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a b s t r a c t

Prior suggestions for the initiation of subduction have included sediment loading, compression, and plate
reconfiguration as potential triggers. Here, we investigate the possibility of subduction initiation by the
interaction of the lithosphere with a buoyant mantle plume. Numerical testing of this hypothesis has
been conducted in 2D with the I2VIS thermo-mechanical code accounting for phase transitions and a
viscoplastic model of a thin oceanic lithosphere hit by a partially molten thermal–chemical or purely
thermal plume. We demonstrate that a mantle plume can break the lithosphere and initiate self-sustaining
subduction, provided the plume causes a critical local weakening of the lithospheric material above it. The
intensity of the required weakening depends on the plume volume, plume buoyancy, and the thickness
of the lithosphere and is the highest for the least buoyant purely thermal plumes. Another necessary
condition is the presence of high-pressure fluids at the slab upper interface, reducing the effective friction
coefficient there to very low values. Based on our results, we suggest that sheet-like instabilities of the

Archean mantle convection could have initiated subduction on Earth where ocean was already present in
less stable tectonic settings, provided that mantle plumes (sheets) at that time were rich in water and melt,
which could drastically reduce the effective friction coefficient in the lithosphere above the plume. Our
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numerical models are also

. Introduction

Earth’s current tectonics are characterized by subduction as
major process for accommodating plate convergence within a

robably unique framework of planetary convection. Subduction
ecomes self-sustaining after a certain initiation phase, but it
eems to be very difficult to initiate this process. Although studied
o some extent (McKenzie, 1977; Turcotte et al., 1977; Cloetingh
t al., 1989; Ogawa, 1990; Mueller and Phillips, 1991; Sandwell
nd Schubert, 1992; Kemp and Stevenson, 1996; Toth and Gurnis,
998; Regenauer-Lieb et al., 2001; Solomatov, 2004), the physi-
al understanding (e.g., Fowler, 1993) of the exact conditions and

equirements of such initiation is still missing. Starting from an
ntact plate where the plate boundary of the new subduction zone
s not predefined (e.g., Gurnis and Hager, 1988), there are two major
rerequisites: first, the cohesion of the lithosphere has to be over-
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ome by some means to localize a plate boundary and to focus
tresses; second, the vertical movement of slabs and the related
ending has to be activated or facilitated. Several mechanisms have
een proposed for each of these issues, whereas the localization
f a plate boundary deformation seems to be the largest problem
McKenzie, 1977; Mueller and Phillips, 1991).

Failure of the plate needs to be facilitated, either by global weak-
ning of the lithosphere (e.g., Solomatov, 2004), by an inherited
ithospheric weak zone (fault system) (McKenzie, 1977; Mueller
nd Phillips, 1991; Toth and Gurnis, 1998; Hall et al., 2003), by
onversion of different plate boundaries (Mueller and Phillips,
991; Gurnis et al., 2004), by deep thermal cracking and hydra-
ion (Korenaga, 2007), or through (thermal-)mechanical feedback

echanisms with dynamic rheologies (Regenauer Lieb and Yuen
avid, 2000; Branlund et al., 2001), including weakening effects of
ater (Regenauer-Lieb et al., 2001). Far-field compression (Han and
urnis, 1999; Hall et al., 2003), and especially an increase in com-
ression, are also claimed to be able to trigger the high stresses

hat are believed to be required for the initiation of subduction
McKenzie, 1977; Mueller and Phillips, 1991). Such compression

ay occur, for example, as a result of the formation of new spread-
ng ridges (Cloetingh et al., 1989), or when buoyant lithosphere
ongests at trenches (Mueller and Phillips, 1991), building up
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tresses to locate subduction elsewhere (Stern, 2004). However,
uch a reconfiguration model describes the initiation of subduction
t one place when another place becomes unfavourable, but leaves
he question of the origin of subduction unanswered. In addition,
ailure can be driven or facilitated by sedimentary loading stresses
Cloetingh et al., 1989; Mueller and Phillips, 1991; Regenauer-Lieb
t al., 2001; Branlund et al., 2001), by spontaneous thrusting of
he buoyant continental crust over the oceanic crust (Mart et al.,
005), by small-scale convection in the sub-lithospheric mantle
Solomatov, 2004), or by external tension exerted on a passive mar-
in (Kemp and Stevenson, 1996). Many of these possibilities can be
ombined.

On the other hand, the onset of downward movement (founder-
ng) seems to be much easier to trigger, since cooling naturally
ecreases the buoyancy of lithosphere, soon leading to a meta-
table, negatively buoyant lithosphere. Additional down-warp can
e produced by flexural response to compression (Hall et al., 2003),
y bottom pull of cold convective lithospheric instabilities (Ogawa,
990), or by top loading at passive margins (Cloetingh et al., 1989;
ueller and Phillips, 1991; Regenauer-Lieb et al., 2001; Branlund

t al., 2001). Loading can also be magmatic (Kemp and Stevenson,
996), if tension-induced passive rifting leads to mantle flow over
lithosphere edge.

Apart from the mechanisms above, subduction seems to be gen-
rally favoured by the presence of water in slabs and/or mantle
Lenardic and Kaula, 1994; Regenauer-Lieb et al., 2001; Solomatov,
004; Gerya et al., 2008; Van der Lee et al., 2008). Some influences

ike external compression, strong tension, or strong sediment loads
an likely facilitate both lithosphere failure and down-warp, and are
hus promising for modelling using fully dynamic approaches and
ealistic lithospheric rheology.

In this study, we investigate the possibility of initiating the
ubduction of thin (young or simply hot), unforced oceanic litho-
phere following the impingement of a buoyant thermal–chemical
r purely thermal mantle plume. The potential of such initia-
ion is related to (i) high stresses and large deformation, which
an be produced in the lithosphere due to its interaction with
trongly positively buoyant thermal–chemical mantle (e.g., Burov
nd Guillou-Frottier, 2005; d’Acremont et al., 2003;), and to (ii) pos-
ible magmatic loading (cf. Kemp and Stevenson, 1996) if plumes
re able to reach the surface.

Although no geologic record supporting subduction following
lume impingement currently exists, this mechanism could also
ave been developed in earlier stages of planetary evolution. How-
ver, modes and conditions of, for instance, Archean tectonics are
till relatively unconstrained (Griffin et al., 2003; Brown, 2006).
arly Archean tectonics were probably dominated by impacts and
atastrophic revolutions, while towards the later Archean, more
odern-like tectonics subsequently took over (Brown, 2006, 2007).

he transition is relatively unconstrained; apparently, coexisting
odern-type processes like steeper subduction with the duality

f metamorphic conditions in orogenic belts have gained increas-
ng importance (e.g., Smithies et al., 2005; Sol et al., 2002; Brown,
006, 2007). It is thus not the primary goal of this study to repro-
uce plume–lithosphere interactions in a specific setting, but it

s rather to validate the possibility and requirements to initiate
he subduction of oceanic lithosphere by mantle plumes when
oth have starting properties close to that of the present-day
arth.

