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1] Abstract: In a previous paper [Tackley, 2000b] it was shown that a combination of temperature-
dependent viscosity and viscoplastic yielding is sufficient to give rudimentary plate tectonic-like
behavior in three-dimensional models of mantle convection. Here the calculations are extended to
include two complexities that have been suggested as being important in localizing deformation at plate
boundaries: strain weakening and the presence of a low-viscosity asthenosphere. Introducing an
asthenosphere by reducing the viscosity by a factor of 10 where material reaches a solidus (1)
dramatically improves plate quality, even if the asthenosphere is restricted to regions around spreading
centers, (2) gives good, smoothly evolving platelike behavior over a wide range of yield stress values
spanning an order of magnitude, and (3) gives bimodal stable solutions over a range of yield stresses;
either immobile-lid or plate behavior may be obtained, depending on initial condition. By contrast,
introducing an asthenosphere by using depth-dependent viscosity has a much smaller effect on system
behavior. Increasing strain weakening (1) improves localization at spreading centers but leads to an
increasingly complex network of spreading centers fragmenting the plates, (2) weakens convergent
zones and can make downwellings highly episodic, and (3) does not lead to pure transform boundaries
in these calculations. Time-dependent “damage” evolution and instantaneous strain-rate weakening
give very similar results. All cases that display platelike behavior have very long wavelength mantle
heterogeneity, consistent with Earth’s.
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1. Introduction

21 The question of how plate tectonics arises
from mantle convection is a long-standing
puzzle, because mantle convection models or
analog laboratory experiments with simple vis-
cous, temperature-dependent rheologies do not
develop plate tectonics, but rather a global
stagnant rigid lid [e.g., Christensen, 1984b;
Ogawa et al., 1991; Solomatov, 1995; Trompert
and Hansen, 1996). Thus the general approach
to incorporating plates in mantle convection
models has been to specify some component
of the system (such as surface velocities, weak
zones, or faults), while solving for the dy-
namics of the remainder of the system [e.g.,
Bunge and Richards, 1996; Davies, 1989; King
and Hager, 1994; Zhong and Gurnis, 1995]. It
is, however, of fundamental importance to
understand the formation of plate boundaries
and to incorporate the relevant material proper-
ties into numerical models so that plates arise
self-consistently from the constitutive equa-
tions, rather than being imposed by the modeler
(for reviews, see Bercovici et al. [2000] and
Tackley [2000a]). In this section, findings from
previous studies are briefly reviewed, the mo-
tivation behind and features of the present
model are presented, and, finally, salient as-
pects of lithospheric deformation are discussed.

1.1. Previous Studies

B3] Vertical two-dimensional (2-D) simulations
have for some time indicated the importance of
non-Newtonian rheologies in producing litho-
spheric weakening above upwellings and
downwellings (i.e., where concentrations of
stress exist) [Christensen, 1984a; Cserepes,
1982; Kopitzke, 1979], resulting in a rudimen-
tary approximation of plates [Van den Berg et
al., 1991; Weinstein, 1996; Weinstein and Ol-
son, 1992]. The most realistic of such models
are those of Moresi and Solomatov [1998],
which feature strongly temperature-dependent

viscosity and non-Newtonian weakening using
a depth-dependent yield stress intended to
mimic distributed brittle deformation. Their
study delineated the dependence of convective
regime on yield stress, finding platelike beha-
vior at low yield stress values, intermittent lid
mobility at intermediate values, and a rigid lid
at high values.

4] Three-dimensional (3-D) geometry is fun-
damentally more complex than 2-D geometry,
because in addition to convergent and divergent
plate boundaries with their associated poloidal
motion, Earth also exhibits transform (strike-
slip) boundaries, which are associated with
toroidal motion [Hager and O’Connell, 1978;
Lithgow-Bertelloni et al., 1993; Olson and
Bercovici, 1991]. There are no concentrated
local buoyancy forces available to drive and
localize deformation at transform boundaries,
so the issue of how they form has been the
focus of several studies of a two-dimensional
sheet representing the lithosphere, with pre-
scribed sources of convergence and divergence
[Bercovici, 1993, 1995]. Power-law rheology
was found to be insufficient to generate narrow
transform margins, even with very large values
of n (the power-law index), whereas “self-
lubricating™ rheology, in which stress decreases
with strain rate beyond a critical value, pro-
duced very sharp transform margins. Two me-
chanisms leading to self-lubricating rheology
are the feedback between viscous dissipation
and temperature-dependent viscosity [Bercov-
ici, 1996] and a combination of void produc-
tion during deformation and ingestion of
volatiles [Bercovici, 1998].

