fig. 2a), resulting in formation of
volcanic-plutonic crust (dark red area in inset of lower panel of
Fig. 2a) and weakening of the overlaying lithosphere. A circular
uplifted dome-shaped region forms at the surface above the plume
head (Fig. 2a upper panel). A plateau forms above the plume head
as a result of development of volcanic-plutonic crust. With time,
the plume breaks the lithosphere and spreads above broken seg-
ments of the lithosphere pushing them downwards (Fig. 2b). Due
to further melt extraction and rising of more plume material, the
circular shaped plateau broadens and its thickness (inset of lower
panel in Fig. 2b) increases. As a result, the uplifted area in the
model center widens (upper panel of Fig. 2b). Later, due to east-
ward motion of lithosphere, the proto-slab on the left model side
encounters the plume tail causing deviation of flow direction.
Flowing of more mantle plume towards the left causes breaking
off the slab from the left side thereby causing transition to
single-slab subduction (Fig. 2c-d) that is more comparable to
modern-style plate tectonics (Baes et al., 2020a). A surface depres-
sion develops on the right side of the circular dome, representing
development of a trench (upper panel of Fig. 2c). After slab
break-off from the left side, subduction continues from the other
side; the surface depression deepens and trench rollback causes
widening of the uplifted plateau region (Fig. 2d).

The initial deformation regime of model M2 is similar to that of
the reference model (comparing Fig. 2a and Fig. 2e). A circular pla-
teau forms above the plume head as a result of partial melting of
Fig. 3. Effect of lithospheric age: (a-d) Model M3 is similar to reference model M1 but w
but without plate motion. For explanation of panel meanings, see Fig. 2 caption. This fi
lithosphere interaction can lead to penetration without subduction initiation. In this case
plume with the overriding lithosphere.
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plume rocks (Fig. 2e). With time, the deformation deviates from
that in the reference model illustrating the effect of the absence
of plate motion on plume-lithosphere interaction (compare Fig. 2-
b-d and Fig. 2f-h). A symmetrical (cylindrical) slab forms and sinks
further into the mantle with time (Fig. 2f). Consequently, a
circular-shaped depression develops on the surface (upper panel
of Fig. 2f). Uprising of plume rocks above proto-slabs induces thin-
ning of the slab segments. This leads to heating of the slab and
eventually its partial break-off and subsequent multiple tearing
(Fig. 2g-h). This process leads to development of a pronounced
multi-slab subduction (Fig. 2h) notably contrasting with the
single-slab subduction obtained in the reference model with the
moving plate (cf. Fig. 2d and h).
2.2.2. Effect of lithospheric age
Fig. 3a-d shows the temporal evolution of model M3 which has

a same setup as the reference model M1 except that the litho-
sphere is older (40 Myr – Table 2). Similar to the reference model,
as the plume rises and encounters the bottom of lithosphere, the
surface is uplifted in a circular region above the plume head (upper
panel of Fig. 3a). Melt extraction from plume head rocks and their
migration towards the surface forms a plateau. Later, the plume
penetrates the lithosphere creating a circular hole (Fig. 3b). Plateau
thickness increases as a result of more melt extraction and produc-
tion of plutonic-volcanic rocks (inset in lower panel of Fig. 3b).
Consequently, the surface topography is further elevated above
the plume head (upper panel of Fig. 3b). Due to plate motion, the
plateau created by plume-lithosphere interaction moves right
ith older lithosphere (40 Myr instead of 20 Myr). (e-h) Model M4 is identical to M3
gure shows that due to aging (and hence the strength) of the lithosphere plume-
, plate motion has a minor effect on deformation caused by impingement of a mantle
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(Fig. 3c). Lava flows increase elevation and broaden the uplifted
area. Spreading of plume rocks atop broken segments of litho-
sphere forces the oceanic plate to bend down (Fig. 3c). This pro-
duces subsidence around the uplifted region. The lithosphere
cannot sink deeper due to its strength and resistance to further
bending. As the plateau moves right, away from the plume, melting
decreases (Fig. 3d); consequently, uplifted areas subside. A similar
model but without plate motion (model M4 in Table 2) shows com-
parable results (Fig. 3e-h) except that here (a) the motion of the
plateau created by plume- lithosphere interaction is absent, and
(b) the lowermost lithosphere is more viscous compared to that
in model M3 as a result of shear stresses associated with litho-
spheric motion.

