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Mantle plume heads and the initiation of plate tectonic reorganizations
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Abstract

We present results of numerical simulations which examine the plausibility of a reorganization of plate motions brought
about by the interaction of a hot, low-viscosity plume head with the underside of a tectonic plate. A numerical model of
highly viscous fluid flow driven by thermal buoyancy is employed to examine the interaction of mantle plumes with surface
plates in a two-dimensional cartesian geometry. Plate-like boundary conditions applied to the upper surface consist of a
large active plate with fixed speed plus a smaller passive plate whose speed and direction of motion are permitted to react
to tractions induced by the underlying mantle flow (driven by the active plate). The passive plate is also subject to applied
end-loads intended to simulate incipient subduction. The mantle plume is initiated with a hot patch on the lower boundary,
and viscosity varies with temperature following an Arrhenius rheology. The calculations, performed with fixed aspect ratio
.4ð 1/ and fixed Rayleigh number (Ra D 106, where Ra refers to the strength of the starting plume), were found to depend
on three parameters: the strength of the viscosity variation, the size of the applied end-load, and the speed of the active
plate. These calculations indicate that plate motions can be sharply influenced by the lubricating effects of mantle plume
heads even to the point of causing a reversal in the direction of plate motion.  1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

One of the more significant mysteries in geo-
dynamics is the relationship between flood basalt
events and changes in plate motion. There are
enough instances in which flood basalts and plate
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reorganizations are nearly simultaneous to discount
their association being a coincidence [1,2]. The cause
for this association necessarily depends on the origin
of flood basalts. The two leading models for flood
basalt formation are the following.

(1) The steady plume model [1] in which steady-
state plumes feed the asthenosphere. When rifting
occurs, partial melting in the plume heads results in
extensive volcanism.

(2) The starting plume head model [2–4] in which
the initial diapir leading a mantle plume undergoes

0012-821X/98/$19.00  1998 Elsevier Science B.V. All rights reserved.
PII S 0 0 1 2 - 8 2 1 X ( 9 8 ) 0 0 0 1 6 - 8



196 J.T. Ratcliff et al. / Earth and Planetary Science Letters 156 (1998) 195–207

partial melting upon reaching the base of the litho-
sphere and engenders a flood basalt (prior to or
coincident with rifting).

The first model explains how flood basalts can re-
sult from changes in plate motion (i.e., rifting leads to
decompression melting) but has difficulty explaining
the brevity of such events. In the steady-plume model,
flood basalt events should continue as long as rifting
occurs; eruptions would persist over a wide spectrum
of times. However, flood basalt events are geologi-
cally brief, on the order of 2 to 3 million years. More-
over, flood basalts should occur when a ridge passes
over a hotspot; no such event occurred when the Cen-
tral Indian ridge migrated over the Reunion hotspot at
around 40 Ma [3]. Additional arguments against the
first model are summarized in [2,3,5].

The second model explains the brevity of flood
basalt events and why many hotspot tracks appear to
originate with such events but does not explain the
coincidence of flood basalts with changes in plate
motion. Plume heads form in the deep mantle and
if changes in plate motion trigger (or accelerate) a
Rayleigh–Taylor instability, the plume head could
only reach the surface tens of millions of years after
a change in plate motion [6]. With the starting-
plume-head model, one needs an explanation of how
the arrival of a massive plume head could trigger a
change in plate motion.

Below we describe a mechanism that can offer
such an explanation but first we describe the geo-
logical context in which the mechanism should be
important. Recognizing the uncertainties in, and the
controversy that surrounds, Pacific-wide plate recon-
structions, particularly in the hotspot frame of Refs.
[7–10], we offer one interpretation of a major geo-
logical event in the Cretaceous Pacific involving both
flood basalts and changes in plate motion.