;57 Only a few studies have addressed plate
generation in 3-D geometry. Two studies which
considered the instantaneous flow and litho-
spheric viscosity structure arising in a 2-D
high-viscosity non-Newtonian lithospheric
sheet over a 3-D constant-viscosity mantle
seemed to reinforce the findings of Bercovici
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[1998]: good plates did not form with power-
law [Weinstein, 1998] or ductile yield stress
[Tackley, 1998] rheologies, but they did form
with a strain-rate weakening (SRW) rheology
[Tackley, 1998] similar to the self-lubricating
rheology considered by Bercovici [1993]. These
results strongly suggested that SRW, or the
time-dependent equivalent of strain weakening
and time healing (SWTH), is necessary for the
formation of tectonic plates, particularly trans-
form boundaries. Further reinforcement of this
notion came with the first calculation to com-
bine temperature-dependent viscosity with vis-
coplastic yielding in a time-dependent 3-D
calculation [Trompert and Hansen, 1998]; the
case exhibited mainly rigid-lid convection, with
occasional though tantalizing bursts of localized
platelike behavior associated with part of the
rigid lid collapsing into the interior.

6] Self-consistent, time-dependent, 3-D models
in which a crude approximation of plate tec-
tonics exists and evolves continuously in space
and time were presented by Tackley [2000b]
(hereinafter referred to as paper 1). Somewhat
surprisingly (because it seems to contradict the
findings from previous work discussed above),
this behavior was obtained using a simple yield
stress, with no strain weakening being neces-
sary. Three different types of yield strength
envelope were considered: constant with depth
(“ductile’), proportional to depth (“brittle”),
and a combination of the two. All three descrip-
tions gave qualitatively similar trends with in-
creasing yield strength: distributed flow
divergence at low strength, improving platelike
character as yield strength is increased up to
some optimum value, then erratic, episodic lid
mobility, finally forming a permanent rigid lid
at high strength values.

1.2. This Study

77 While the results in paper 1 are very en-
couraging, the plates that were obtained are far

from Earth-like. Most notably, (1) even in the
best models, there was still substantial distrib-
uted surface deformation, with “plateness”
values (defined later) of no more than ~0.7,
(2) smoothly evolving platelike behavior was
found only in a narrow range of yield strength,
(3) localized convergent plate boundaries
(above downwellings) seemed to form more
easily than localized divergent spreading cen-
ters, (4) no pure transform boundaries were
observed, and (5) downwellings were generally
double-sided. Thus, in this study, additional
physical complexities that have been proposed
as being important in the generation of localized
deformation at plate boundaries are investi-
gated.

81 First, it has been noted that a weak astheno-
sphere may help promote localization of defor-
mation (particularly at strike-slip boundaries)
by decoupling the plates from the underlying
mantle [Zhong and Gurnis, 1996; Zhong et al.,
1998]. Two methods of producing an astheno-
sphere are tried in the present paper: (1) a depth
dependence of viscosity by a factor of 10
superimposed everywhere and (2) a “melting
viscosity reduction” (MVR) criterion, such that
in regions where the temperature reaches a
solidus (a simple linear function of depth), the
viscosity is reduced by a factor of 10.

91 Second, previous plate generation studies
seem to indicate that ‘‘self-lubricating”
rheologies are necessary for producing fo-
cused transform plate boundaries [Bercovici,
1993, 1995, 1996; Tackley, 1998], which
have generally been considered necessary
for obtaining platelike behavior in three
dimensions. Thus the influence of such be-
havior is tested here, both in the form of
“instantaneous” strain-rate weakening [Tack-
ley, 1998] and in the form of strain weake-
ning and time-dependent healing, with
weakening tracked by a ‘“‘damage” field
[Tackley, 2000a].
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1.3. Lithospheric Rheology

(o] The emerging picture of lithospheric defor-
mation (see Kohlistedt et al. [1995] for a re-
view) consists of brittle failure in the upper 10—
20 km, with ductile or semibrittle shear zones
in the middle lithosphere and ductile power-law
flow in the lower lithosphere and upper mantle.
Lithospheric strength is roughly proportional to
depth in the brittle zone [Byerlee, 1968] but
only weakly depth dependent in the midlitho-
sphere, although the details are not known. The
strongest part of the lithosphere is the midlitho-
sphere, which may be treated as ductily de-
forming; thus the ductile processes determine
plate strength and may be dominant in the
formation of plate boundaries.