2.2.3. Effect of plume size
One of the parameters controlling plume buoyancy is its size.

Outcomes of model M7, in which we decrease the size of plume
to 100 km, indicate that the plume does not penetrate the litho-
sphere (Fig. 4a). In comparison to the reference model, the plateau,
which forms above the plume head, is thinner due to less melt pro-
duction and melt extraction. As a result, the elevation of the
uplifted area is considerably lower than that in the reference
model. Since the plume cannot penetrate the lithosphere it spreads
symmetrically beneath it in the initial stages of plume-lithosphere
interaction. This leads to an increase in the size of the plateau and
hence the uplifted surface area (Fig. 4b). Later, plate motion causes
asymmetric underplating of the plume and its propagation
towards the right side of model (Fig. 4c-d). Consequently, the
Fig. 4. Effect of plume size: (a-d) Model M7 is identical to the reference model M1 except
from model M7 by excluding plate motion. For explanation of panels, see Fig. 2 captio
lithosphere and the effect of plate motion in this case is minor.
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uplifted surface area changes its shape from circular to ellipsoidal.
We note that the elapsed model time (2.85 Myr) is too short to
develop a clearly elongated topographic chain (such as the Hawai-
ian chain).

Results of model M8 are shown in Fig. 4e-h. This model is sim-
ilar to M7 except that here the lithosphere is stationary. The defor-
mation regime is similar to that of model M7 indicating no plume
penetration. Due to the stationary plate, the spreading of the
plume beneath the lithosphere continues symmetrically. This is
coeval with preservation of the circular shape of the uplifted pla-
teau above the plume head. In addition, the viscosity of the bottom
of the lithosphere is higher than that in model M7 as a result of low
shear stress accumulation between the lithosphere and the under-
lying asthenosphere.

2.2.4. Effect of plume temperature
Previous studies indicate that plume excess temperature in the

upper mantle varies between 200 and 300 K (e.g., Schilling, 1991;
Herzberg and Gazel, 2009). The excess temperature of the plume
with respect to ambient mantle in the reference model is 200 K.
In models M19-30 we increase the thermal buoyancy of the plume
by considering a hotter mantle plume (100 K hotter than model
M1). Results of model M19, which is similar to the reference model
but has a hotter plume, are shown in Fig. 5a-d. When the plume
rises, considerable portions of the plume head melt (Fig. 5a). The
amount of melt production and melt extraction are significantly
higher than in the reference model; therefore, the plateau is
thicker. The plume head breaks the lithosphere and overrides the
that the plume is smaller (with radius of 100 km instead of 140 km). (e-h) M8 differs
n. Results of models M7 and M8 show that a small plume head cannot break the
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broken lithosphere, creating a cylindrical slab (Fig. 5b). The plateau
extends due to the rolling back of the slab and continuous melt
extraction (inset in lower panel of Fig. 5b). A ring-shaped subsi-
dence region forms around the plateau marking the trench loca-
tion. Due to plate motion towards right, the slab on the right
side breaks off (Fig. 5c-d), creating an asymmetric single-slab sub-
duction, however with polarity that is opposite to the reference
model (cf. Fig. 2c,d and 5c,d). The direct effect of slab break-off
on the surface topography is the reduction of subsidence (i.e.
uplift) on the right side of the ring-shape trench (upper panel of
Fig. 5c). Subduction on the left model side continues to sink into
the mantle (Fig. 5d). A similar experiment but without plate
motion (model M20 in Table 2) indicates that the plume breaks
the lithosphere and the proto-slabs sink into the mantle (Fig. 5e-
f). In the case of stationary plate, the plume spreads symmetrically,
resulting in development of a uniform cylindrical subduction
(Fig. 5g). Later, the slab breaks off totally indicating termination
of subduction (Fig. 5h).