Prior to 122 Ma, the nascent Pacific plate was a
small plate with no slabs connected to it (Fig. 1).
Its motion, and likely that of the plates to the north
(Izanagi and Farallon plates), was influenced by the
southward motion of the Phoenix plate (based on
Pacific plate motion [11,13]). The Phoenix plate was
subducting beneath what is now New Zealand [14]
and New Caledonia [15] (then attached to Gondwana
via Australia). It is likely that the Pacific, Izanagi
and Farallon plates were all being pulled to the
southwest in the wake of the Phoenix plate, but at

different velocities such that their boundaries were
all spreading centers with some transform motion
(Fig. 1). The northern boundary of the Izanagi plate
would have been undergoing compressive strike-slip
motion along the margin of what is now the Japan
trench; thus there seems to have been some initial
convergence along the northern edge of the Izanagi
plate. At around 122 Ma, the (first) Ontong-Java
flood basalt event occurred after which all plate mo-
tion shifted to the northwest, following the Izanagi
plate (which began subducting beneath eastern Eura-
sia via the Japan trench; Fig. 1) resulting in emplace-
ments of Cretaceous rhyolites and granites in Japan
[16–18]. The southward subduction of the Phoenix
plate also stopped as the Phoenix plate was captured
by the Pacific plate.

One explanation for these events is that prior to
124 Ma the Phoenix plate, actively moving to the
southwest, induced mantle flow which dragged the
northern plates after it. The ‘transpressive’ north-
west motion of the Izanagi plate implies (since some
convergent motion was involved) that there was in-
cipient downwelling, i.e., forces acting to initiate
northward subduction. However, the overall motion
to the southwest overwhelmed these forces. When
the Ontong-Java plume head arrived beneath the Pa-
cific plate, it acted to lubricate the spreading centers
around the Pacific and decouple the Pacific, Farallon,
Izanagi and Japan plates from the Phoenix’s man-
tle traction [19]. Subduction to the northwest of the
Izanagi plate could then proceed unimpeded. After
decoupling, subduction of the Phoenix plate could
have accelerated briefly [19], since it was no longer
dragging the other plates behind it. Subsequent ces-
sation of subduction might then be due to: (1) the
slab running into the 660 km discontinuity; (2) the
increased plate velocity resulting in younger, more
buoyant material in the Phoenix plate thereby render-
ing it more gravitationally stable; or (3) collisions of
continental fragments and=or oceanic plateaus (evi-
dence of which exists in New Zealand [14]) plugging
up the subduction system.

2. The decoupling model

A simple initial approach for examining the role
of mantle plumes in correlation of flood basalt events
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Fig. 1. Relative motions of the Phoenix, Pacific, Farallon, and Izanagi plates in the hotspot frame of Ref. [11], showing the approximate
locations of the continents [12], before (top panel) and after (bottom panel) the Ontong-Java event and reorganization of plate motions.
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Fig. 2. Diagram of the 2D decoupling model. The salient features are the large, active-plate driving flow in an isothermal mantle, the
smaller, passive plate which is free to react to mantle tractions, and the hot, low-viscosity mantle plume.

with changes in plate motion is to determine whether
it is possible for a hot, low-viscosity plume head to de-
couple an essentially passive plate from an adjacent,
actively subducting plate. Without attempting to re-
produce exactly the history of the Pacific, we require
that our simple model have many of the basic fea-
tures of the Pacific–Phoenix system around the time
of the Ontong-Java flood basalt event: a large, actively
subducting plate, a small, passive plate for which sub-
duction has not yet begun, and a source of hot material
being delivered to the base of the passive plate.

We consider a 2D, cartesian model of the mantle
as a highly viscous fluid atop of which are two rigid
surface plates (Fig. 2). The large, right plate actively
moves toward the right at a specified velocity VR.
The smaller, left plate is subjected to a force FL

pulling to the left but is otherwise free to react to
any mantle tractions induced by the motion of the
right plate. The force FL on the smaller plate is too
weak to overcome the fluid tractions induced by the
motions of the large plate. So the left plate is either
stationary with speed VL D 0 or moving slowly to
the right .VL > 0/; if FL D 0 then the left plate
is entirely passive. Since the force is either zero
(no incipient subduction) or pulling to the left, the
boundary between the two plates is a spreading zone.