1 The basic strength of the lithosphere dis-
cussed above may be further decreased by
weakening caused by deformation (i.e., strain
weakening), which is thought to play an im-
portant role in the formation of weak, localized
shear zones. Observations of microstructures
from exhumed upper mantle and crustal ductile
shear zones [Drury et al., 1991; Jin et al., 1998;
Pili et al., 1997; Sorensen, 1983; Vissers et al.,
1995] indicate that such shear zones are often
characterized by very small grains, hydration,
and elevated temperatures. Thus the possible
mechanisms for their formation are thought to
be grain-size reduction, volatile ingestion, and
viscous heating, and various analyses have
been performed to investigate how localized
shear zones may form through one or more of
these mechanisms [Bercovici, 1998; Braun et
al., 1999; Fleitout and Froidevaux, 1980; Ka-
meyama et al., 1997; Regenauer-Lieb, 1999;
Schubert and Yuen, 1988; Yuen et al., 1978].
Although viscous deformation is dominant at
long timescales, short-timescale elastic pro-
cesses may be important in forming litho-
sphere-scale shear zones that subsequently
persist over long timescales [e.g., Regenauer-
Lieb and Yuen, 1998].

2. Model

121 The model is identical to that in paper 1
[Tackley, 2000b], with the addition of two
rheological complexities. There follows a brief
summary of the model, followed by a detailed
discussion of the rheology.

131 The usual nondimensional Boussinesq
equations expressing conservation of mass,
momentum, and continuity are assumed.
Heating is entirely from within, with the
core-mantle boundary (CMB) set to be in-
sulating (zero heat flux). The temperature-
based Rayleigh number Ra (based on the
viscosity at temperature 7 = 1) is set to 10°,
and the internal rate H is set to 10. With
this choice, internal temperatures are ~1,
thus maintaining a meaningful temperature
scale (i.e., T = 1 can be thought of as the
mantle potential temperature of ~1600 K)
and facilitating direct comparison with simi-
lar basally heated cases (not presented here)
without having to rescale all of the para-
meters to a different nondimensionalization,
as would be the case if a temperature scale
based on internal heating rate were chosen
[e.g., Parmentier et al., 1994]. The internal
hegting based Rayleigh number Ra is thus
10°.

4] A periodic Cartesian domain of aspect
ratio 8 is assumed, except for one case that
has an aspect ratio of 16. Upper and lower
boundaries are free-slip, with the top boundary
isothermal (7'= 0) and the lower boundary zero
heat flux.

2.1. Rheology

ns;1 The key parameter in this study is “effec-
tive” viscosity, which can be a function of
temperature, depth, strain rate, and strain his-
tory. The rheological model for combining
these complexities is a superset of that in paper
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1, in turn based on that suggested by Tackley
[2000a].

6] An Arrhenius-type temperature-dependent
viscosity law is used:

23.03 23.03
] (1)

r) = eXp{T—H_ 2
giving a variation of factor 10° between
nondimensional temperatures of 0 and 1. The
viscosity is equal to 1.0 at 7 = 1, the
“typical” internal temperature. The nondi-
mensional activation energy corresponds to a
dimensional value of ~250 kJ/mol, about half
of a realistic value for olivine, and the
implicit assumption of a high surface tem-
perature (1300 K) in the above equation
further reduces the viscosity variation from
realistic.

2.1.1. Asthenosphere

n71 In some cases a low-viscosity ‘“astheno-
sphere” is added. In order to facilitate direct
comparison with purely temperature-dependent-
viscosity cases, this is implemented by multi-
plying the temperature-dependent viscosity by
some factor, rather than including an activation
volume in the viscosity law, which would mod-
ify the temperature dependence. Low viscosity
in the shallow mantle is introduced either by
superimposing an exponential depth-dependent
viscosity everywhere:

n(z, T) = exp[2.3(0.5 — 2)[n(T), )
which gives a systematic factor of 10 increase
with depth, or by using a simple “melting
viscosity reduction” criterion, in which the
viscosity is decreased by a factor of 10 in

regions where the temperature exceeds a depth-
dependent solidus:

n(7) T < Ten+2(1-2)
nzT) = { NG
OIT](T) TZ TsolO+2(1 —Z)

In the above equations, z is the wvertical
coordinate, which varies from 0 at the CMB
to 1 at the surface. The surface solidus
temperature Ty, is varied to give astheno-
spheres ranging from low-viscosity regions
localized underneath spreading centers to a
global low-viscosity upper mantle-like layer
(except inside cold downwellings). This ap-
proximation, while crude, has the advantage
of not affecting lithospheric viscosities, so that
any change in behavior is certainly due to the
asthenosphere.