Fig. 6a-d illustrates the results of model M23 which differs from
the reference model in having a 100 K hotter plume and 40 Myr
older oceanic lithosphere. After plume penetration (Fig. 6a) and
development of a subducting slab, due to the plate motion the slab
tip on the left side encounters the plume tail leading to deflection
of plume flow towards the left (Fig. 6b). This thins the slab on the
left side of the model creating notable asymmetry of the cylindrical
slab (Fig. 6b). Later, subduction of the asymmetric, partially broken
cylindrical slab continues without slab break-off (Fig. 6c-d). This
Fig. 5. Effect of plume temperature: (a-d) Model M19 differs from reference model M1 i
without plate motion. For explanation of panels, see Fig. 2 caption. Figure illustrates t
subduction. See detailed evolution of models M19 and M20 in Supplementary videos V
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indicates that in contrast to the reference model, here the stresses
arising from plate motion are not sufficient to overcome the
strength of the old slab and cause its tearing and transition to a
single-slab subduction regime (cf. Fig. 2c-d and 6c-d). Slab rollback
leads to increasing plateau size and trench lengthening (Fig. 6c-d).
A similar experiment but without plate motion (model M24 in
Table 2) demonstrates that when a plume hits old stationary litho-
sphere it breaks the plate and spreading of plume materials sym-
metrically above the broken lithosphere leads to development of
a uniform symmetrical cylindrical slab (Fig. 6e-h). In this case
due to stationary plate and trench retreat, slab never encounters
with plume tail and consequently the thickness of slab is uniform.

3. Discussion

Plate motion, which reflects the interaction of the lithosphere
with the asthenosphere, is a key component in geosciences. In this
study, we investigate the influence of plate motion on plume-
lithosphere interaction including the effect of melt weakening.
Numerical results show that the impact of plate motion becomes
noticeable when a sufficiently buoyant plume (with plume head
radius of 140 km or bigger) encounters oceanic lithosphere
(Fig. 7 and Table 2). Regardless of plume temperature and plate
motion, small plumes either do not penetrate the lithosphere
(red circles in Fig. 7) or create small plateaus (illustrated by brown
circles as penetration without subduction initiation in Fig. 7). Lar-
ger and hotter plumes facilitate subduction initiation (Fig. 7 and
n having a hotter plume (T = 1920 K). (e-h) Model M20 is similar to model M19 but
hat asymmetric flow caused by plate motion can lead to initiation of single-slab
3 and V4.



Fig. 6. Effect of plume temperature and lithospheric age: (a-d) Model M23 differs from reference model M1 in having a hotter plume (with temperature of 1920 K) and older
oceanic lithosphere (60 Myr). (e-h) Model M24 is similar to model M23 but without plate motion. For explanation of panels, see Fig. 2 caption. Figure illustrates that the
interaction of a hot mantle plume with an old moving oceanic lithosphere may results in local thinning of subducting slab. Detailed evolution of models M23 and M24 are
shown in Supplementary videos V5 and V6.
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Table 2). This agrees with previous studies indicating the key role
of plume buoyancy on subduction initiation (Ueda et al., 2008,
Gerya et al., 2015; Baes et al, 2016; 2020a; 2020b). In this study,
we have shown that when a mantle plume with a radius of
140 km or bigger arrives beneath 20-Myr old oceanic lithosphere,
the resulting deformation clearly depends on plate motion. Asym-
metrical single-slab subduction is promoted in experiments with
moving plates (Fig. 2a-d, 5a-d and 7 and Table 2). In these models,
slab break-off occurs due to either the interplay of the young (and
hence weak) subducting slab with the plume tail (Fig. 2a-d) or
higher plume flow in the direction of motion (Fig. 5a-d). The polar-
ity of the resultant subducted slab depends on the buoyancy of the
plume which controls the rate of trench retreat. In the reference
model (Fig. 2a-d) due to lower trench retreat compared to model
M19 (Fig. 5a-d), newly formed slab interacts with the plume tail,
deflecting the plume flow towards the left. This flow causes slab
break-off from the left. However, in the case of model M19 with
hotter plume, due to higher trench retreat and eastward (to the
model right) plate motion, the distance between the slab on the
right model side and plume tail increases with time. Higher trench
retreat causes upward motion of more asthenospheric material on
the right side which finally weakens and breaks the slab from that
side. In the case of a hotter mantle plume interacting with an older
oceanic plate, the asymmetry of the subducting cylindrical slab
persists in models with plate motion (Fig. 6a-d). In contrast, in
the absence of plate motion, more symmetrical multi-slab (e.g.,
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Fig. 2e-h) or symmetric circular subduction (Fig. 5e-h, 6e-h)
regimes dominate.