The right plate with velocity VR is analogous to
an active plate with a subducting slab connected to it.
The slab is assumed to dominate the plate’s motion
and the prescribed velocity can be thought of as
arising from the balance between the buoyancy force
of the slab and viscous drag on the slab. This force
balance is more or less independent of what happens
to the part of the plate floating on the surface.

The left plate is analogous to a passively moving
plate which is assumed not to possess a developed
slab. Edge forces that act to initiate subduction are
present on the passive plate; however, mantle trac-
tions induced by the motion of the active plate
overwhelm these subduction-initiating forces. The
small plate is thus pulled passively along behind the
large, active plate. Although both plates may initially
be moving, we specify (in order to minimize the
number of parameters needed in the model) that their
margin does not migrate. This means that the plates
are modeled like conveyor belts, the bottom sides of
which are immersed in the mantle fluid.

Into the circulation described above, we introduce
a starting plume head by applying a hot patch to the
bottom boundary. A plume head rapidly forms and
rises through the mantle to the bottom of the passive
plate. Since the mantle fluid has a strongly temper-
ature-dependent viscosity, the low-viscosity plume
head (if large enough and=or of low enough viscos-
ity) can act as a lubricant and decouple the passive
plate from the mantle tractions induced by the active
plate. This differs from previous experimental [20]
and numerical [21–23] studies which focused on the
behavior of plumes under moving plates in that here,
the plume is permitted to affect the motion (i.e., the
spreading rate) of the plates.

3. Modeling details

To study plate decoupling via the arrival of a
hot, low-viscosity plume head beneath the plates,
we employ a numerical mantle convection model.
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This computational model is a two-dimensional (2D)
version of the 3D model used by Ogawa et al.
[24] to study thermal convection with temperature-
dependent viscosity in cartesian geometry. The 2D
version has been benchmarked against the results of
Blakenbach et al. [25] and found to be in excellent
agreement.

3.1. Mathematical description

The convection model numerically solves the non-
dimensional equations for conservation of mass, mo-
mentum and energy for an infinite Prandtl number
.Pr D ¹=�; ¹ is kinematic viscosity, � is thermal
diffusivity), Boussinesq fluid in a 2D rectangular
domain:

r Ð v D 0 (1)

0 D �rP C Ra T OkCr Ð [¼.rvC frvgT/] (2)

@T

@t
C v Ð rT D r2T (3)

where v is the fluid velocity vector, P is the non-
hydrostatic pressure, T is the temperature, ¼ is the
dynamic viscosity, t is time, Ok is the vertical unit
vector, and f gT is a tensor transpose operator. Non-
dimensionalization is achieved using the temperature
difference ∆T between the cold upper surface and
the hot starting plume, the thickness d of the layer,
the thermal diffusion time d2=� , and the viscosity ¼o

of the background mantle (parameter values can be
found in Table 1). These parameters also help define
the Rayleigh number Ra, a dimensionless measure of

Table 1
Dimensional parameter values

Parameter Symbol Value

Mantle density ² 3700 kg m�3

Mantle thickness d 2900 km
Thermal diffusivity � 10�6 m2 s�1

Acceleration of gravity g 10 m s�2

Coefficient of thermal expansion Þ 3ð 10�5 K�1

Reference temperature To 1600 K
Hot-patch temperature excess ∆T 1100 K
Maximum mantle viscosity a ¼o 3ð 1022 Pa s

a Mantle viscosity is chosen such that Ra D 106 for the tabulated values of the other parameters in Eq. 4.

convective vigor

Ra D ²gÞ∆T d3

�¼o
(4)

where ² is density, g is gravitational acceleration,
and Þ is the coefficient of thermal expansion. Al-
though we do not consider fully developed cellular
convection, Ra remains useful as a means of charac-
terizing the strength of the plume.