2.1.2. Yield stress

18] A two-component yield stress is assumed,
with a depth-dependent component to represent
brittle processes and a constant component to
represent ductile, semibrittle processes:

—z)o,, 4)

where o), is the constant (“ductile”) yield stress
and o/y is the gradient of (“brittle”) yield stress
with depth. The yielding is implemented by
means of an effective viscosity, defined as

O'yield (Z )
2¢ |

Oyield(z) = min[oy, (1

TNefr = min [T](Za T)7 (5)
where ¢ is the second invariant of the strain rate
tensor:

2.1.3. Strain weakening

191 Many processes are observed or inferred to
weaken the lithosphere to a greater extent than
the distributed faulting or pseudoplastic yield-
ing described by (4) and (5). Examples of these
include dynamic recrystallization [e.g., Jaro-
slow et al., 1996; Jin et al., 1998; Rutter et al.,
1999], shear heating [e.g., Leloup et al., 1999;
Thatcher and England, 1998], hydration/meta-
morphism [e.g., Escartin et al., 1997a; D.
Bercovici et al.,, A two-phase model for com-
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paction and damage, 1, General theory, sub-
mitted to Journal of Geophysical Research,
1999], fault gouge development [e.g., Marone
et al., 1990], advection of weak material into
fault zones [e.g., Cloos and Shreve, 1988a,
1996; Lenardic and Kaula, 1994; Peacock
and Hyndman, 1999], and fluid overpressure
in faults [e.g., Sleep and Blanpied, 1992].
Rather than focus on a particular weakening
mechanism, strain weakening is here parame-
terized in terms of a generic damage parameter
D. While this simple approach probably misses
some important physics, it facilitates a useful
preliminary exploration of the effects of strain
weakening and history dependence as well as
giving compatibility with previous studies
[Bercovici, 1996, 1998; Tackley, 1998]. The
damage parameter D reduces the viscosity
linearly,

Teff dam = (1 - D)ncff" (7)

cannot exceed 1.0, and evolves according to the
equation

8—D:A_:é_—H(T)D—v-VD7 (8)

ot == - -
where A is the production coefficient and H(7)
is a temperature-dependent healing rate. The
above production term is appealing because it
is proportional to work being done [Bercovici,
1993, 1998]. The temperature-dependent heal-
ing rate allows long-term memory of deforma-
tion at cold lithospheric temperatures but
almost instantaneous healing at mantle tem-
peratures. Possible limiting cases for healing
rate are constant, or the inverse of diffusion
creep viscosity [Tackley, 2000a]; here it is
assumed to have the average of these (half the
inverse temperature dependence of viscosity):

H(T):Bexp{fn.sz(ﬁf%)} (9)

200 The terms 4 and H have direct physical
interpretations. H is 1/1, where T is a character-

istic timescale for healing. Although this is not
a well-known quantity, studies of metamorphic
rocks and laboratory experiments on grain
growth, etc., give an idea of how quickly the
microstructure of silicates evolves. 4 can be
related to the minimum strain necessary for
substantial weakening to occur:

1
AGyld‘

8weakening ~ (10)
For example, for grain-size reduction induced
weakening, this may be of order unity [Govers
and Wortel, 1995].

1211 Some of the presented calculations use the
above description of strain weakening and time
healing (SWTH). However, it is also useful to
test the difference between this and the pre-
viously used instantaneous ‘“‘strain-rate weake-
ning” (SRW) rheologies [Bercovici, 1993,
1995; Tackley, 1998, 2000a]. The equivalent
SRW rheology is derived by assuming steady
state conditions:

crznaxnu b J— :
0jj = Zmﬁij = 2Mefr dam i (11)
where m, is the “undamaged” viscosity (which
may already be an effective viscosity because
of pseudoplastic yielding) and

_ M H(T)
Omax = i (12)

is the maximum possible stress, which at the
reference viscosity (at 7 = 1) is simply
\/(B/24). This steady state approximation is
valid if the timescale for lithospheric strength
evolution is smaller than the timescale over
which thermal convection evolves, or the
buoyancy forces do not evolve at all, as was
assumed in previous works.