When the lithosphere is strong, the forces induced by the man-
tle plume may not be large enough to overcome lithospheric
strength. As a result, the plume spreads beneath the lithosphere
without rupturing it (red circles in Fig. 7). Larger and hotter plume
heads lead to more magmatic weakening, which can lead to plume
penetration. Plume penetration and lithospheric rupture may
result in subduction initiation if the flexural resistance of the litho-
sphere is overcome by its negative buoyancy and extra gravita-
tional force coming from overriding of the plume head rocks over
the broken lithosphere (green circles in Fig. 7). In this case, due
to high lithospheric strength, the interaction of subducting litho-
sphere with the plume tail may thin the slab but not cause slab
break-off and/or tearing (see Fig. 6a-d). If plume buoyancy is insuf-
ficient, the deformation regime remains as plume penetration
without subduction initiation (brown circles in Fig. 7). Th summary
of our results (Fig. 7 and Table 2) demonstrates that the critical
plume head radius needed to break the lithosphere depends on
plume buoyancy and lithospheric age, but not on plate speed. This
is because the rate of melt extraction which causes lithospheric
magmatic weakening is higher than the rate of plate motion.

Lithospheric response to arrival of a mantle plume beneath it
depends on several parameters including lithospheric strength,
plate motion and plume buoyancy (Table 2 and Fig. 7). As indicated
by previous studies, other tectonic events such as extension, com-



Fig. 7. Summary of model results. The horizontal and vertical axes indicate lithospheric age and inclusion (positive direction) or exclusion (negative direction) of plate
motion. Results of models with plume temperatures of 1820 K and 1920 K are shown on the left and right side of horizontal axis, respectively. The corresponding figures for
those models illustrated in Figs. 2–6 are indicated below the respective circles.
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pression, pre-existing weakness zones in the lithosphere (e.g., Baes
et al, 2016) and crustal or lithospheric heterogeneities (Baes et al.,
2020a; 2020b) may affect the deformation regime.

Arrival of a plume beneath the lithosphere generates a plateau
(Figs. 2-6) that thickens and broadens with time. The rate of pla-
teau growth in size and thickness differs in experiments with dif-
ferent deformation regimes. In the case of PISI, a thick plateau
forms and broadens with time due to high melt extraction and slab
rollback (Fig. 2,5 and 6). Plateaus are smaller if there is no penetra-
tion or penetration without subduction initiation (Figs. 3-4). Thick-
ness of plateaus increases with increasing plume buoyancy. In our
experiments, plateau thickness varies between ~10 and ~20 km in
different models.

Plume underplating (we call it no penetration) is common for
the modern Earth. Natural examples of plume spreading beneath
the lithosphere are associated with various Large Igneous Pro-
vinces (LIPs), such as Siberia (Gerald et al., 1998; Sobolev et al.,
2011), Tarim (Long et al., 2011; Wie et al., 2014) and Hawaii (Li
et al., 2004; Bono et al., 2019). This lithospheric response to
plume-lithosphere interaction occurs if plume buoyancy is insuffi-
cient to overcome lithospheric strength (e.g., model M7 in Fig. 4).
As a result, the plume flattens below the lithosphere and partially
melts, creating a plateau. The surface topography indicates that the
initial uplift (blue curves in Fig. 8), which is due to rising mantle
plume head and the subsequent subsidence (red, yellow and pur-
ple curves in Fig. 8) induced by flattening of the plume head,
depend on the age (strength) of the lithosphere and plate motion.
Initial uplift (blue curves in Fig. 8) is greater for younger plates due
to the low flexural resistance. A surface depression develops above
the plume head (Fig. 8) as a consequence of weakening the litho-
sphere by the plume head, which causes Rayleigh-Taylor-like
instability. The depth of this depression decreases with increasing
lithospheric strength (Fig. 8). These results are consistent with
those of Burov and Guillou-Frottier (2005) and Brune et al.
(2013) who showed that plumes may generate alternating small-
scale surface topography. Fig. 8 demonstrates that the main influ-
ence of plate motion on surface topography is (a) formation of
asymmetric topography and (b) increasing of width of the uplifted
area (Fig. 8).