The present numerical study addresses the response of thin

ceanic lithosphere to a thermal–chemical plume in a two-
imensional representation. It seems debatable whether the

mpingement of a plume (usually cylindrical) leading to the initia-
ion of a subduction zone (a strongly elongated effect) is properly
epresented in a 2D-model. However, patterns of primary sheet-
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ike perturbations or elongated, lateral interference patterns of
omposite plumes are reported from numerical modelling (Ismail-
adeh et al., 2006; Kaus and Podlachikov, 2001) and may have a
resent-day equivalent in the shape of the African super plume
s inferred from seismic tomography (Ni et al., 2002, 2005). In
ddition, some tectonic plates might have temporarily evolved
o reasonably small sizes (e.g., Juan de Fuca plate, Gorda plate,
xplorer plate), even down to a scale such that the length of a
eveloping trench would not be a multiple of the diameter of the
lume. We therefore believe that, for a principal starting point, it

s sufficiently justifiable to assume first-order homogeneity of our
eometry in the third dimension. To check the dependence of our
esults on various physical parameters, we performed qualitative
omparisons with additional series of model runs.

. Numerical model

.1. Initial model setup

The model dimensions are 2000 km × 200 km, distributed
ver 521 × 101 grid nodes. The grid resolution is non-uniform:
km × 2 km in the central 800 km × 200 km part of the model and
0 km × 2 km on the model sides where no significant deformation
ccurs. A large amount (ca. two million) of markers allows for high
esolution of the lithological field. The initial geometry of the model
Fig. 1a) corresponds to the onset of interaction of a rising plume
ith the young oceanic lithosphere. To reproduce this lithosphere,
e have chosen a common layered model from the uppermost
antle to the surface. The crustal part is represented by sedi-
ents (0.5 km), altered basalts (1.5 km), and gabbroic rocks (5 km)

s in the typical present-day oceanic lithosphere. The lithospheric
nd asthenospheric mantle is modelled as anhydrous peridotite,
xtending as a half-space to the lower boundary of the model
Table 1). This setup is complemented by 3 km of water above. The
mpinging plume is produced by placing a circular volume of par-
ially molten material (of varied composition, water content and
emperature, see Table 2) in depth (mid-point at z = 125 km) into
he mantle, which deforms into the desired mushroom-head shape
uring its rise through the mantle. By default, we use a plume con-
isting of hydrated mantle material (Table 1) with a temperature of
700 K. The coordinate system has its origin in the left-upper cor-
er, with the depth z increasing downwards, so that the surface of
he crust is at z = 15 km. For the convenience of viewing, we have
imited the field of view to the central 500 km and shown local

idth with X = 0 at the left end of the close-up (corresponding to a
lobal position of x = 750 km).

The initial temperature field in the lithospheric plate is defined
y an oceanic geotherm (Turcotte and Schubert, 2002) with a pre-
cribed lithospheric age, which was varied from 1 to 15 Ma (Table 2)
n different numerical experiments. The initial temperature of the
sthenospheric mantle at z = 100 km depth is 1377 ◦C and the ver-
ical temperature gradient below z = 100 km depth is 0.5 ◦C/km as
n the typical present-day oceanic asthenosphere. The base of the
ithosphere is not defined by a rheological boundary, but results
rom temperature-dependent densities and effective viscosities. An
pproximate thickness of the lithosphere for different experiments
s given in Table 2 corresponding to the depth of the 1200 K isotherm
elow the surface.
.2. Boundary conditions

We implemented free slip conditions at all boundaries except at
he lower boundary, which is permeable in both the downward and
pwards directions. Infinite-like external free slip conditions (Burg
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nd Gerya, 2005) along the bottom imply that the free slip condi-
ion is satisfied at an external boundary located at a certain depth
elow the actual lower boundary of the model (at the depth of
000 km below the lower boundary for our study). Similar to the

u
t
u
b

ig. 1. Reference case of plume–lithosphere interaction (model 1). (a) Initial setup, plume
preading of the plume at the base of the lithosphere. (c) Development of a central plum
assed the lithosphere, it starts to spread. At the same time, remnants of the earlier fla
underplating). (e) Subduction starts and (f) continues to be self-sustaining and retreatin
emnants. (h) After break-off of both slabs, ∼400 km of new ocean floor is created. The lith
ifferent colours are used only for visualizing slab deformation and structural developme
eferred to the web version of the article.)
etary Interiors 171 (2008) 296–312
sual free slip condition, external free slip allows global conserva-
ion of mass in the computational domain and is implemented by
sing the following limitation for velocity components at the lower
oundary:

modelled as circular volume of hydrated partially molten rocks in the mantle. (b)
e wedge that rises through the lithosphere. (d) Once the partially molten wedge
ttening plume become divided into two separate sheets at the lithosphere base

g. (g) At a certain degree of steepening, the shallow slab breaks off over the plume
ospheric and asthenospheric mantles have the same physical properties (Table 1),

nt. (For interpretation of the references to colour in this figure legend, the reader is
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Fig. 1.
∂vx

∂z
= 0,

∂vz

∂z
= − vz

�zexternal

m
s
m
l
a

nued ).

here �zexternal is the vertical distance from the bottom of the

odel to the external boundary where free slip (∂vx/∂z = 0, vz = 0) is

atisfied (i.e., �zexternal = 1000 km for the present study). In order to
inimize mechanical interaction of cold slabs with the permeable

ower boundary, the maximal viscosity at the 20 km deep region
long this boundary was limited to 1019 Pa s. An external constant
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emperature condition which simulates an infinite half-space along
he bottom of the model (infinite-like condition) is implemented by
sing the following limitation:

∂T

∂z
= Texternal − T

�zexternal
,

here Texternal = 1723 ◦C is the temperature at the external bound-
ry. The temperature gradient along the bottom of the model is thus
ot fixed and varies with time in response to the variations in the
antle temperature above this boundary (e.g., due to subducting

lab propagation).
The top surface of the oceanic crust is calculated dynamically

s an internal free surface by initially using a 15 km-thick top layer
ith a low viscosity (1019 Pa s) and density (1 kg/m3 for the atmo-

phere, 1000 kg/m3 for seawater prescribed in the weak layer below
= 12 km water level). The interface between this weak layer and
he top of the oceanic crust deforms spontaneously and is treated
s an erosion/sedimentation surface that evolves according to the
ransport equation (in Eulerian coordinates) solved at each time-
tep (Gerya and Yuen, 2003b)

∂zes

∂t
= vz − vx

∂zes

∂x
− vs + ve (1)

here zes is a vertical position of the surface as a function of the
orizontal distance x; vz and vx are the vertical and horizontal com-
onents of the material velocity vector at the surface; vs and ve are
he gross scale sedimentation and erosion rates, respectively, which
orrespond to the relation:

s = 0, ve = 0.3 mm/year when z < 12 km,

s = 0.03 mm/year, ve = 0 when z > 12 km.
Erosion and sedimentation processes are implemented via a

arker transmutation. The low viscosity of the weak top layer
1019 Pa s) creates a high viscosity contrast (>103) and causes

inimal shear stresses (<104 Pa) along the erosion/sedimentation
urface (Burg and Gerya, 2005). Test experiments have shown that
hoosing lower viscosities of the weak layer does not notably affect
he gross scale model development.