221 Using SWTH rather than “instantaneous”
strain-rate weakening (SRW) also has the ad-
vantage of giving a unique viscosity at each
point and time, since, in principle, SRW gives
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two possible strain rate and viscosity values for
each stress value, although this does not seem
to have presented any problems in practice
[Tackley, 1998].

231 The final step in calculating the viscosity
field is to truncate viscosities to be between 10*
and 0.1, in order to avoid numerical difficulties.

2.2. Numerical Method

(24] Solutions are obtained using the finite-
volume, primitive-variable multigrid code
STAG3D, which is described elsewhere [Tack-
ley, 1993, 1994, 1996a]. Enhancements made
to deal with large viscosity variations and non-
linear rheology are discussed in paper 1. A
resolution of 128 x 128 x 32 cells with
vertical grid refinement in the upper boundary
layer was used for most cases. Resolution tests,
in which calculations are performed on grids
ranging from much coarser to twice as fine in
each direction, are presented in Appendix A.

2.3. Diagnostics of Platelike Behavior

2s] As in paper 1, three quantitative diagnos-
tics of platelike behavior are used: “plateness”
(the degree to which surface deformation is
localized), “mobility” (the extent to which the
lithosphere is able to move), and toroidal:po-
loidal ratio. Their definitions are repeated here
for completeness.

261 Plateness P is defined as:

_q_ I
P=1-7%, (13)
where fgq is the fraction of the surface area in
which the highest 80% of the integrated
deformation occurs, deformation meaning the
square root of the second invariant of two-

dimensional strain rate:

Equrt = (/60 +E0, + 260, (14)

The factor of 0.6 makes P ~ 0 for constant-
viscosity, internally heated convection at Ray =
10°,

271 Mobility is defined as the ratio of rms
surface velocity to rms velocity averaged over
the entire 3-D domain:

M = (Vﬂns)surface . (15)
(Vems )whole

28] For constant-viscosity, internally heated
convection, M = 1. For the internally heated,
platelike cases discussed in paper 1, M is in the
range 1.2—1.3. For rigid-lid cases, M is very
small.

1291 The toroidal:poloidal ratio is simply

<vtor> (16)

Rrp =

where v, is the toroidal velocity and v, is
the poloidal velocity, and the mean is taken
over a horizontal surface. Calculation of this
ratio from the raw velocity field is not
straightforward since the velocity field must
first be decomposed into toroidal and
poloidal components; the method for doing
this was described in paper 1.

3. Results
3.1. Cases, Parameters, and Scalings

3.1.1. Yield stress profile

o] As discussed earlier, the most realistic
form of lithospheric strength profile is thought
to be proportional to depth near the surface
(“brittle” deformation) and approximately
constant at greater depth (“ductile” deforma-
tion). It was found in paper 1 that such a
composite yield stress profile gives similar
results to a yield stress which is constant with
depth. Thus this paper focuses mainly on the
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simplest case of a yield stress which is con-
stant with depth, although some composite-
yield stress results are presented for compar-
ison. These composite yield stress cases have
a yield stress gradient oy’ = 200,, meaning that
the upper 1/20th of the box (nominally 1/2 of
the upper boundary-layer thickness) experi-
ences the depth-proportional brittle yield
stress, with the rest of the box experiencing
the constant ductile yield stress.

3.1.2. Strain weakening

311 Cases with evolving damage (i.e., strain
weakening and time healing, or SWTH) are
compared to cases with equivalent instanta-
neous strain-rate weakening. With evolving
damage, 4 = 0.0025 (equation (8)), and B
(equation (9)) is set to three different values,
gIVINg Omay (equation (12)) of 2.8 x 10%, 5.7 x
103, and 1.4 x 10* at 7 = 1. Strain-rate
weakening is specified using the same 0,
values (equation (11)).

3.1.3. Dimensional scaling

321 This study is performed using nondimen-
sional parameters and variables and is at a
somewhat lower convective vigor than Earth’s
mantle. Table 1 (reproduced from paper 1) gives
a reasonable set of dimensional parameters and
scalings. As discussed in paper 1, (1) assumed
physical parameter values are realistic except
for reference viscosity, which is at least 2 orders
of magnitude too high; (2) the modeled heat
flux is a factor of ~5 lower than Earth’s; (3)
yield stress values in this study scale to tens to
hundreds of MPa; (4) a nondimensional velo-
city of 100 scales to ~2.5 cm/yr; and (5)
simulations were run for nondimensional times
of between ~0.2 and ~0.8, corresponding to
scaled times of 2—8 billion years.

