EPSL

ELSEVIER Earth and Planetary Science Letters 154 (1998) 139151

View metadata, citation and similar papers at core.ac.uk brought to yj

void—volatile self-lubrication

*

David Bercovici

Department of Geology and Geophysics, School of Ocean and Earth Science and Technology, University of Hawaii, 1680 East—West Road,
Honolulu, HI 96822, USA

Received 19 June 1997; revised 7 October 1997; accepted 7 October 1997

Abstract

The formation of plate tectonics from mantle convection necessarily requires nonlinear rheological behavior. Recent
studies suggest that self-lubricating rheological mechanisms are most capable of generating plate-like motion out of fluid
flows. The basic paradigm of self-lubrication is nominally derived from the feedback between viscous heating and
temperature-dependent viscosity. Here, we propose a new idealized self-lubrication mechanism based on void (e.g., pore
and/or microcrack) generation and volatile (e.g., water) ingestion. We test this void—volatile self-lubrication mechanism in
a source—sink flow model; this leads to a basic nonlinear system which permits the excitation of strike—slip (toroidal) motion
(a necessary ingredient of plate-like motion) out of purely divergent (i.e., poloidal or characteristically convective) flow.
With relatively inviscid void-filling volatiles, the void—volatile mechanism yields a state of highly plate-like motion (i.e.,
with uniformly strong ‘‘ plate’’ interiors, weak margins, and extremely focussed strike—dlip shear zones). Moreover, the
void—volatile model obeys a chemica diffusion time scale that is typically much longer than the thermal convection time
scale; the model thus complies with the observation that plate boundaries are long lived and survive even while inactive. The
void—volatile model of self-lubrication therefore predicts self-focussing shear zones, plate generation, and plate-boundary
longevity through what has long been suspected to be a key ingredient for the existence of plate tectonics, i.e., water. © 1998
Elsevier Science B.V.
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1. Introduction toroidal motion. The generation of toroidal motion
has been the subject of numerous papers over the last
two decades [1-10] as it is particularly anomalous
for highly viscous buoyancy-driven flows. Toroidal
motion requires nonlinear rheologica behavior to
indirectly draw energy from the mantle’'s release of
gravitational potential energy; i.e., lateral viscosity
variations cause the more purely convective poloidal
(upwelling /downwelling and divergent) flow to gen-
erate vertical torques which drive toroidal motion.
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The manner in which plate tectonics is not only
driven by, but generated from convection in the
Earth’s mantle is undoubtedly one of the most im-
portant issues remaining in the field of global geody-
namics. A form of mantle convection with plate-like
motion at the surface would necessarily have, among
other features, an extensive amount of strike—dlip or
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years that basic silicate non-Newtonian creep and/or
diffusion rheologies are not sufficiently nonlinear in
and of themselves to generate significant toroidal
flow [8,11]. Highly non-Newtonian or other nonlin-
ear rheological behavior is likely required to yield
sufficiently plate-like strike—slip motion.

Various continuum mechanical models have tried
to generate plate-like motion as an instantaneous
response to convective flow through prescribed vis-
cosity gradients [5] or non-Newtonian lithospheric
rheology [7,8,12,13]. In these models, plate-like mo-
tion would exist as long as convective flow drives
lithospheric deformation and causes weak zones; but
once the convective currents responsible for this
deformation stop or move away from the pseudo-
plates, the plates cease to exist. However, Zhong and
Gurnis [14] and Gurnis [15] recently pointed out the
inadequacy of such instantaneous rheological re-
sponses because many plate boundaries arise by
adopting intrinsically weak zones in the lithosphere
left over from previous, even abandoned, boundaries
(see dso Hager and O Connell [16]). That plate
boundaries may be accumulated and recycled, that
they survive even if there is no deformation across
them, strongly suggests that they act on atime scale
independent of the convective time scale. Thus the
question of plate generation must be extended to
concern not only how weak boundaries form, but
how they persist through time even while inactive.

One nonlinear rheological mechanism which is
time dependent in addition to permitting narrow
self-focussing boundaries (strike—slip boundaries in
particular) involves self-lubricating effects [10,17].
Such self-lubrication classically arises from the cou-
pling of thermoviscous behavior and viscous heating
[18]. However, the time-scale for this mechanism is
the same as the convective scale (i.e., the thermal
diffusion scale) and thus responds in paralel to
changes in convection, not independently. (Other
problems with the viability of the viscous-heating
model are examined in this paper.) Moreover, ther-
mally activated self-lubrication is likely not the only
form of self-lubrication. Rheological mechanisms in-
volving dynamic recrystallization and grain-size de-
pendent viscosity may aso provide the necessary
shear-focussing effects [19—21]. However, with the
presence of water on Earth, a self-lubrication mecha
nism based on ingestion of volatiles [22] — which

have a chemical diffusion time scale orders of mag-
nitude longer than the convective time scale [23] —
is clearly worthy of examination.