.3. Petrological model

Mineralogical phase transformations such as dehydration
eactions, melting, and eclogitization of subducted crust can signif-
cantly affect the physical properties of rocks. In order to account for
hese effects, we used a coupled petrological–thermo-mechanical
umerical modelling approach described in detail by Gerya et al.
2004, 2006). According to this approach, all in situ rock properties,
ncluding effective density, isobaric heat capacity, thermal expan-
ion, adiabatic and latent heating as well as equilibrium water and
elt content are calculated for Lagrangian rock markers at every

ime step based on taking the Gibbs free energy minimization
Connolly and Petrini, 2002) as a function of local pressure, temper-
ture and rock composition (Table 1). Thermodynamic properties
f fluids, melts, and minerals for this calculation are taken from an
nternally consistent thermodynamic database (Gerya et al., 2006).
o calculate the physical properties for a large amount of rock
arkers, we used reference tables pre-computed for each lithology
here phase relations were resolved in P–T space on a grid with
resolution of 5 K and 25 MPa. Examples of phase diagrams com-

uted for different lithologies are discussed by Kerrick and Connolly
2002). The range of physical and chemical conditions considered
ere requires extrapolation of the silicate melt model (Ghiorso et al.,
002). Therefore, to ensure consistency with experimentally con-
trained melting boundaries (Table 1) employed in our earlier work
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Table 2
Parameters of conducted numerical experiments

Model Plume
radius (km)

Age of lithosphere
(Ma)

Approx. lithosphere
thickness (km)

Temperature of plume (K) Plume
composition

Density contrast lithosphere–plume (kg/m3) Plastic strength
lithosp. mantle
(sin(ϕ) in Eq.
(5))

Mobility
melt/fluid

Resulta

Thermal (thermal
expansion)

Chemical (water,
melts, mineralogy)

Total

1 (pr11) 40 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y O
2 (pr12) 38 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y C
3 (pr13) 36 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y X
4 (pr14) 50 5 41 1700 Hyd. mantle 94 275 369 0.1 y/y O
5 (pr15) 40 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y O
6 (pr16) 30 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y X
7 (pr17) 20 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y X
8 (pr18) 15 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y X
9 (pr19) 32 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y O
10 (pr20) 70 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y O
11 (pr21) 32 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y X
12 (pr22) 40 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y O
13 (pr23) 36 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y O
14 (pr24) 32 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
15 (pr25) 30 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
16 (pr26) 26 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
17 (pr27) 50 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y O
18 (pr28) 45 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y O
19 (pr29) 40 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
20 (pr30) 35 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
21 (pr31) 31 5 29 1700 Hyd. mantle 94 275 369 0.1 y/y O
22 (pr32) 34 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
23 (pr33) 42 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
24 (pr34) 37 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y X
25 (pr35) 30 2 18.5 1700 Hyd. mantle 94 275 369 0.1 y/y <>
26 (pr36) 28 2 18.5 1700 Hyd. mantle 94 275 369 0.1 y/y <>
27 (pr37) 26 2 18.5 1700 Hyd. mantle 94 275 369 0.1 y/y X
28 (pr38) 27 2 18.5 1700 Hyd. mantle 94 275 369 0.1 y/y C
29 (pr39) 43 15 50.5 1700 Hyd. mantle 94 275 369 0.1 y/y O
30 (pr40) 37.5 10 41 1700 Hyd. mantle 94 275 369 0.1 y/y X
31 (pr41) 41 12.5 46 1700 Hyd. mantle 94 275 369 0.1 y/y C
32 (pr42) 42 12.5 46 1700 Hyd. mantle 94 275 369 0.1 y/y O
33 (pr43) 40 12.5 46 1700 Hyd. mantle 94 275 369 0.1 y/y X
34 (pc44) 36 10 41 1700 Mafic 94 165 259 0.1 y/y X
35 (pc45) 38 10 41 1700 Mafic 94 165 259 0.1 y/y X
36 (pc46) 40 10 41 1700 Mafic 94 165 259 0.1 y/y X
37 (pc47) 36 10 41 1700 Felsic 94 800 894 0.1 y/y O
38 (pc48) 38 10 41 1700 Felsic 94 800 894 0.1 y/y O
39 (pc49) 40 10 41 1700 Felsic 94 800 894 0.1 y/y O
40 (pt50) 38 10 41 1800 Hyd. mantle 104 275 379 0.1 y/y C
41 (pt51) 35 10 41 1800 Hyd. mantle 104 275 379 0.1 y/y X
42 (pt52) 32 10 41 1800 Hyd. mantle 104 275 379 0.1 y/y X
43 (pt53) 36 10 41 1600 Hyd. mantle 84 275 359 0.1 y/y X
44 (pt54) 38 10 41 1600 Hyd. mantle 84 275 359 0.1 y/y O
45 (pt55) 40 10 41 1600 Hyd. mantle 84 275 359 0.1 y/y O
46 (ps56) 38 10 41 1700 Hyd. mantle 94 275 369 0.05 y/y X ctbd
47 (ps57) 37 10 41 1700 Hyd. mantle 94 275 369 0.05 y/y X ctbd
48 (ps58) 36 10 41 1700 Hyd. mantle 94 275 369 0.05 y/y X ctbd
49 (ps59) 38 10 41 1700 Hyd. mantle 94 275 369 0.15 y/y X ctbd
50 (ps60) 39 10 41 1700 Hyd. mantle 94 275 369 0.15 y/y X ctbd
51 (ps61) 40 10 41 1700 Hyd. mantle 94 275 369 0.15 y/y X ctbd
52 (pw62) 40 10 41 1700 Hyd. mantle 94 275 369 0.1 n/y O
53 (pw63) 36 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 n/y O
54 (pw64) 38 10 41 1700 Hyd. mantle 94 275 369 0.1 n/y O
55 (pw62b) 40 10 41 1700 Hyd. mantle 94 275 369 0.1 n/n O
56 (pw63b) 36 7.5 35.5 1700 Hyd. mantle 94 275 369 0.1 n/n O
57 (pw64b) 38 10 41 1700 Hyd. mantle 94 275 369 0.1 n/n O
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Gerya and Yuen, 2003b), calculations were performed for each
ithology with and without the silicate melt model. Physical prop-
rties are computed from these results depending upon whether
elt is predicted to be stable from the experimentally constrained

hase relations.