In order to make best use of computational re-
sources while examining a sufficiently large range of
parameters, Ra is held fixed at 106 in the calculations
that follow. In order to do this, one parameter in Eq. 4
must be allowed to vary; we choose the mantle vis-
cosity ¼o as our free parameter. In order to maintain
Ra D 106 given reasonable values for the other pa-
rameters (see Table 1), mantle viscosity must have the
dimensional value ¼o D 3 ð 1022 Pa s. This viscos-
ity is likely an order of magnitude larger than actual
mantle viscosities [26–28]. Possible ramifications for
such a choice are discussed in the final section.

Without loss of generality, the requirement of con-
stant fluid properties made in the standard Boussi-
nesq approximation is relaxed to allow for a nonuni-
form viscosity. The dimensionless dynamic viscosity
¼ is allowed to vary with temperature following an
Arrhenius law of the form

¼ D exp

�
E

�
1

T C 1
� 1

�½
(5)

where E is an activation parameter that deter-
mines the degree of viscosity variation. The vis-
cosity contrast r¼ D ¼max=¼min represents how many
times more viscous the background mantle is com-
pared to the initial viscosity of the plume and can
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be determined from the activation parameter via
E D 2 ln.r¼/.

The calculation domain is a 4 ð 1, 2D cartesian
box. Since we are interested solely in the dynamics
of a thermal plume interacting with surface plates
and not full-scale convection in the mantle, the man-
tle is assumed to be isothermal at the reference
temperature To (for which the non-dimensional value
is 0). Insulating, stress-free, impermeable boundary
conditions are applied to the side-walls such that

@T

@x
D @w

@x
D u D 0 at x D 0 and x D 4 (6)

while the bottom boundary is taken to be imperme-
able, stress-free and isothermal (except for the hot
patch used to initiate the starting plume)

@u

@z
D w D T D 0 at z D 0 (7)

The top boundary is isothermal and impermeable

T D w D 0 at z D 1 (8)

Here x and z are the horizontal and vertical coor-
dinates and u and w are the horizontal and vertical
components of the velocity vector.

The hot, low-viscosity plume is initiated using
a hot patch placed on the bottom boundary. The
hot patch is centered at x D xp such that 0 �
xp � xm, where xm indicates the location of the
margin between the two plates. The non-dimensional
hot-patch temperature is defined such that

T .x; 0/ D 1 for .xp � Žp/ < x < .xp C Žp/ (9)

where Žp is the half-width of the hot patch. We
choose xp to be at the center of the passive plate
in order to minimize the effects of plume-induced
flow. By centering the plume beneath the passive

Fig. 3. Schematic diagram of the model geometry and boundary conditions.

plate, the left-moving and right-moving limbs of
the upwelling afford some degree of cancellation of
induced tractions.

The horizontal velocity boundary condition at the
upper surface is somewhat different from that of a
simple convection model. In order to simulate two
plates, one active and one passive, we define the
left plate (extending from x D 0 to x D xm/ to be
the passive plate and the right plate (from x D xm

to x D 4) to be the active plate. The active plate
is taken to be rigid (no-slip) with a fixed, uniform
velocity u D VR: The passive plate is rigid as well
and is also specified to have a uniform (but unknown)
velocity u D VL: In order that the stresses at the base
of the plates be finite, we require an analytically
differentiable plate margin [29], such that

u.x; 1/ D VL

2

�
1� tanh

�
x � xm

Žm

�½
C VR

2

�
1C tanh

�
x � xm

Žm

�½
(10)

where Žm is some arbitrary and small margin half-
width (Žm ³ 100 km for the calculations that follow,
maintaining a minimum of three grid points across
the margin). The geometry and boundary conditions
are shown in schematic form in Fig. 3.