In this paper we derive and examine a simplified
self-lubrication model based on void generation and
volatile ingestion (and henceforth refer to it as the
void—volatile model). (This model differs signifi-
cantly from volatile lubrication models which de-
pend on the entrainment of hydrated sediments [22].)
We compare this model to the analogous viscous-
heating based model with a more realistic tempera-
ture-dependent viscosity law than used previously by
Bercovici [10]. We infer that it is the void—volatile
self-lubrication model which is most likely to yield
plate-like motion with a distinct and potentialy very
long time scale, thus complying with evidence for
the influence of water, and the longevity of plate
boundaries.

2. Self-lubricating mechanisms

In this paper we consider two possible self-lubri-
cation mechanisms. The first, involving the feedback
between viscous heating and temperature-dependent
viscosity, is the paradigm of self-lubrication; it has
been applied to a variety of tectonic problems from
asthenospheric flow [18], earthquake slider-block
models [24] and most recently the excitation of
toroidal motion in convection [17,25] and plate gen-
eration itself [10]. The other model, developed here,
involves the feedback between formation of voids
(pores and /or microcracks) via continuous deforma-
tion and subsequent volatile ingestion. The latter is
an idealized model somewhat related to the concepts
of ductile void growth [26—28]; here, we construct a
deterministic set of eguations for void formation and
volatile ingestion analogous to (and to a large extent
guided by) the equations for the viscous-heating
based mechanism. The importance of either self-
lubrication mechanism for the plate generation prob-
lem is that they provide the viscosity variability
through which toroidal or strike—slip motion can
draw energy from the poloidal field. Below we
briefly outline the viscous-heating self-lubrication
mechanism, and then present a detailed derivation of
the void—volatile mechanism.
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2.1. Viscous heating and thermoviscous behavior

The theoretical model describing self-lubrication
due to viscous heating and temperature-dependent
viscosity has been described elsewhere numerous
times and in sufficient detail [10,17,18] to warrant
only a brief summary of the basic equations. Our
theory follows the development proposed by
Bercovici [10]. All variables and equations presented
in this section are aready dimensionless; the dimen-
sional scales are stated in Bercovici [10].

In Bercovici [10], we considered only a linearly
temperature-dependent viscosity to provide the mini-
mum level of complexity. To test the effect of this
simplifying assumption, we will, in this paper, use a
more realistic exponential law

n(@)=e° ()

where w is the dimensionless viscosity, @ the di-
mensionless temperature anomaly, and v the dimen-
sionless viscosity variability (see Table 1).

In our model we consider only horizontal two-di-
mensional flow in a thin layer. Herein the tempera
ture anomaly is generated by viscous heating, and
diffused and transported according to the vertically
averaged conservation law

00
a—t+vh~vh@=—@+ V.20 + u(0)¢é? (2

where v,, is the horizontal velocity vector, V,, isthe
horizontal gradient operator, and &€ is the second
strain-rate invariant [7,10]. The last term on the
right-hand side of Eq. (2) is viscous heating, while
the other terms represent the standard forms of tem-
pora change, advection and diffusion (the first term
on the right represents vertical diffusion).

A scaling andlysis of Eq. (2) with Eq. (1) leads to
an equation for the scale of the maximum tempera-
ture anomaly 6,

Qmax e O = 7 eﬁwax ( 3)

where 7 is the harmonic average of the secular,
advective and diffusion time scales. We solve Eq. (3)

numerically for 6., and use the solution to obtain a
congtitutive relation, i.e, a stress scae oy, =
w(0,.)Ens 8 afunction of a strain-rate scale €,
(Fig. 1). Clearly, the viscous-heating based mecha-
nism with the exponential viscosity law displays the
classic features of self-lubrication or stick—dlip be-
havior; i.e., stress reaches a peak value at a given
strain-rate after which, at higher strain-rates, the
stress decreases [7-10,24]. Thus at high enough
strain-rates the medium not only becomes less vis-
cous as it is deformed more rapidly, it also offers
less resistance to deformation and essentially lubri-
cates itself.