The first evidence of plume-induced subduction initiation at the
southern and western margins of the Caribbean Plate (Whattam
and Stern 2014) made a big step towards understanding the impor-
tant role that mantle plumes played in starting some subduction
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zones. The open question regarding numerical models and obser-
vations is: which factors were the controlling parameters for form-
ing single-slab (instead of multi-slab) subduction around the
Caribbean region? Different reasons have been suggested including
pre-existing compositional and density contrasts between the
140–110 Ma plateau and normal oceanic lithosphere (Whattam
and Stern, 2014), plume-plateau interaction in an extensional
regime or interaction of plume with a normal oceanic crust (Baes
et al., 2020a) and plume impingement close to the plateau-
oceanic crust transition (Baes et al., 2020b). Our study reveals that
plate motion is also important for single-slab subduction initiation.
We propose that new subduction zones formed around the west-
ern and southern Caribbean plate due to the arrival of a sufficiently
buoyant plume below a young but subductable lithosphere (20
Myr in our experiments). The eastward motion of Farallon plate
at the time of plume-lithosphere interaction (~100 Ma) could have
resulted in slab break off on the east and continuation of subduc-
tion in the west (similar to that shown in Fig. 5a-d). Petrologic
studies showed that the Caribbean plume was hottest during the
early head melting stage (>1700 �C (Herzberg and Gazel, 2009;
Trela et al., 2017)). Whittaker et al., (2015) noted that Caribbean
plateau formed on oceanic lithosphere older than 10 Myr. These
observations are agree with results of model M19 (Fig. 5a-d) in
which a hot mantle plume interacts with 20-Myr-old oceanic litho-
sphere and results in single-slab subduction initiation. Plateau
thickness in this model is ~20 km which matches well with the
estimated thickness of the Caribbean plateau (Sinton et al., 1998;
Revillon et al., 2000).
4. Conclusions

We have shown that plate motion affects plume head-
lithosphere interactions by promoting asymmetry of subduction
zones. When a sufficiently buoyant plume head hits a young but
subductable lithosphere, interaction of a newly-formed subducted
slab with the plume in the direction of plate motion causes asym-
metric deformation, breaking off the slab from the leading edge
and favoring single-slab subduction. In the case of subduction ini-
tiation induced by interaction of a mantle plume head with older
oceanic lithosphere, the greater strength of this lithosphere and
interaction of the slab with the plume tail may lead to localized
thinning instead of slab break-off, producing asymmetric cylindri-



Fig. 8. Temporal evolution of surface topography for models involving plume underplating: (a) M7 which is similar to reference model but with smaller plume size
(radius = 100 km), (b) M8 which differs frommodel M7 by excluding plate motion, (c) M11 which is similar to M7 but with a lithospheric age of 60 Myr, and (d) M12 which is
like model M11 but without plate motion.
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cal subduction. Different combinations of various model parame-
ters show that the arrival of a plume head beneath the lithosphere
can either (1) break the lithosphere and initiate subduction, (2)
penetrate the lithosphere without subduction initiation, or (3)
spread asymmetrically below the lithosphere. Outcomes indicate
that lithospheric strength and plume buoyancy are key parameters
in penetration of plume and that the plate speed has a negligible
effect. Surface topography evolution illustrates that due to the
plate motion, the size of the new plateau increases in the direction
of plate movement. Our results indicate that motion of the Farallon
plate to the NE was an important reason why new subduction
zones formed on the southern and western margins of the Carib-
bean Plate at ~100 Ma.
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