.4. Water migration

Water is both included as free pore-fluid at shallow depths and
s a mineralogical component. Initially, the maximal water con-
ents incorporated in hydrous minerals (Table 1) are assigned to
he oceanic crust and the thermal–chemical plume, and the rest
f the mantle is anhydrous. In addition to water-bearing miner-
ls at low temperature (T < 600 K) and pressure (P < 1.5 GPa), free
ater is present in sediments and basaltic crust. Pore water con-

ent (XH2O(p)) is assumed to decrease linearly with both P and T
s

H2O(p) = XH2O(p0)

(
600 − T(K)

327

)
×

(
1.5 − P(GPa)

1.5

)
, (2)

here XH2O(p0) is the water content at T = 273 K and P = 0.1 MPa.
ere, we conservatively estimate XH2O(p0) = 2 wt.% for both sedi-
ents and basaltic crust.
To simulate the migration of water released by dehydration

rocesses, we used independently moving rock and fluid markers
Gorczyk et al., 2007). If water is found to be released in a particular
ocation (i.e., by a particular rock marker), a fluid marker with the
espective water amount is generated and moves upwards until it
eaches a lithology that assimilates water. Thus, slab dehydration is
chieved by setting properties of rock markers to values calculated
or stable mineral assemblages, while movement and consump-
ion of generated fluid markers account for water transport. To
ormulate this method analytically we compute the velocity of fluid

arkers from the local kinematic transport condition (Gorczyk et
l., 2007)

x(water) = vx, vz(water) = vz − vz(percolation) (3)

here vx and vz are local velocity of the mantle and
z(percolation) = 3 cm/year is the effective upward percolation
elocity of water through the mantle, a pre-assumed constant
Gorczyk et al., 2007).

.5. Rheological model

The effective creep viscosities of solid rocks are represented as a
unction of temperature and stress by experimentally determined
ow laws (Table 1). Viscosity for dislocation creep depending on
train rate, pressure and temperature is defined in terms of defor-
ation invariants (Ranalli, 1995) as

creep = (ε̇II)
(1−n)/nF(AD)−1/n exp

(
E + VP

nRT

)
(4)

here ε̇II =
√

(1/2)ε̇ijε̇ij is the second invariant of the strain rate
ensor and AD, E, V and n are experimentally determined flow
aw parameters (Table 1), respectively material constant, activation
nergy, activation volume, and stress exponent. F is a dimensionless
oefficient that depends on the type of experiments on which the
ow law is based and is used for the conversion of experimentally
etermined rheologies to model stress states. For example:
= 2(1−n)/n

3(1+n)/2n
for triaxial compression and

= 2(1−2n)/n for simple shear.
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Fig. 2. Failed subduction (model 30). Plume material does not

The ductile rheology of solid rocks is combined with a brittle rhe-
logy to yield an effective viscoplastic rheology. For this purpose,
he Mohr–Coulomb yield criterion (Ranalli, 1995; Byerlee, 1978) is
mplemented by limiting creep viscosity, �creep, as follows:

creep ≤ c + P sin(ϕ)
2ε̇II

(5)

here c is the cohesion (residual strength at P = 0) and ϕ is the effec-
ive internal friction angle (Table 1). We used relatively low values
f the initial effective internal friction angle (0.05 ≤ sin(ϕ) ≤ 0.15)
or the whole lithosphere in most of our experiments, implying
ignificant weakening of the lithosphere caused by accumulated
racturing and deep thermal cracking (Korenaga, 2007) and/or fluid
nd melt activity (e.g., Hall et al., 2003; Sobolev and Babeyko,
005; Gerya et al., 2008) related to the plume itself. Values sig-
ificantly lower than those obtained from laboratory experiments
ave also been proposed by convective system studies (Moresi and
olomatov, 1998; Tackley, 2000; Solomatov, 2004). Following Gerya
t al. (2008) we also assume that where the free water fluid is
resent in the crust or mantle (e.g., due to the slab dehydration),
he local effective internal friction angle approaches 0, taking into
ccount that deep sited fluids should have a pressure close to the
ithostatic (cf. discussion in Gerya et al., 2008). Similarly, weaken-
ng above the partially molten plume is expected due to upward

igration of extracted melts.
All partially molten rocks are assigned to a reduced effective

iscosity of 1017 Pa s (Pinkerton and Stevenson, 1992), which pro-
ides a large viscosity contrast with the surrounding dry mantle
1019 − 1026 Pa s).
.6. Governing equations and numerical implementation

The momentum, continuity, and thermal equations for the two-
imensional creeping-flow, accounting for thermal and chemical
uoyancy, are solved using the modified I2VIS code (Gerya and

a
t
a
H
p

through the lithosphere, but continues spreading at the base.

uen, 2003a) based on conservative finite differences and a non-
iffusive marker-in-cell technique. The conservation of mass is
pproximated by the incompressible continuity equation:

∂vx

∂x
+ ∂vz

∂z
= 0 (6)

The 2D Stokes equations take the form:

∂�xx

∂x
+ ∂�xz

∂z
= ∂P

∂x
(7)

∂�zz

∂z
+ ∂�xz

∂x
= ∂P

∂x
− g�(T, P, C, M) (8)

he density �(T, P, C, M) depends explicitly on the temperature (T),
he pressure (P), the composition (C), and the mineralogy (M).

The thermal equation is formulated as (Gerya and Yuen, 2003a)

Cp

(
DT

Dt

)
= −∂qx

∂x
− ∂qz

∂z
+ Hr + Ha + HS + HL, (9)

x = −k(T, C)
∂T

∂x
qz = −k(T, C)

∂T

∂z

a = T˛
DP

Dt
HS = �xxε̇xx + �zzε̇zz + 2�xzε̇xz

here D/Dt is the substantive time derivative; x and z denote,
espectively, the horizontal and vertical coordinates; �xx,�xz,�zz are
omponents of the deviatoric stress tensor; ε̇xx, ε̇xz, ε̇zz are compo-
ents of the strain rate tensor; P is pressure; T is temperature; qx
nd qz are heat fluxes; � is density; g is the gravitational accelera-
ion; k(T, C) is the thermal conductivity, a function of composition
nd temperature (Table 1); Cp is the isobaric heat capacity; Hr, Ha,
s, and HL denote, the radioactive, adiabatic, shear and latent heat
roduction, respectively.
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. Results
We systematically studied model development in a broad
ange of physical parameters based on 79 numerical experiments
Table 2). In a certain range of parameters, the impingement of
mantle plume is able to initiate a subduction of relatively thin

a
(
m
m

ig. 4. Overcritical case or slab fragmentation (model 61). Plumes relatively large with res
he lithosphere and fragment the latter. There are no big fragments that can subduct.
he disrupted slab subsides and develops into stable subduction.