Although the active-plate velocity is fixed at VR,
the passive-plate velocity VL is not fixed. Instead, VL

depends on the combined forces acting on the passive
plate, i.e., VL is determined from a balance of the net
(integrated) mantle traction forces f and the external
forces FL applied to the passive plate. Here, FL is an
end-load applied at x D 0 and is analogous to the
incipient subduction at the northern boundary of the
Izanagi plate as discussed above in Section 1.
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3.2. Calculation procedure

The numerical model solves Eqs. 1–3 subject to
the boundary conditions Eqs. 6–10 using an iterative
relaxation procedure based on the SIMPLER algo-
rithm [30]. A finite-volume discretization is used
in which the calculation domain is divided into
Nx D 80 and Nz D 40 nonuniformly spaced control
volumes in the horizontal and vertical directions, re-
spectively. A second-order accurate, unconditionally
stable Crank–Nicolson scheme is used to advance
the solution in time. The nonlinear coupling between
Eqs. 1–3 is treated by performing several relaxation
iterations during each time-step. A simple Newton–
Raphson iteration is employed to obtain the updated
value of VL [31,32] within each relaxation iteration.

The net mantle traction force f on the left plate is
given by [33,34]

f D �
Z xm

0

�
¼
@u

@z

½
zD1

dx (11)

(in which the negative sign before the integral in-
dicates that the stress field is acting on the bottom
surface of the passive plate having unit-normal fac-
ing downward). The applied force FL is intended to
mimic a ‘slab-pull’ force on the passive plate, per-
haps brought about by incipient subduction. The ac-
celeration of the left plate is assumed negligible (i.e.,
it is in dynamic equilibrium) so that these two forces
balance, and we can determine the passive-plate ve-
locity VL which satisfies F D FL C f .VL/ D 0:

We seek, via the Newton–Raphson iteration, a
value of VL for which F D 0. In particular, if for our
initial estimate of VL we have

F D F.VL/ 6D 0 (12)

we then want a correction to VL, call it ŽVL, which
gives F D 0. As a first approximation, we choose

F.VL C ŽVL/ ³ F.VL/C ŽVL F 0.VL/ ³ 0 (13)

which leads to an initial estimate of ŽVL of

ŽVL ³ �F.VL/=F 0.VL/ (14)

To obtain F 0, the derivative of F with respect
to VL; we first calculate F with VL and again with
VLCdVL, where dVL is some arbitrary but small per-
turbation to VL: We may then calculate an estimate

of F 0.VL/: We correct VL with ŽVL and repeat un-
til the Newton–Raphson iteration converges within
some specified tolerance.

The iterative procedure that occurs within a single
time-step is summarized by the following steps: (1)
solve Eq. 3 for T using the most recent values of
u and w; (2) evaluate Eq. 5 to find ¼ based on
the new T ; (3) solve Eq. 2 for u and w using the
previous value of VL and the most recent values of
T and ¼; (4) calculate mantle tractions from Eq. 11
and determine the new VL via Newton–Raphson
iterations, Eqs. 12–14; (5) repeat until convergence
is attained.

A time-step is considered converged when the
maximum divergence of velocity .r Ð v/ and the
Euclidean norms of the temperature and pressure
residuals fall below 10�6.

Initial conditions for a plate–plume interaction
calculation are obtained by first solving the driven-
lid problem with the hot patch turned off, i.e., with-
out a plume. Once this flow attains steady-state,
the hot patch is switched on and a thermal plume
immediately forms.

4. Results

Below we present results of several numerical
calculations which examine the plausibility of a re-
organization of tectonic plate motions brought about
by the interaction of a hot, low-viscosity plume head
with the bases of tectonic plates. These calculations
indicate that plate motions can be influenced by the
lubricating effects of mantle plumes even to the point
of causing a reversal of the direction of motion. The
results, determined with fixed aspect ratio (length
to depth) a D 4 and fixed Rayleigh number Ra
D 106 (implying a background mantle viscosity of
¼ D 3 ð 1022 Pa s, as per Table 1), were found to
depend on three parameters: the strength of the vis-
cosity variation r¼, the size of the applied end-force
FL, and the speed of the active plate VR.