2.2. Void generation and volatile ingestion

While the coupling of viscous heating and ther-
moviscous behavior is the basic paradigm of self-
lubrication, it is certainly not the only form of self-
lubrication. Here, we consider a self-lubrication
mechanism based on the production of voids (i.e.,
microcracks and pores) and subsequent volatile in-
gestion in continuously deforming materias. Void
growth in ductile media has been studied in the
metallurgical and ceramic sciences [26,27] especialy
in regard to its influence on plastic failure. A recent
study [28] applied the theory of dilatant plasticity
and ductile void growth to a region of intraplate
deformation in the European plate with quite promis-
ing results.

In this paper we deduce an idealized theory for
void growth in a viscous medium. We present a very
simple model for the viscosity of a medium with
saturated voids, and a transport law for the void
density (i.e., porosity). However, it should be well
understood that the point of this model is to write
down the simplest possible equations which describe
the essence of such void-volatile self-lubrication.
Several simplifying assumptions are made and these
are discussed in some detail in order to suggest
potential improvements, expansions and future av-
enues of research.

2.2.1. Viscosity law
Determination of the effective viscosity of con-
tinua with two or more phases or components is, in
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Table 1
Dimensionless variables and constants for the governing eguations
Variables
Symbol Definition Ref. egns. Model
0 temperature anomaly Eq. (2) viscous heating
] void density (porosity) Eq. (8) void-volatile
n viscosity Eq. (1), Eq. (9 both
¢ poloidal velocity potential Eq. (14), Eq. (15) both
v toroidal stream function Eqg. (14), Eq. (16) both
S shape of source—sink field Eqg. (15) both
Constants
Symbol Definition Value Model
v exponential viscosity variability 0-5000 viscous heating
A linear viscosity variability 0-1 void—volatile
n susceptibility to void generation 0-4600 void—volatile
Pe source-sink Péclet number (flow rate) 1 both
) source or sink half-width 2 both
a half-length of and half-spacing between source and sink 50 both
T T . N
0.6 viscous heating -
0.5F mechanism
x
<
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Fig. 1. Dimensionless stress scale vs. strain-rate scale for the viscous-heating based self-lubrication mechanism with exponentialy
temperature-dependent viscosity (top frame); and the void—volatile mechanism for three different values of A, indicated on the figure
(bottom frame). For the viscous-heating based model, stress and strain-rate are re-scaled by the factor (v7)Y/2, in which case all solutions
(regardless of v and 7) collapse to one curve; this follows from the fact that, on inspection of Eq. (3), the re-scaled variable v6,,, isa
function of only »7&2,,. For the void—volatile model, stress and strain-rate are re-scaled by (n7)%? to yield curves that are independent of
n and 7 (this follows from Eq. (10)] which shows that @, is a function of only €? = n7&%,, and A). See text for further discussion.
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general, a highly complex problem. Lacking any
comprehensive viscosity law, we adopt here the sim-
plest possible approach to estimate the essential rhe-
ological behavior.

The minimum constraints we can place on a law
for effective viscosity as a function of porosity @ is
that the viscosity equals exactly the porous matrix
viscosity u,, when @ =0, and exactly the volatile
viscosity w, when @ = 1. A simple estimate of the
effective viscosity can be obtained by considering
the viscous dissipation in the two-component medium
driven by a steady-state strain-rate field [29]. Ne-
glecting strain-rate perturbations (which are analyti-
cally intractable unless the two-component system is
a dilute suspension), the ratio of viscous dissipation
(averaged over a small control volume) to the second
strain-rate invariant (averaged over the same vol-
ume) leads to an effective viscosity

B = (1= AD) (4)

where A =(u, — u,)/p, (note we are, for the
moment, using dimensional viscosity). Eq. (4) is
clearly the simplest viscosity law satisfying the mini-
mum constraints. While a more rigorous determina-
tion of aviscosity law requires an empirical determi-
nation, preliminary numerical studies of deformable
porous media suggest that a linear law is in fact a
reasonably good approximation [30]. In this study we
assume that voids are not interconnected (see below),
at least until @ = 1, as might be expected in a foam;
thus, unlike a partial melt, there is no critical poros-
ity at which disaggregation of the matrix and precipi-
tous drops in viscosity occur.

2.2.2. Void evolution

In this section we derive a conservation law for
voids that are generated by the continuous deforma-
tion of our ‘*lithospheric’’ medium. We assume that
the voids are all instantaneously and continuously
saturated with volatile for which there is essentialy
an inexhaustible supply (e.g., the ocean).