3.2. Melting Viscosity Reduction (MVR)

331 Two series of cases are presented: one in
which Ty, (equation (3)) is changed while

Table 1. Nondimensional Quantities and
Dimensional Equivalents
Quantity non-D to Value Dim Value
Assumed Quantities
n Mo 1 10% Pa s
K K 1 107% m%/s
k k 1 3.6 W/m/K
Length D 1 2.89 x 10°m
T AT 1 1300 K
Derived Quantities
Heat flux KATID 1 1.62 mW/m?
50 81 mW/m?
o Nok/D? 1 1.2 x 10* Pa
10* 120 MPa
v k/D 1 0.001 cm/yr
25 0.025 cm/yr
Time D%k 1 265 Gyr
0.04 10.6 Gyr

keeping the yield stress constant and one in
which the yield stress is changed while keeping
Tso10 constant.

3.2.1. Growing asthenosphere

134) Figure 1 illustrates the effect of decreasing
Tso10, thereby increasing the volume of the low-
viscosity asthenosphere, for a yield stress of
8.5 x 10° (scaling to a dimensional value of
~102 MPa). The viscosity fields span 5 orders
of magnitude, and platelike behavior, where
present, is indicated by strong (orange to red)
plates surrounded by narrow weak (blue to
purple) zones. Temperature isosurfaces show-
ing cold downwellings are included both to
ease interpretation of features in the viscosity
plot and to give an indication of the length
scale of mantle heterogeneity.

351 With no MVR (Figures la and 1b, case
from paper 1), “erratic” plates are obtained;
that is, plate boundaries do not form a complete
interconnected network, and the system is quite
time dependent. A dramatic change is effected
even with a fairly high 7,0 = 0.8 (Figures 1c—
1f), which produces low-viscosity regions re-
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stricted to the proximity of spreading centers
(visible as purple regions in the viscosity plots).
This lubrication of spreading centers greatly
improves their localization, increases the effec-
tive viscosity of plates (they are mostly orange
rather than being green-orange), and results in a
globally complete network of plate boundaries
that evolves smoothly in time. Toward the end
of the simulation (Figures 1e and 1f) the system
is tending toward an almost two-dimensional
roll-like state. Offsets in passive spreading
centers are visible, although they are not per-
pendicular to the spreading direction as in
Earth. A decrease in Ty, to 0.6 (Figures 1g—
1j) results in an asthenosphere which is present
under more than 50% of the lithosphere but
does not seem to produce a significant further
increase in plate quality; if anything, spreading
centers now seem wider. Again, the system
tends to a two-dimensional state toward the
end. With T, 0 = 0.4 (Figures 1k and 11) the
asthenosphere is pervasive, but plate quality is
not significantly improved. Some ridge offsets
are visible. The temperature fields for all of
these cases (right column) indicate that mantle
heterogeneity is of long wavelength for all
cases, even the one with no asthenosphere
(Figures 1a and 1b).

3.2.2. Varying yield strength

6] Figure 2 shows cases with depth-constant
yield stress o, increasing from 1.4 X 10° (top
row, scaling to 17 MPa) to 2.0 x 10* (bottom
row, scaling to 240 MPa) for Tyu9 = 0.6. Strik-
ing features of this sequence are as follows:

371 1. Platelike behavior (in the sense of
broad, relatively strong areas being separated

by narrow weak zones) is obtained over a
wide, order-of-magnitude range in yield
stress from 1.4 x 10° to 1.4 x 10* (17—
170 MPa, illustrated in Figures 2a—2h and
2k—2n), whereas without MVR (see paper
1), platelike behavior is observed only in a
narrow range of o, At lower o, (Figures
2a—2d) the lithosphere is somewhat weak,
and spreading centers become more fragmen-
ted, but between 5.7 x 10° (68 MPa,
Figures 2¢ and 2f) and 1.4 x 10* (168
MPa, Figures 2m and 2n) there is no notice-
able difference in the solution (except for
Figures 2i and 2j, which were from a
different initial condition).