A starting plume can initiate a shift in plate
motions by lubricating the base of the plates. The
effectiveness of this lubrication depends on the de-
gree of viscosity contrast r¼ between the plume and
the background mantle. Where r¼ is the ratio of
maximum (background mantle) to minimum (plume
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source) viscosity in the system. We examine how
r¼ affects decoupling of the plates by performing
several calculations with an active-plate speed of
VR D 55 mm year�1 for different values of r¼.

Although the model viscosity is higher than that
of the mantle, we retain realistic values of driving
plate speed because it is necessary to minimize the
effects of flow generated by the rising plume. Since
the 2D plume in our model is actually a rising sheet
and not a cylindrical conduit, flow induced by the 2D
plume will contribute to the motion of the passive
plate more than a similar plume in 3D. Using ob-
served plate speeds with higher than inferred mantle
viscosities ensures that plate-induced mantle trac-
tions will dominate over plume-induced tractions.
Scaling VR to be consistent with the higher mantle
viscosity (or for that matter using realistic values of
both VR and ¼o in 2D cartesian geometry) would
result in plume tractions comparable in size to plate
tractions.

The value of FL used is that which exactly bal-
ances the induced traction forces in Eq. 11 with no
thermal plume and the passive-plate speed fixed at
VL D 0: For Ra D 106 and VR D 55 mm year�1 this
value is FL D 24 ð 1013 N m�1. After determining
FL, the passive plate is permitted to move freely and
the hot patch on the lower boundary is activated.
Since FL initially balances the traction forces due
to the active plate, the passive plate begins at rest
.VL D 0/ and any subsequent motion of the passive
plate is due entirely to the effects of the mantle
plume.

Time-series of the speed of the passive plate with
different viscosity contrasts are shown in Fig. 4. Vis-
cosity variation ranges from r¼ D 1 (isoviscous) to
r¼ D 104. The figure clearly shows that no reversal of
plate motion occurs with constant viscosity but that
even a relatively small viscosity contrast .r¼ D 100/
provides sufficient lubrication to permit the applied
end-force to overcome the mantle tractions induced
on the passive plate by the active plate. Reversals of
the direction of plate motion, which correspond to
increases in the rate of spreading, are the result. At
the largest r¼, the speed of the passive plate changes
by about 3–4 mm year�1 over a time-scale of about
160 million years. Recall that mantle viscosity in
the model is a factor of 30 larger than what is ex-
pected for the actual mantle and despite attempts to

Fig. 4. Time-series of passive-plate velocity VL for different
values of viscosity contrast r¼ . Ra D 106 and VR D 55 mm
year�1.

minimize plume-induced tractions, the asymmetry of
the plume flow (see the bottom panel of Fig. 5, for
example) does exert some force on the passive plate.

Snapshots of the evolution of the plume and the
reversal of the passive plate are shown in Fig. 5.
These snapshots illustrate how the rising plume head
undercoats the passive plate with hot, low-viscosity
material. This lubrication allows decoupling of the
passive plate from the mantle tractions induced by
the motion of the active plate.

While some form of lubrication is required to
decouple the plates, clearly, if there is no force acting
to resist the induced mantle tractions or if these
forces are too small, no reversal of plate motion
will occur. Calculations in which r¼ and VR are
fixed but FL is varied indicate the sensitivity of the
passive-plate motion to the applied end-load. Since
FL is allowed to vary, the passive plate is no longer
required to be motionless prior to plume initiation.
Time-series of the passive-plate speed are shown in
Fig. 6, where r¼ D 103, VR D 55 mm year�1 and FL

varies from 0 to 30 ð 1013 N m�1. In each case, the
arrival of the hot, low-viscosity plume head at the
base of the passive plate causes some change in the
spreading rate. However, only for applied end-loads
greater than ¾ 20 ð 1013 N m�1 does complete
reversal of the direction of the passive-plate motion
occur.