As noted above, we consider two-dimensional
horizontal flow in a thin-layer. Our transport law is
averaged over the layer thickness and has the general
form of

oD
a—t+Vh'Vh(p=Q+_Q— (5)

where Q, and Q_ represent sources and sinks of
voids, respectively, and @ is now the vertically
averaged porosity. (Again, for the moment, we are
using dimensional variables, until we determine the
proper length and time scales with which to nondi-
mensionalize our void generation model). In writing
the left-hand side of Eg. (5) we assume: (1) that
voids are not interconnected (thus matrix permeabil -
ity is zero), and therefore there is no relative motion
between the volatiles and porous matrix; and (2) that
our medium remains effectively incompressible, even
while it is forming voids. We assume that compress-
ibility effects are secondary to the self-lubrication
mechanism and avoid the issue by assigning the
void-filling fluid a density equal to the matrix den-
sity (dthough the fluid and matrix may have very
different viscosities) [31]. The elimination of com-
pressibility excludes extra sources of velocity diver-
gence which are presently of no concern to us since,
in our source—sink model (see below), we com-
pletely prescribe the divergence field. This assump-
tion keeps our model analysis as basic as possible;
however, we note that such compressibility effects
are worthy of exploration in future studies with more
sophisticated models.

We next deduce appropriate sources and sinks for
the void generation equation. Loss of voids is likely
to occur through: (1) molecular diffusion of void
liquids into the surrounding matrix (e.g., through
hydration), with subsequent loss of pore pressure to
maintain the voids; and (2) diffusion or dissolution
and subsequent precipitation of matrix minerals into
the void liquid, leading to healing or annealing of the
voids. In either case we assume the void sink appears
as a standard diffusion term with a chemical diffusiv-
ity B. Averaged over the layer depth, this diffusive
sink term becomes

CB
Q = -3 P+ pVD (6)

where H is the layer thickness, and C is a dimen-
sionless constant depending on the geometry of the
vertical porosity profile (e.g., if porosity goes
parabolically from 1 at the surface, z= 0, to 0 at the
base of the layer, z= —H, then C = 3).

For the source term Q. we assume that the rate
at which voids are created depends on the deviatoric
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stress tensor o;; (i.e., should depend on the stress in
excess of a confining isotropic stress or pressure). As
with brittle and ductile void or microcrack nucleation
[28,32] we assume that voids are generated for all
nonzero deviatoric stresses, not just for those stresses
exceeding some critical yield or failure criterion.
Since the transport law for void density is a scalar
equation, our source term is necessarily an invariant,
and thus we assume is proportional to the second
deviatoric stress invariant o;;0;; = 4uj(1 — AD)*€%.
(This differs somewhat from ductile void growth
theory for reasons discussed below.) However, the
validity of our isotropy assumption is certainly wor-
thy of future study.

Finally, the source term controlling void genera-
tion must incorporate the weakening effect due to
thinning of matrix walls (separating the voids) as the
void population grows; i.e., for a given stress state
the susceptibility to forming voids necessarily in-
creases as the matrix becomes more fragile. There-
fore the source term must also contain a fragility
factor proportional to (1 — @)~ (see also [28)). In
total, we employ a source or damage term that takes
the form

p(1—A0)" &
e "

where I" isaconstant. The fragility factor (1 — @)~ !
serves an additional vital role: while it becomes
singular a& @=1 (i.e, infinitely fragile) it also
eliminates the unphysical formation of &> 1. That
is, if @ exceeds unity for numerical reasons, the
source term becomes a sink and unphysical values of
@ are forced to vanish.

Our model is considerably simpler than ductile
void growth theory [28] which generally accounts for
void—void interactions beyond a critical porosity [33]
and has separate but coupled equations for void
nucleation and growth. (Growth of void size is essen
tialy neglected in our model, though the density of
voids can hypothetically grow to permit & =1.)
Moreover, void nuclestion rate in fully ductile flow
is postulated to depend on strain-energy rate o;;€;
= 2%, instead of the stress invariant o;;¢;; which
is more generally used for brittle void generation;
more sophisticated (and hence more parameter de-
pendent) models employ both effects with some

transition at a critical state [28,34]. However, if we
were to replace the stress invariant in Eq. (7) with
the strain-energy rate, then, in the limit of inviscid
void fluid (A = 1), we would obtain the unphysical
result that void generation would depend only on &2;
since the source term would be positive definite for
al values of &, then voids could be generated
without bounds on @ (i.e., a ®> 1 would be a-
lowed), and the self regulation due to diminishing
viscosity would be nullified. Of course, this physical
inconsistency might also be mitigated by permitting
nonlinearities in the viscosity law or fragility factor.
These issues al emphasize the problematic nature of
modelling void generation and damage (see also
Sleep [35)); invariably, much more of the physics of
these processes needs to be elucidated through exper-
imental studies.