ceanic lithosphere (Fig. 1). As intended, the buoyant rise of the
lume material from the mantle depth leads to the development of

plume structure that spreads when approaching the lithosphere

Fig. 1a and b). In the case of subduction development, the partially
olten plume sheet forms a wedge in its middle where material
oves upwards through the lithosphere (Fig. 1c). The bulk litho-

pect to lithosphere thickness develop more than one wedge after flattening against
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lume (model 38). Note the generation of secondary, partially molten peridotite. (c)
he slab. Slab movement is dominated by steepening and does not reach comparat
model 56). Note the comparatively widely spaced isotherms above and between th

phere therefore has a yield strength high enough to force spreading

f the plume, but is occasionally overcome by the buoyancy of the
atter. The strength is exceeded by the development of a relatively
mall wedge of partially molten rock centred at the slight bulge over
he plume head. This wedge cuts the lithosphere, while portions of
he flattened plume remain in their lateral positions at the base of

h
t
t
t
o

lume is not able to pass the lithosphere (model 51). (b) Felsic composition of the
r lithospheric plastic strength (model 46). (d) No fluid release and movement from
pths. Subduction is not self-sustaining and ceases after plume material quenching
s.

he lithosphere (Fig. 1d). As the wedge portion of the plume, which

as a stable and very small width during the transition through
he lithosphere, approaches the surface, it spreads again atop of
he two created lithosphere segments. This results in a slight ini-
ial downward displacement of the plate ends or proto-slabs in
rder to balance the ascending volume of partially molten plume
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ransitional and can therefore not be located as a sharp line. Plume composition, d

antle of 3300 kg/m3, sin(ϕ) = 0.1).

ock (Fig. 1e). The initial downward movement is found to be self-
ustaining and to continue as subduction on both sides of the plume
Fig. 1f). After subducting approximately 500 km of lithosphere to
epths down to 200 km into the mantle, the slabs detach at shallow
epth (Fig. 1g and h), just above the underplating sub-lithospheric,
heet-like remnants of partially molten plume material. Finally, the
labs plunge steeply into the mantle. Related to the formation of a
lume material wedge, temporary topographic swell are formed.

Our models show two movement components for the slabs, a
etreat of the subduction away from the centre of initiation, but
lso a steepening of the angle of subduction. Final necking-off and
etachment occur at angles of about 50–60◦, where the steepening
omponent exceeds the retreating component. Caution is needed in
ssessing the timescale of the processes investigated. The creation
f about 500 km in section of new crust between the retreating slabs
ccurs in our models within 1 Ma, while the time needed to pen-
trate through the lithosphere lies in the order of 20,000–50,000
ears.

If the choice of plume size is too small, or the lithosphere
s chosen to be too old (thus too thick), no subduction occurs
Figs. 2 and 6). The failure of initiation can be observed beginning
rom an early state, when the flattening of the plume against the
ithosphere does not lead to the formation of a topographic swell.
o rising wedge of partially molten rocks appears at the centre of

he model, and the whole plume material spreads in a symmetrical
heet beneath the lithosphere, apparently resulting in magmatic
nderplating.

Within a critical range of parameters close to the boundary
etween these two regimes, a transitional behaviour occurs (cf.

ritical mode of subduction initiation in Table 1): the initiation
f subduction happens asymmetrically with one preferred branch
Fig. 3). The final stage of the shallow slab break-off is, however,
eached after the same subduction amount and time as the respec-
ive half of a fully developed two-sided system.

t
t
l
p

lithosphere appear clearly. However, the behaviour towards slab fragmentation is
y and plastic strength of the lithosphere constant for all shown models (hydrated

On the other hand, when the plume size is large, the result-
ng interaction with the lithosphere appears more complex (Fig. 4).
ost-flattening stages of the plume do not follow a simple wedge
ormation, rising through lithosphere, and flood-like spread-
ng sequence (which initiates subduction), but rather lead to

ore complex and multi-fold patterns of plume material uprise,
ithosphere fragmentation and balancing counter-movements of
artly reworked lithospheric material into shallow mantle depths
Fig. 4b). For large plume size/lithospheric thickness (or age) ratios,

single central wedge of melt does not form to pass the litho-
phere, but rather two or possibly more locations of uprise are
bserved (Fig. 4a). The developing topography, correlative to the
egree of lithosphere uplift over the buoyancy push, is much more
ronounced than in the stable case, and displays steeper angles
etween plume flow and proto-slabs. These cases lead to smaller

ithospheric fragments that do not subduct or that stack and are
esorbed in the mantle early. If additionally the lithosphere is
ery young (or hot; e.g., model 63), down-warp of proto-slabs by
lume material is not rigidly transmitted; they instead flatten at
ery shallow levels, as described below for cases with lowered
lastic strength. However, the transition from stable, retreating
ubduction to slab fragmentation is not sharp, but occurs over
range of initial parameters, reflected in the early separation of
central melt wedge into two wedges, subsequently migrating

way from the centre, as the ratio of plume size/lithospheric age
ncreases. We have chosen these criteria of wedge-splitting and
he directly related fragmentation of the lithosphere to classify
he corresponding models into a regime that is denoted as slab
ragmentation.
The variation of other initial parameters (Fig. 5) has shown that
he effect of plume composition is larger than the effect of plume
emperature. Temperatures required to overcome the tested low
ithospheric plastic strength (sin(ϕ) = 0.1) with a purely thermal
lume (i.e., when density reduction due to the hydration and melt-
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bout 5000 K.
In contrast, the variation of the plume’s composition high-
ighted the strong influence of the chemical component of density
Table 2). We have described the different plume–lithosphere
nteractions for a plume of hydrous mantle composition in the sec-
ions above. Moderately buoyant plumes with mafic composition

c
T
c
l
t

tially molten thermal (�T = 300 K) plume composed of dry ambient mantle (model
of melt propagation from the plume. New mafic crust (cf. thick dark green layer)

ancy during the decompression melting. See text for discussion. (For interpretation
f the article.)

density contrast with the lithosphere = 165 kg/m3, initial water
ontent = 2.8 wt.%; see mafic lithology in Table 1) failed to reach the

ritical post-flattening stages and only underplated the lithosphere.
ests with felsic plumes (density contrast 800 kg/m3, initial water
ontent = 7.6 wt.%; see felsic lithology in Table 1) lead to even faster
ithosphere penetration and subduction initiation (Fig. 5b). With
he given high density contrast and hydration, the plume does not
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tagnate first (cf. Fig. 1b) at the base of the lithosphere, but flattens
uring ongoing ascent up to the surface. These models can develop
wo centres of post-flattening ascent and still initiate subduction
uccessfully. Between the centres of ascent a small immobile piece
f lithosphere remains entrapped in the central part of the models
Fig. 5b).

We also tested a possible influence of slab strength by varying
he internal friction angle of the entire lithosphere while keeping

ost other parameters constant, slightly varying plume size for a
iven friction angle. If raised (sin(ϕ) = 0.15), no penetration of plume
hrough the lithosphere has been observed (Fig. 5a), resulting in
tectonic structure similar to those for failed plumes due to low
lume size/lithosphere age ratios (Fig. 2). If lowered (sin(ϕ) = 0.05),
urficial spreading/flooding of a passed plume portion did not result
n a stable downshift with subsequent, self-sustaining subduction
Fig. 5c). Instead, the initial foundering of slab ends stagnated in
hallow depths, and the slabs re-adjusted to a horizontal orienta-
ion behind the advancing process zone at the tips of the spreading
lume material (passive counter-bend). The result (Fig. 5c) is a hor-

zontal density stratification with over-solidus mantle overlaying
older lithosphere.