The behavior of the active plate, via induced
mantle tractions, also exerts some influence over the
motion of the passive plate. The active-plate speed
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Fig. 5. Time evolution of the temperature field for the calculation with r¼ D 104. Temperature contours occur in 22 K increments and
are labeled in K. Arrows indicate relative magnitude and direction of the velocities of the two plates (the length of the arrow for VL is
exaggerated by a factor of 3). The solid triangle indicates the position of the plate margin.

VR will thus affect the magnitude and direction of
VL. In Fig. 7 are shown time-series of passive-plate
speeds .VL/ using different values for the speed of
the driving plate .VR/: Maximum viscosity contrast
is r¼ D 103 and the applied end-load is fixed at FL D
24 ð 1013 N m�1. As in the previous calculations,
changes in spreading rate (magnitude of VL) do occur
for each of the values of VL when the plume reaches
the base of the plate. However, Fig. 7 indicates that

for the values of r¼ and FL employed, the active plate
must be moving slower than about 65 mm year�1 for
the direction of the passive-plate motion to reverse.

5. Discussion

The calculations presented above demonstrate
that, within the limits of our assumptions, the start-
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Fig. 6. Time-series of passive-plate velocity VL for different
values of applied end-load FL. VR D 55 mm year�1 and r¼ D
103.

ing plume head model of flood basalt events can
explain the correlation between flood basalts and
reorganizations of plate motions if the viscosity is
allowed to vary with temperature. The lubrication of
plates by a hot, low-viscosity mantle diapir offers a
plausible mechanism for initiating plate reversals in
geologically brief periods of time.

The motion of the active plate induces mantle
flow, which in turn induces mantle tractions on the
passive plate. These tractions tend to drag the passive
plate in the direction of the active-plate’s motion.
Edge forces applied to the passive plate, such as
those due to incipient subduction, can act to resist
these mantle tractions but are typically insufficient
to cause reversals in plate motion by themselves. A
mantle plume delivering hot, low-viscosity material

Fig. 7. Time-series of passive-plate velocity VL for different
values of active-plate speed VR.

to the bases of the plates, serves as a lubricating
mechanism which, in concert with the applied end-
loads, acts to reverse the direction of the passive
plate.

The three most important parameters in this
model governing whether plate motions are influ-
enced by the arrival of a mantle plume are the
viscosity contrast r¼, the magnitude of the applied
end-forces FL on the passive plate (due perhaps, to
incipient subduction) and the velocity VR of the ac-
tive, driving plate. Plumes with maximum viscosity
contrasts as small as r¼ D 100 (for FL D 24ð1013 N
m�1 and VR D 55 mm year�1) are sufficient to initi-
ate reversals of plate motion. Such a result indicates
the importance of including temperature-dependent
rheology in geodynamic models dealing with plate–
plume interactions.

Applied end-loads of around FL D 20 ð 1013 N
m�1 or more are required to initiate a change in the
direction of plate motion when r¼ D 103 and VR D
55 mm year�1. Such values of FL are somewhat
larger than other estimates of plate forces [35,36] but
the differences are understandable considering that
in order to maintain a tractable Rayleigh number,
we use a mantle viscosity that is a factor of 30
too large (see Table 1). Passive-plate reversals occur
for driving-plate speeds of VR D 65 mm year�1 or
less (with FL D 24 ð 1013 N m�1 and r¼ D 103/.
With values of r¼ D 104, FL D 24 ð 1013 N m�1,
and VR � 55 mm year�1, this model predicts plate
reversals with changes in plate speeds on the order of
4 mm year�1 over time-scales of about 160 million
years.