B8] 2. In the range of o, from ~10% to 1.4
x 10% (120—168 MPa), the nature of the
long-term solution (platelike versus immo-
bile) depends on the initial condition; that
is, a bimodality is observed. The o, = 9.9 X
10° (119 MPa) case illustrates this (Figures
2i—2l). Two initial conditions were tried: (1)
the “standard” one, which tends to lead to
an early immobile-lid phase, and (2) the
final frame of the o, = 8.5 x 10° (102
MPa) case (Figures 2g and 2h). For o, >
9.9 x 10® (119 MPa) the system cannot
break out of the immobile-lid mode, once
this mode is obtained. This may be due to
the thick, global asthenosphere that forms
beneath the lithosphere owing to high inter-
ior temperatures. However, if the system is
started from a stable plate solution, it re-
mains in this solution, changing very little
over the course of the simulation. At the
highest o, of 2.0 x 10* (240 MPa) an
immobile lid is obtained regardless of the

Figure 1.

Viscosity fields (left column) and temperature isosurfaces (right column) for cases with a constant

yield stress of 8.5 x 10° and “melting viscosity reduction” (MVR) with varying Ty.o: (Figures 1a and 1b) no
MVR, nominally T, o = 1; (Figures lc—1f) Tyo0 = 0.8, two different times; (Figures 1g—1j) Tyo10 = 0.6, two
different times; (Figures 1k and 11) 7o = 0.4. The color bar shows log10(viscosity), which varies between
0.1 and 10,000. The horizontal viscosity slice is at z = 0.97. Isosurfaces show where the temperature is 0.1

lower than the geotherm.
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initial condition. As with the cases reported
in paper 1, the immobile lid mode obtained
here is not a perfect rigid lid but is asso-
ciated with very slow deformation and often
long-wavelength structure below the lid.
However, lid deformation is much slower
than in the “sluggish lid” mode [Ratcliff et
al., 1997; Tackley, 1993]. As in paper 1, the
lithospheric yield strengths which lead to
platelike behavior are much lower than the
strength of rocks inferred from laboratory
experiments [Kirby, 1980].

3.2.3. Surface deformation

391 Surface deformation for several of these
cases is illustrated in Figures 3a—3e. Figures
3a—3c show the effect of increasing yield stress
value over 1 order of magnitude on the quality
of spreading centers: there is a trend to better
localization and a smaller number of plates
(i.e., larger plates). The changes in plate size
are due partially to a slight rearrangement of
the downwellings but mostly to a fragmentation
of plates by passive rifts at low yield stresses.
However, it is notable that even in the lowest
yield stress case the surface deformation is still
quite platelike, unlike the equivalent case with
no MVR (paper 1). Differing 7., does not
make a dramatic difference to the nature of
surface deformation, with T, = 0.8 (Figure
3d) giving plate behavior almost as good as that
observed with Ty, = 0.4 (Figure 3e) despite
the huge difference in volume and coverage of
asthenosphere.

3.2.4. Time dependence

4o The time dependence both of convective
quantities (rms velocity, surface heat flux, and
mean temperature) and plate diagnostics (plate-
ness, mobility, and toroidal:poloidal ratio) are
shown in Figure 4. With no melting (Figures 4a
and 4b) the system is very time dependent, with
large swings visible in the diagnostics. Inclu-
sion of MVR (Figures 4c and 4d) greatly
stabilizes the system and leads to very good
plateness, exceeding 0.9. Interestingly, Ryp fluc-
tuates within a similar range for these two cases.

411 Figures 4e—4h explore the bimodal solu-
tions at o, = 1.4 x 10* (168 MPa). As can
be seen from the convective diagnostics, the
system has reached statistically steady state
by 7 = 0.15, and there is no secular trend
which would suggest a change in pattern if
the cases were run for longer. Immobile-lid
behavior (Figures 4e and 4f) is indicated by
higher convective velocities and mean tem-
perature and by surface mobility close to
zero. Platelike behavior is indicated by high
values of surface mobility and plateness. At
higher 0, = 2.0 x 10* (240 MPa), immo-
bile-lid behavior is obtained even when
starting from the plate solution.

421 The rms surface velocities obtained in the
platelike regime are ~130, corresponding to a
dimensional value (Table 1) of 0.13 cm/yr,
which, when scaled to Earth’s convective
regime (i.e., to the “correct” reference visco-

Figure 2. Viscosity fields (left column) and temperature isosurfaces (right column) for selected cases with
viscosity melt reduction (7,0 = 0.6) and varying constant yield stress, increasing from top to bottom:
(Figures 2a and 2b) o, = 1.4 x 10%; (Figures 2c and 2d) o, = 2.8 x 10%; (Figures 2e and 2f) 0, = 5.7 x 10%;
(Figures 2g and 2h) 0, = 8.5 x 10%; (Figures 2i and 2j) 0,=9.9 x 10%, standard initial condition; (Figures 2k