Final parameter testing has addressed the issue of fluid release
nd circulation. We have disabled the propagation of volatiles
water, but also melt) as a free phase in some models (cf. Table 2)
nd compared the resulting interaction schemes with parallel cases
eaturing identical initial parameterization, but with suppressed
uid propagation. The stagnant-fluid models are characterized by
reaking of the lithosphere, an initial subduction initiation, fast
teepening of subduction angle, stagnating position (no retreat),
nd stacking and resorption of the almost vertical plunging slabs in
hallow mantle depths (Fig. 5d). Isotherms are more widely spaced
etween and above the plume compared to similar models with
obile volatiles.

. Discussion

.1. Interpretation of results

The possibility to initiate self-sustaining, retreating subduction
s a result of a plume event is limited to a certain parameters range
n our models. Differences in initial parameters were able to create
spectrum of resulting plume–lithosphere interactions, in which

hree major regimes can be recognized: (1) failure of complete
ise and magmatic underplating; (2) passing of partially molten
lume material through the lithosphere and initiation of retreat-

ng subduction; (3) massive or multiple passing of plume material
nd fragmentation of the lithosphere into pieces which are eventu-
lly resorbed. We have termed these regimes failure, initiation, and
ragmentation, and have found that they correspond to relatively

ell-constrained fields in a plot of plume size versus lithospheric
ge (or lithospheric thickness) (Fig. 6). However, the change of inter-
ction behaviour from stable subduction to fragmentation appears
ather broad and transitional; on the other hand, critical cases of
ubduction initiation, with only one side developed, lie well in prox-
mity to the best-fit boundary line between failure and subduction.

e have chosen to locate the boundaries between the regimes in
ig. 6 with a corresponding breadth.

.1.1. Geometry and stresses

The development of self-sustaining, retreating subduction

eems to depend on some critical stages. After buoyancy-driven
scent and lowering of plume density owing the decompression
elting, the flattening plume needs to develop one central wedge

Fig. 1c) that is able to rise upwards through the lithosphere, over-

t
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a
f
s
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oming the lithospheric cohesion. The spreading of passed plume
ocks atop the proto-slabs (Fig. 1d) and overriding them, is impor-
ant to deliver an initial downwards forcing. Vertical stress results
rom isostasy and magmatic loading. Horizontally, there is local
ompression at the tips of the propagating “melt bubble”, and
xtension between tips and the centre of the model. This mech-
nism for the triggering of slab foundering is very similar to that
roposed by Kemp and Stevenson (1996) for a passive margin
nder extension, but here extended to bi-directional spreading
f the mantle material. Gravitational loading (mantle) provides
he initial downshift in both studies; in comparison, however,
ur plume scenario requires neither predefined inhomogeneities
n the lithosphere (ocean–continent transition) nor external
ension.

While the role of the spreading plume rocks is easily under-
tood as a buoyant displacement, the reason for the importance of
he geometric centring of melt uprise remains less clear. Should
wo wedges develop instead (Fig. 4a), they interfere, either by
eveloping counteracting horizontal forces similar to ridge-pushes
o the centre, or by being part of small-scale convection cells
Solomatov, 2004) in the uppermost mantle. In addition, related
teeper contact angles between the wedge of partially molten
aterial and proto-slab as simultaneously plume radius increases
ight make the magmatic loading increasingly inefficient. In fact,

ome of these models (e.g., model 61) display small-scale (spanning
0 < z < 75 km) convection cells including the slabs, while in one-
edge cases no or far less convection appears. Material flow seems

o be mainly limited to separate layers below and above the slab. In
he few models with excess buoyancy (felsic plumes), two centres
f melt ascent can also initiate subduction, and oppositely directed
table stresses trap a small piece of lithosphere under compression
n the centre.

.1.2. Buoyancy
As we have seen above, the critical condition to trigger subduc-

ion by mantle plume is that it should be able to pass through the
ntire lithosphere. This may happen only if the plume buoyancy
xceeds the local strength of the lithosphere. The dominance of
ompositional over thermal buoyancy for various plumes tested
n our experiments is visible in Table 2. Plumes of wet mantle
omposition (Table 2) are buoyant enough to trigger break-up,
ut are close to critical in the parameter range (primarily inter-
al friction angle ϕ of the lithosphere) we have investigated here.
afic plumes (Table 2) are initially slightly less buoyant due to

he presence of dense iron-bearing garnet and failed to break
he lithosphere within the limited extent of our investigation,
t seems therefore that a required density contrast exists which
hould be about or over 300 kg/m3 (summing both thermal and
ompositional buoyancy) for our experiments with sin(ϕ) = 0.1.
trongly compositionally buoyant felsic plumes (Table 2) also
ontain significantly more water and melts leading to faster litho-
phere penetration and subduction initiation (Fig. 5b). Pure thermal
lumes (Table 2) showed accordingly low potential for breaking the

ithosphere.
Changing buoyancy has yet another important implication for

ur models. As proto-slabs are down-warped in the mantle, they
an reach depths of major mineralogical changes. Dehydration, and
specially the transition of the gabbroic portions of the lithosphere
o eclogite (Ahrens and Schubert, 1975), increase the density of
he lithosphere and make it negatively buoyant, which will start

o create a downward pull. Thus, forced temporary dipping of the
labs in mantle depths (varying on thermal conditions; e.g., Peacock
nd Wang, 1999) for which they would be too buoyant can create
orces that make foundering of slabs self-sustaining and stabilize
ubduction.
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.1.3. Plastic strength
Considering that in the upper cold part of the lithosphere the

eformation is dominated by friction plasticity, we obtain that the
ondition for the plume to pass through is

�gR > a sin(ϕ)�gH (10)

here R is plume radius, �� is its total density deficit relative to
he surrounding lithosphere, ϕ, is friction angle of the lithospheric

aterial above the plume, � is density of the lithosphere, H is its
hickness and a is a coefficient, which is of the order of unity.

With the parameters used in most of our experiments the above
imple relation describes well the subduction initiation domain
n Fig. 6 if coefficient a is 0.7–0.8 (H = 35–50 km, R = 30–45 km,
in(ϕ) = 0.1, �� = 300 kg/m3, � = 3300 kg/m3).

If the plume radius and buoyancy, as well as lithospheric thick-
ess and density are fixed, Eq. (10) gives the critical lithospheric
trength (critical friction angle)

in(ϕ)critical = ��R

a�H
, (11)

If the friction angle of the lithosphere above the plume is low-
red to the values below the critical, the plume can penetrate the
ithosphere and initiate subduction; otherwise, it cannot.