We can speculate that with a realistic viscosity
(i.e., 30 times less than the model value employed),
the changes in plate speed might be closer to ¾100
mm year�1 and occur over only a few .� 5/ mil-
lion years, more in line with observations. In fact,
simpler models in which the low-viscosity fluid un-
dercoating the passive plate is emplaced a priori (i.e.,
not delivered by a plume) show this to be the case.
Passive-plate speeds (for a fixed FL and VR) reach
realistic values when viscosity contrasts are on the
order of a few hundred. Full plume simulations using
a mantle viscosity of 6ð 1021 Pa s and applied end-
loads of 5:6 ð 1013 N m�1 also show that changes
in plate speed occur over shorter time-scales but in
these cases the fluid tractions induced by the plume
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flow exert an unrealistically large influence over the
motions of the passive plate.

Of course, these results are somewhat model-
dependent, and the model employs assumptions that
are over-simplified for actual mantle conditions. The
plates themselves are approximated by a kinematic
boundary condition that does not include the effect
of thickening of the plate with age (i.e., cooling
induces an additional force on the plate acting to
initiate subduction). The temperature structure of the
mantle is assumed to be isothermal in order to isolate
the lubricating properties of the plume. The viscosity
structure of the mantle is also neglected; the pres-
ence of a low-viscosity asthenosphere would offer
an additional source of plate lubrication for which
we do not account. By neglecting the endothermic
phase change at 660 km, our model underestimates
the temperature of the plume material since the re-
lease of latent heat during the phase change can
result in 50–100 K of temperature increase [37]. In
addition, partial melting, which is neglected in this
model, will occur as the plume head nears the bottom
of the lithosphere (small degrees of partial melting
would reduce the viscosity [38] but extensive partial
melting and subsequent rapid melt removal might
act to increase the viscosity of the residual plume
material). Fortunately, all of these factors and pro-
cesses, if included in the model, would only enhance
the ability of a mantle plume to initiate large-scale
reorganization of plate motions. That is, each case
involves either an additional source of lubrication or
an increase in the applied end-force.

Conversely, there are other factors which, if in-
cluded, would act to hamper a mantle plume’s ability
to initiate reversals of plate motions. In the model,
the positions of the plates are held fixed with respect
to the position of the mantle plume source. A moving
plume source and=or migrating plate margins will af-
fect the operation of this mechanism; the timing of
the plume arrival becomes important. In addition, the
material phase change that occurs around the 660 km
seismic discontinuity will inhibit the motion of the
newly subducting slab portion of the passive plate
(thereby reducing the applied end-load).

Probably the most drastic over-simplification in
the current model is the assumption of two-dimen-
sionality. In 2D cartesian geometry, the mantle plume
is not a cylindrical conduit but is instead an up-

welling sheet of infinite extent in one horizontal
direction. A 3D plume, however, would have only
a limited horizontal extent. This smaller area of
contact with respect to the size of the lithospheric
plate will significantly reduce the amount of lubrica-
tion applied to the base of the plate by the mantle
plume. It is certainly possible for a 3D plume head
to supply a great deal of lubrication to the ridge-
axis but this lubrication will be concentrated in a
very narrow region. So, it is not clear that a sin-
gle mantle plume, even with added lubrication from
the reversal enhancing factors listed above, will be
sufficient to overcome the tractions induced by an
actively subducting plate. The 2D plume also re-
sults in excessive plume-induced mantle tractions,
although we have reduced the importance of these
with respect to plate-induced tractions as discussed
earlier. Finally, the 2D geometry precludes the gen-
eration of toroidal motion, an important component
of actual plate motion on the earth. Models of 3D
convection with surface plates have shown that the
incorporation of the plates themselves into the flow
can generate some toroidal flow [33]; when viscous
heating is combined with temperature-dependent vis-
cosity, plumes can excite localized toroidal motion
[39].

Nevertheless, assuming that our model captures
the relevant physics, these 2D calculations sug-
gest that the lubricating mechanism is a plausible
one. Mantle plume heads with temperature-depen-
dent viscosity, in addition to delivering hot material
to engender flood basalts, also have the potential to
trigger reorganizations of plate motions (even to the
extent of reversing the direction of motion). This
mechanism offers a possible explanation of why
shifts in plate motion are correlated with flood basalt
events.
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