Following the nondimensionalization scheme for
the viscous-heating based self-lubrication model [10],
we nondimensionalize length by H/ VC, time by
H?/CB and viscosity by u,,. This leads to a dimen-
sionless version of our transport law [i.e., Eqg. (5)
with Egs. (6) and (7)]

o , (1-A\D)%&?
o +v, V@=—-D+ V:d+n 1= )

(8)

where n = I'u?,CB/H?2. The definitions of @ and A
do not change since they were originally dimension-
less. However, our dimensionless viscosity is

w(@)=1-\D. (9)

(See Table 1 for alist of variables and constants.)

In the limit that the ingested volatile is relatively
inviscid, i.e., A =1, Eg. (8) is mathematically identi-
cal (with the substitutions @ = v and n = v) to the
temperature equation from the simplified viscous-
heating model of Bercovici [10] which used a lin-
early temperature-dependent viscosity.

2.2.3. Scale analysis of void generation model

A scale analysis of Eq. (8) leads to an equation
for the scale of the maximum porosity anomaly
o))

max *

2.
(pmax _ (1 - )\(pmax) erznax (10)
T K (1_(1)max)
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where 7 is again the harmonic average of the secu-
lar, advective and diffusion time scales. For A =1
this leads to

€2

max 1+ e? (11)
where €? = té2,,. For A <1 we find
1+2Xe*—1—4(1—-))€?
= (12)

max 2(1+ A%?)

where we choose only one of the roots to Eqg. (10)
such that voids are only created if the medium is
being deformed (i.e., @, = 0 when €2 = 0).

For A =1 any value of €2 between 0 and « is
alowed; for these €? the corresponding &, would
be between O and 1. However, for A <1 not al

values of €2 are alowed; i.e., real vaues of @,
exist only for
e2<[41-1]"" (13)

in which case the maximum allowable value of @,..,
is(2— A)L. For larger values of €2 the source term
[right-hand side of Eq. (10)] cannot be balanced by
the sink terms, causing &,,,, to undergo run-away
growth to its maximum value of 1. However, while
&..«=1is a fixed point (i.e, the source term is
positive for @ < 1 but negative for @ > 1) it is, for
A <1, asingular fixed point (i.e., the source term is
singular) at which no physical solution exists. Thus,
the scaling analysis suggests that for A <1 stable
solutions only exist with @ < 1 for limited values of
€?; however, for A =1 the singular nature of the
source term vanishes and solutions with @ =1 are
allowed and solutions exist for any value of €2. We
find this feature to be quite relevant to our numerical
experiments.

Fig. 1 shows, for different values of A, the stress
scale Op =1 — AP, )6, VS Strain-rate scae
€ax- (The curves for A <1 are truncated since, as
noted above, they do not exist for e>[4(1—
M]"2) For values of A less than ~ 0.3, the
stress—strain-rate congtitutive relation is largely lin-
ear for the allowed strain-rates. For larger values of
A a maximum stress is achieved at a cut-off strain-
rate, beyond which stress decreases with strain-rate
as with other self-lubrication mechanisms.

3. Flow mode

To test the ability of the various self-lubrication
mechanisms to generate plate-like motion, we em-
ploy the same simple source-sink flow model we
have used previously [7—10]. One of the main issues
of plate generation, as has been discussed exten-
sively before, is how toroidal (strike—dlip) motion is
generated from the coupling of poloidal (divergent)
flow with rheological nonlinearities. The assumed
source—source sink field (Fig. 2, top) represents a
simple model of poloidal motion (whose causes are
aready reasonably well elucidated by basic convec-
tion studies); when thisis coupled to our self-lubrica-
tion rheological mechanism, toroidal motion is gen-
erated. Whether the toroidal motion generated is
plate-like (i.e., concentrated into narrow zones of
shear or vertica vorticity) depends largely on the
parameters of the self-lubrication model.