From Eq. (11) it is clear why a purely thermal plume failed to
nitiate subduction in some of our experiments. The reason is that,

ith relatively small buoyancy of the purely thermal plume (com-
ared to the buoyancy of thermo-chemical plume), the lithospheric
trength above the plume assumed in the experiments (sin(ϕ) = 0.1)
ppeared to be much higher than critical. According to Eq. (11)
he effective friction coefficient of the lithosphere must be low-
red to the value of about 0.01 to initiate subduction above the
hermal mantle plume with an excess temperature of 300 ◦C. We
ave checked this estimate with an additional numerical experi-
ent (Fig. 7, model 79). In this experiment, we assumed an initially

trong lithosphere (sin(ϕ) = 0.6) hit by a thermal plume composed
f ambient dry mantle subjected to partial melting during the
ecompression. The melt fraction in the plume is kept relatively low
2–4 vol.%) due to the assumed intense melt extraction. Extracted

elts propagate upwards (we modelled instantaneous kinematic
elt propagation) across the lithosphere and are deposited on top

f it in the form of new basaltic crust (note thick dark green layer
orming above the plume in Fig. 7a and b). The plastic strength of
he lithosphere along melt propagation pathways (Korenaga and
elemen, 1998) is lowered to sin(ϕ) = 0.01. As we see from Fig. 7,
his model based on strong magmatic weakening of the lithosphere
trictly above the areas of melt extraction from the plume is able
o initiate subduction. Our expectation about the critical degree
f plastic strength lowering appears to be correct. In contrast to
umerical experiments with low plastic strength for the entire

ithosphere (Fig. 1), in the model with globally strong but locally
eakened plates, final detachment of the slabs does not occur and
aired retreating subduction continues in a self-sustaining way.

Therefore, our experiments demonstrate that, in 2D-geometry, a
antle plume can break the lithosphere and initiate self-sustaining

ubduction if it causes intensive enough (critical) local weaken-
ng of the lithospheric material above it. The required weakening
epends on the plume volume, plume buoyancy and thickness of
he lithosphere. The required friction drop is the largest (effective
riction coefficient drop from 0.5–0.7 to about 0.01) for the least
uoyant purely thermal plumes and it is less dramatic (from 0.5–0.7

o about 0.1) for the strongly buoyant thermo-chemical plumes.

We note that effective friction coefficients of 0.1 and especially
.01 are much lower than laboratory-measured values for the typ-

cal dry lithospheric materials (0.5–0.7; Byerlee, 1978). However,
ow local friction coefficients are thought to be typical for large

m
i
c
a
t
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ctive transform faults like the San Andreas Fault (Zoback et al.,
987; Bird and Kong, 1994) and especially for material of a subduc-
ion channel, decoupling subducting and overriding plates (Sobolev
nd Babeyko, 2005), where effective friction of rocks is drastically
owered by the high-pressure fluids. Values up to one order of

agnitude lower than laboratory values have also been postulated
Moresi and Solomatov, 1998; Tackley, 2000; Solomatov, 2004) for
he bulk oceanic lithosphere due to various weakening mecha-
isms. On the other hand, it has been recently demonstrated by
erya et al. (2008) that self-sustaining, one-sided subduction char-
cteristic for the present-day Earth requires strong plates locally
eakened by fluid and melt activities—a condition that we tested
ith globally strong but locally weakened plates (Fig. 7). That
eans that the presence of high-pressure volatiles (melts or flu-

ds) coming from the plume and lowering material effective friction
oefficient in the lithosphere above the plume is a crucial condition
or the plume to penetrate the lithosphere and to initiate subduc-
ion. Initial break-up can either occur with a locally strong dynamic
eakening due to melts and volatiles, or equally with a pre-defined,
oderately weakened lithosphere on a global scale. Lowering the

trength globally can however have major consequences on the
ehaviour of the slabs during earliest subduction stages because,
s demonstrated, an internal friction coefficient of 0.05 does not
ead to stable subduction in our models.

.1.4. Volatiles
As it is demonstrated by our experiment without water in the

lab, when the subduction failed shortly after the initiation, a crit-
cal issue for self-sustaining subduction is the presence of the
igh-pressure fluids at the slab upper interface, in accordance with
revious results (e.g., Sobolev and Babeyko, 2005; Gerya et al.,
008). Water is able to lower the angle of internal friction signifi-
antly when forming a new plate boundary. Later, the lubrication
Lenardic and Kaula, 1994) can lower the friction at the slab sur-
ace when subducting along this boundary. Water therefore exerts
strong control on the decoupling (Gerya et al., 2008) of one plate

ragment from the other and from the adjacent material (here,
verlaying mantle). Finally, if slabs dehydrate in the upper man-
le, their density will increase, additionally facilitating downward

ovement. The importance of volatiles in our study is in good
greement with the conclusion of Regenauer-Lieb et al. (2001) that
ithosphere can only break along its entire thickness along a sharp
ew boundary if lubrication is provided. Our observation is also in
greement with the model for long-term subduction cycles (Van
er Lee et al., 2008) where slab-derived volatiles in the underly-

ng mantle from an earlier subduction episode or from an opposing
argin of the same continent provide the critical weakening of the

ithosphere at a passive margin. The plume model has in this con-
ext directly been proposed (Van der Lee et al., 2008) as the initial
riggering mechanism for subduction in the Archean.

In summary, subduction may be initiated when the lithosphere
s locally broken and lubricated slabs of moderately dense litho-
phere reach critical mantle depths because of a downshift when
eing overridden by lighter, hot plume material. At these depths,
ensification due to phase changes can create a downward drag at
he slab tip and make subduction self-sustaining. To reach these
epths, it seems to be necessary that slabs can be deflected a bit
urther down after reaching their density equilibrium in the mantle
y rigidly transmitted downshift at the process zone of the trench.
urther, we conclude that in order to initiate subduction, the plume

ust be (i) strongly buoyant and large, but even more importantly,

t must (ii) be able to lower drastically the effective friction coeffi-
ient in the lithosphere above it. The way to do that is to generate
large volume of high-pressure fluids and/or melts penetrating

he lithosphere. Finally, even if subduction is initiated it becomes
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elf-sustaining only if the fluids severely decrease friction at the
nterface between the slab and overlying mantle portion.