In this paper we use simple shallow-layer, Carte-
sian, viscous and incompressible flow to model mo-
tion for either self-lubrication mechanism. In using
this flow model for the void—volatile mechanism, we
assume, as stated above, that the voids are not
interconnected (and thus there is no relative motion
between volatile fluid and matrix), and that the
volatile and matrix have equal density. (A more
sophisticated model could possibly separate the mo-
tion of the matrix and volatile using Darcy flow, and
employ compressible viscous fluid dynamics for ma-
trix deformation, similar to the formulations for
magma transport [31].) The equations for the flow
model used here have been fully developed else-
where [7,10]. We briefly discuss the essential nondi-
mensional equations for completeness. Horizontal
2-D velocity is given by a Helmholtz representation
V= Vo + V, X (42) (14)
where ¢ is the poloidal scalar potential, ¢ is the
toroidal stream function, and Z is the unit vector in
the vertical direction. The source-sink field is a

prescribed horizontal divergence which yields an
equation for ¢:

Pe
Vi vy = th(b:?s(x!y) (15)

where Pe is the Peclet number, which determines the
velocity of the source—sink flow, & is the half-width
of either the source or sink, and S(x,y) is afunction
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which defines the shape of the source—sink field.
The source and sink are each narrow elongated
regions of positive and negative divergence, respec-
tively; they are mathematically defined as hyper-
bolic-secants (of half-width &), truncated in length
to be 2a long (by using hyperbolic-tangents); the
centers of the source and sink are also separated
perpendicular to their long axes by 2a. [This
source—sink field in fact derives from the divergence
of the motion of a simple sgquare plate of sides 2«
[7,10].] We defer to Bercovici [7,10] for more de-
tailed discussion of the source—sink field; however,
the top frame of Fig. 2 should make the appearance
of the source—sink field fairly obvious.

The toroidal stream function ¢ is found through
the equation of motion for shallow-layer creeping
flow with variable viscosity; as shown by Bercovici
[7] this leads to

T R P i
+ . + A'uA Y+ 4—— ——
uVn hs ViV A Y axdy a0y
% 0%
=2- V. uxVVip+2A* - A
Z- Vo u X Wi “axay X3y ¢
(16)

where u is the variable viscosity (i.e., temperature-
or porosity-dependent) discussed in previous sec-
tions, and A* = 9%/0x? — 92 /0y?. Findly, given the
velocity field described by Eq. (14), the second
strain-rate invariant used in the self-lubrication mod-
esis

2

0
+ (%)’

ax2 * oXay

)|

=2

2

2 2
+1(2a¢ —A*¢) (17)

- Vh2<l'7 (

2\ oxoy

In the end, the governing equations are Egs. (15)
and (16) and either Egs. (1) and (2) for therma

self-lubrication, or Egs. (8) and (9) for void—volatile
self-lubrication (see Table 1).

4. Numerical experiments

We examine a variety of numerical solutions to
explore: (1) the effect of a more redistic tempera-
ture-dependent viscosity law than used in Bercovici
[10]; and (2) the nature of the void—volatile self-
Iubrication mechanism.

The numerical solutions are obtained using a
spectral-transform method described previously
[7,10]. Our primary goal is to test the self-lubrication
mechanisms, thus we leave the flow kinematics un-
changed for al cases. That is, weuse Pe=1, §=2
as in Bercovici [10], and « =50 (which is larger
than used previoudly, but is perhaps more representa-
tive of large plates like the Pacific than were the
cases used by Bercovici [10]). The calculation do-
main is for —100 < x,y < 100. The majority of cal-
culations were done on a 256 X 256 spatia grid;
however, particularly plate-like and fine-scale solu-
tions were verified on a 512 X 512 grid (and similar
solutions were verified by Bercovici [10] on a 1024
X 1024 grid). We must caution that while the ther-
mal self-lubrication mechanism has a time scale
related to therma diffusion [10], the void—volatile
mechanism has a time scale that is very different, as
it is based essentially on chemica diffusion. How-
ever, for the sake of comparison we use the same
value of Pe for both self-lubrication mechanisms,
and note that a more direct application to the Earth
may require different parameter values.

4.1. Thermal self-lubrication results

A sample result for our viscous-heating based
model is presented in Fig. 2 (case A) which shows
velocity vy, vertical vorticity
(which measures the rate of strike—dlip shear and is
positive for left-lateral or counter-clockwise shear

Fig. 2. The source—sink field (top frame); also the velocity (left-hand column), vorticity (middle column) and temperature or porosity
(right-hand column; the relevant variable is indicated beside the color scale) for selected cases (indicated at the far left). Case A is for the
viscous-heating based self-lubrication mechanism with exponentialy temperature-dependent viscosity and » = 2000. Case B is for the
void—volatile self-lubrication mechanism with A = 0.999 and its maximum allowable value of n = 1840. Case C is for the void—volatile

mechanism with A =1 and n = 2000.
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Fig. 3. Toroidal—poloidal energy ratio KE; /KEp vs. v for the
viscous heating based (VH) sdlf-lubrication model, or n for the
void—volatile (VV) model (as indicated). The void—volatile curves
show values for both A=0.999 (thick gray curve) and A=1
(overlying, narrow black curve).

and negative for right-lateral shear) and temperature
anomaly @ for v = 2000. It is evident that even for
high values of v, the strike—dip shear zones are
relatively un-plate-like and diffuse. These solutions
were calculated from v=1 to »= 5000 with rela-
tively little change for » > 1000; for all cases there
was no particularly plate-like state.
The toroidal—poloidal kinetic energy ratio

KE, [Avh¢- V. pdxdy
KE,

= (19)
fAvhd)- V,pdxdy

(where A is the area of the 2-D domain) measures
the relative amount of bulk toroidal motion. For an
ideal sguare plate this ratio would be unity [7,10];
thus attaining a unity ratio with our continuum me-
chanical model is desirable. KE;/KE, increases
with v rapidly (Fig. 3) for » <500. For larger v,
KE;/KEp increases only gradualy with increasing
v, suggesting that it cannot reach a plate-like value
of unity.

4.2. Void-volatile self-lubrication results

Severa series of steady-state solutions were cal-
culated for different values of A and n for the
void—volatile model. For al cases with A < 1 steady
solutions exist only for values of 7 less than some
critical value. Above this critical n (which increases
with increasing A), solutions (even time-dependent
ones) could not be found. In fact, the lack of solu-

tions above the critical n is in keeping with our
previous scaling analysis.

Fig. 2 (case B) shows a sample steady solution at
A <1 in particular we use A =0.999 at the maxi-
mum allowable value of 1 = 1840 in order to obtain
a large viscosity contrast. It is clear that, for the
dlowable steady solutions, the toroidal motion is
diffuse and un-plate-like, although it has more plate-
like concentrations of vorticity than the viscous-heat-
ing based model.

We finally consider cases for which the void-fill-
ing volatile is inviscid, i.e., A =1. As solutions to
this case are found with increasing 7, the toroidal
motion differs little from the case with n = 0.999.
However, at = 1920, a bifurcation occurs in the
solutions to a highly plate-like state; the plate-like
state persists and becomes even more plate-like as 1
increases past 1920. Fig. 2 (case C) shows that the
solution for »= 2000 has a very plate-like velocity
field; this is emphasized by the vorticity field which
is concentrated into extremely narrow continuous
zones connecting the ends of the source and sink.
The regions of high vorticity appear by al defini-
tions to have the character of strike—dlip faults.
Moreover, the porosity field is aso concentrated in
narrow and straight anomalies; as these represent
low-viscosity zones they show a contiguous and
narrow weak margin surrounding a strong and square
plate. For all values of n above the bifurcation point,
the maximum porosity remains at @ = 1. The poros-
ity maxima themselves are associated with the fault-
like strike—dlip shear zones, and, given that A =1,
these shear zones thus have zero viscosity. The
regions of concentrated vorticity are essentialy faults
with zero strength.

Fig. 3 shows the kinetic energy ratio KE; /KEp
vs. n for the two cases with A =0.999 and A = 1.
For the case with A < 1, KE; /KE increases rapidly
for m <500, but appears to saturate for higher 7
until the solutions reach the maximum alowable
vaue of m=1840. For the case with A =1,
KE;/KE; behaves similarly to the case with A =
0.999, but undergoes a very large jump to ~ 0.8 at
the bifurcation point of n=1920. For n > 1920,
KE;/KEp climbs rapidly with increasing n and
actually reaches unity at n = 4600.

As noted previously, the solutions to the void—
volatile model for A = 1 are mathematically identical
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within a constant to solutions one would obtain using
the Bercovici [10] viscous-heating model with a lin-
early temperature-dependent viscosity. Thus, al-
though the physics, calculations and geometries are
different, the bifurcation shown here is mathemati-
caly closely related to the bifurcation reported by
Bercovici [10].