Interestingly, our experiments show that even rather young
thin), positively buoyant lithosphere (Cloetingh et al., 1989) can
ave a self-sustaining subduction mode if the conditions of subduc-
ion initiation by plume, mentioned above, are fulfilled. That is in
pparent contradiction with the suggestion (Cloos, 1993) that only
ithosphere older than around 10 myears that is negatively buoyant
n the mantle can be subducted. The reason for this contradiction is
hat in our modelling, we include a gabbro-eclogite transformation.

hen the plume initiates subduction, the slab edge subsides to sev-
ral tens of kilometres, where gabbro turns to eclogite, increasing
ensity of the oceanic crust (Ahrens and Schubert, 1975) and mak-

ng even very thin (young) oceanic lithosphere negatively buoyant.
ne important consequence of this effect for our modelling is that
ven in the case of thicker (i.e., >7 km) proto-oceanic crust, a rela-
ively thin lithosphere will be able to subduct if penetrated by the

antle plume. Although we have built our models on some major
ssumptions (that is, a fluid-rich, relatively hot plume, negligence
f elasticity, and homogeneity in the third dimension), plumes have
onceptually shown to have a significant potential for both ruptur-
ng the lithosphere and for triggering its foundering. Moreover, in
ontrast to other models, our model does not require any external
orces (Kemp and Stevenson, 1996; Han and Gurnis, 1999; Hall et
l., 2003) or inhomogeneities of the lithosphere (McKenzie, 1977;
ueller and Phillips, 1991; Toth and Gurnis, 1998; Hall et al., 2003),

lso meaning that it can initiate subduction anywhere plumes hit
ithin the oceanic lithosphere. Further validation of this concept
ill require quantitative studies in three dimensions.

.2. Possible analogues

.2.1. Applicability to present-day Earth
This study has modelled the hypothetical initiation of subduc-

ion as a result of a plume in two dimensions. We have outlined the
imitations and the justification for this assumption in the intro-
uction. Given the very high speed and relatively short duration
1 Myr) of the corresponding processes, the results from numerical
xperiments with globally weak lithosphere (Fig. 1) seem not to be
pplicable to present-day Earth and are not matched by geologi-
al observations. However, if some assumptions, the model setup
nd a number of parameters were changed, the resulting subduc-
ion might start under more realistic conditions (e.g., by assuming
lobally strong but locally weakened plates, Fig. 7). For exam-
le, increasing bending strength and limiting energy dissipation
y incorporating elasticity into modelled rheologies (Funiciello et
l., 2003) could lead to different foundering behaviour and may
tabilize subduction further; similarly, superimposed far-field com-
ression would reduce the amount of retreat, would allow a more
levated “melt bubble” and more efficient loading, and would
hus allow for easier initiation of subduction. The major limita-
ion seems to be the need for a comparatively small but strongly
uoyant plume, preferably with some water content; one could
hink of plumes originating from the transition zone between 410
nd 660 km and incorporating water from stagnating thermally
elaxing slabs (Richard et al., 2006) which would make them com-
ositionally (but not thermally) buoyant. Such a plume would then
eed to hit a small plate fragment like those of the Juan de Fuca
late. We think that, although apparently not realized, plume-

nduced subduction could theoretically initiate on present-day

arth, provided that certain uncommon circumstances coincide.

.2.2. Earlier Earth—Archean
In contrast, higher heat flux and steeper thermal gradients are

ostulated for the Archean lithosphere. Higher mantle temperature

a
i
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i
s

etary Interiors 171 (2008) 296–312

hould result in wide-spread/global presence of partially molten
egions below the lithosphere, which could in turn result in the
lobally weaker plates affected by propagation of extracting melts.
lthough we cannot consider our models with globally weak plates
s a direct thermal analogue to the earlier Earth, we might have
ketched some possible interactions in constructing our three pro-
osed regimes. It should have been easier for a plume to pass
hrough a thin, hot lithosphere. In addition, there is a strong argu-

ent that Archean plumes were comparatively enriched in water
cf. Grove and Parman, 2004, and references therein), and there-
ore, could have contained large volumes of melt. Leaving aside
he success or failure of initiation, small subcritical plumes could
ave contributed to local underplating (our failure mode). Further-
ore, our fragmentation mode might correspond to late Archean

rustal reworking (Rey et al., 2003). Considering the initiation and
lab fragmentation modes, our results show that different tec-
onic settings can develop from only gently varied parameters.
pplied to the controversial development of ultramafic komatiites

Grove and Parman, 2004), geochemically different komatiites with
haracteristics of a plume or subduction zone origin might have
eveloped from rather similar starting points, and the two creation
echanisms may have co-existed. Plume-triggering of subduction

rovides in principle a simple mechanism to start for the first time
system of subduction tectonics that can reconfigure (Stern, 2004)
nd may remain active for hundreds of Ma (Van der Lee et al., 2008)
r even until the present.

.2.3. Venus coronae (3D)
We have so far discussed implications derived from the 2D-

xperiments and assumed homogeneity in the third dimension. In
similar model setup in three dimensions assuming a cylindrical
lume and an intact oceanic lithosphere at the beginning, stresses
nd mechanisms should act equally in all horizontal directions after
mpingement and plume material ascent. This would imply that the
eveloping subduction zone would have the shape of a ring or fun-
el. This must be treated with some caution because the interaction
etween resulting stresses and movements in different directions
round the ring would have to be taken into account and might
artly counteract, leading to a much stiffer “slab” structure. Sub-
uction could still be possible if (lateral) movement would take
lace not all at once, but rather sequentially in different portions of
he structure (Sandwell and Schubert, 1992).

There are indeed reports of tectonic structures for which a ring-
haped (partial) subduction might represent a good model, namely
ircular structures on Venus that have been subject to different
nterpretations in the past (Grindrod et al., 2006; Hansen, 2003,
006; Krasil’nikov et al., 2001; Hoogenboom and Houseman, 2006).
owler and O-Brien (1996) have, in an analytical study, proposed
hat coronae as subduction rims formed above a plume, assum-
ng that the latter did not emerge through the lithosphere. Earlier,
andwell and Schubert (1992) had, based on striking similarities
etween topographic profiles over the rim of bigger Venus coroane
nd over Earth trenches, suggested that these corona rims were
lso signs of retreating subduction. In fact, Sandwell and Schubert
1992) have also suggested a (fully ascending) plume origin for
hese structures, with the very same mechanisms of subduction
evelopment as those described in this paper. Here, we were able
o reproduce and confirm their proposal with a dynamic model that
s strikingly similar in section (cf. their Fig. 6). Based on our results,

e expect that peripheral subduction on Venus would not be stable,

nd would correspond to the fast steepening and freezing scenar-
os (Fig. 5d) when slab dehydration was not allowed in the models.
his is in accordance with the commonly assumed absence of water
n the Venus mantle and crust. However, taking into account that
ubducting slabs in such a case do not retreat, and should be quite
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are, it is likely that subduction did not contribute much to the
esurfacing of Venus (Turcotte et al., 1999; Reese et al., 1999).

. Conclusion

2D modelling has successfully been used to test mantle plumes
s a possible trigger of retreating oceanic subduction. Interaction
ith the lithosphere exhibits three distinct plume size/lithospheric

ge regimes, but is not fully constrained with respect to numerous
ther parameters. Qualitatively, the importance of a composition-
lly buoyant plume, free volatiles, and volatile-induced lowering
f the plastic strength of the lithosphere above the plume has been
hown. We have hereby presented an interesting possibility to initi-
te subduction self-consistently without the need for external plate
orces, pre-included inhomogeneities, or global weakening of the
ithosphere.
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