5. Discussion

The analyses presented here indicates that, for the
viscous-heating based self-lubrication mechanism
with a redlistic exponentially temperature-dependent
viscosity, the plate-like state appears not to exist. A
plate-like state does occur in the void—volatile model,
but only if the void-filling fluid is effectively invis-
cid (A = 1); such a situation, however, is physically
plausible since the most likely voldtile, i.e., water,
has a viscosity that is at least 10%° times less viscous
than lithospheric material. It is important to note that
the bifurcation to plate-like motion in the case with
A =1is marked by shear zones reaching a porosity
of @ =1, and therefore having zero viscosity and no
strength. It is at this limit of an inviscid shear zone
that the shear-rate (and hence vorticity) must essen-
tially become singular to satisfy the equations of
motion. That the model reproduces nearly singular
faults with zero strength is in basic agreement with
Zhong and Gurnis [14] who found their most plate-
like lithospheric flow when their imposed faults had
zero strength or friction.

As noted by Bercovici [10] the solutions in the
highly plate-like state have shear zones that are
suggestive of plate-like singularities. However, sin-
gularities are, strictly speaking, not completely re-
solvable with numerical methods (unless treated as a
priori boundary conditions), especially spectral meth-
ods. Clearly we have reached the limit at which
continuum mechanics fails and thus our continuum
model can only strongly suggest the formation of
singular plate boundaries, but it cannot in fact re-
solve them exactly. However, while the standard
model of plate tectonics does employ discontinuous
plates with singular, zero-strength boundaries, the
Earth’s lithosphere is not in fact discontinuous; many
plate margins have finite width and strength, as
evident by intraplate deformation and seismicity [36].
Thus singular plate boundaries may be an unattain-

ably extreme, if not unrealistic, goa for plate genera
tion models.

6. Conclusions

The simple theory presented here suggests that a
possible necessary condition for the generation of
plate tectonics from mantle flow is self-lubrication
due to void generation and volatile ingestion. While
self-lubrication due thermoviscous behavior and vis-
cous heating is the original paradigm of self-lubrica
tion, it does not appear by itself — with realistic
rheologies — to offer a plausible mechanism for
self-focussing shear zones. (However, recent work
on the interaction between grain-size dependent vis-
cosity [19] and viscous heating shows fairly promis-
ing shear localization effects [21].)

The role of volatiles implied by this study is in
agreement with hypotheses about the probable role
of water on Earth. As has been suggested severa
times in the last decade [22,37], a necessary condi-
tion for plate tectonics is very likely the presence of
water, given: (1) the lubricating effects of water and
hydrated sediments; (2) its reduction of melting tem-
peratures at ridges; (3) the preponderance of subma-
rine plate boundaries and the presence of very few
active continental plate boundaries; and (4) the lack
of Earth-like plate tectonics on the other terrestria
planets all of which are presently likely devoid of
liquid water at the surface [38]. While natural models
of plate tectonics found in lava lakes [39] and wax
models [40] are also devoid of liquid water, they
involve large supplies of a very low-viscosity molten
phase which could quite easily play the role of
low-viscosity liquid in the void—volatile mechanism.

The void—volatile self-lubrication model also
complies with the recent suggestion by Zhong and
Gurnis [14] and Gurnis [15] that plate boundaries
adopt old intrinsic weaknesses left from previous
plate boundaries; thus plate formation is ‘‘history’’
dependent in that the weak boundaries obey a differ-
ent time scale from therma convection. The void—
volatile model provides a mechanism by which the
origina boundaries cannot only form but continue to
survive; i.e., the boundaries time scale would be
governed by chemical diffusion of volatiles which is
typically a much longer process than even thermal
diffusion. (For example, diffusivity of water through
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silicates ranges between 1078 and 107'* m?/s,
depending on the silicate mineral [23], as opposed to
atypical silicate thermal diffusivity of 107% m?/s.)
Finally, with the void—volatile self-lubrication mech-
anism, once deformation on an abandoned boundary
starts anew, its intrinsic weakness (due to voids and
volatiles) is reset and refocussed, and any diffusion
of the boundary since it was abandoned is effectively
erased.

Although the void—volatile self-lubrication model
presented here is clearly idealized, it potentialy of-
fers a viable avenue for future studies of the origin
of plates and plate boundaries. This model shows
reasonable promise becauseit allows highly plate-like
states, and is in accord with basic inferences about
the apparent necessary conditions for plate tectonics
(i.e., the presence of water and occurrence of long-
lived boundaries). In the end, the proposed model
may offer a plausible and tractable method by which
mantle convection models can self-consistently gen-
erate plate tectonics.
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