7

and 21) 5,= 9.9 x 107, started from the o, = 8.5 x 10° case; (Figures 2m and 2n) 0, = 1.4 x 10*, started from
the 0, = 8.5 x 10% case; and (Figures 20 and 2p) 0,=2.0 x 10%, started from the 0,=85 X 10% case. The
color bar shows log10(viscosity), which varies between 0.1 and 10,000. The horizontal viscosity slice is at z
= (.97. Isosurfaces show where the temperature is 0.1 lower than the geotherm.
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sity), is estimated to be 3.2 cm/yr, a realistic
value.

3.2.5. Scaling of diagnostics

431 The scalings of time-averaged diagnostics
with yield stress and T, are plotted in Figures
5a and 5b (plate diagnostics) and Figures 6a
and 6b (variability of convective diagnostics).
Time averaging is performed over the second
half of each run, after initial transients have
died down.

441 The scaling of plate diagnostics with o,
(Figure 5a) follows the same basic trend as
the scaling observed with no asthenosphere
(paper 1, here plotted as dotted lines for
reference), but with several first-order differ-
ences:

451 1. There is much “better” plate charac-
ter, as indicated most clearly by plateness,
which reaches values of ~0.9, compared to
~(0.7 previously. Mobility is slightly higher,
but the peak value of Ryp is comparable with
and without MVR.

6] 2. Good plate character extends over a
much wider range of yield stresses than without
MVR.

471 3. There is a much more abrupt tran-
sition from platelike behavior to immobile-
lid behavior as yield stress is increased.
Without MVR the erratic, time-dependent
regime exists over a range of yield stress
between smoothly evolving plates and a
rigid lid.

48] 4. The final difference is the bimodal
solutions discussed earlier. The scaling of plate
diagnostics with Ty,0 (Figure 5b) confirms
visual impressions discussed earlier: a dramatic
improvement from no MVR (nominally 7y, =
1) to an asthenosphere localized to the proxi-
mity of spreading centers (7,10 = 0.8) but little
further improvement with additional astheno-
spheric volume (i.e., lower Ty.).

491 The scaling of time variability with yield
stress (Figure 6a) is quite different from that
obtained with no MVR (dotted lines) in two
key respects. (1) Time variability is almost
constant with yield stress, rather than in-
creasing then decreasing. (2) Variations in
heat flux and rms velocity are much lower
(0.5—1 order of magnitude) in the yield
stress range that gives optimum platelike
behavior (i.e., ~10%. The scaling of time
variability with Ty, (Figure 6b) confirms
earlier impressions: a dramatic decrease for
a small amount of asthenosphere but little
additional decrease with additional astheno-
spheric volume.

3.3. Depth-Dependent Viscosity

;500 Cases with viscosity increasing exponen-
tially with depth by a factor of 10 (equation (2))
are illustrated in Figure 7. The trend with o,
appears to be similar to that observed with no
depth-dependent viscosity (paper 1): good con-
vergent boundaries but diffuse spreading cen-
ters at low yield stress (Figures 7a and 7b) and
plate “quality” improving as o,, is increased up
to some optimum value (Figures 7g and 7h),
above which erratic and episodic lid mobility

Figure 3. Surface velocity and strain rate fields for selected cases with constant yield stress and either melt-
viscosity reduction (MVR) or evolving damage (SWTH): (Figures 3a—3c) MVR with T, 0 = 0.6 and
increasing o,, of 1.4 X 10%,2.8 x 10%, and 1.4 x 10*, respectively. (Figures 3d and 3e) 0,=85x 10* and
different Ty, of 0.8 and 0.4, respectively. (Figure 3f) o0, = 8.5 x 10° and SWTH with 0, = 2.8 x 10°.
Color bars show relative units (scale is truncated for Figure 3f).
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occurs (Figures 7i— 71) The optimum o, ap-
pears to be 1.3 x 10* in this series, scaling to
~156 MPa. Episodic behavior is observed even
at the highest o, value considered here (2.8 x
10*, ~336 MPa).

;511 The time dependence of these cases is
illustrated in Figure 8. At low yield stress
(Figures 8a and 8b) the system is very steady,
but plateness and Ryp are low. As yield stress is
increased (Figures 8c and 8d), time dependence
increases, until at 0, = 1.3 X 10* (156 MPa) the
system switches between episodes of low and
high surface mobility (green line), although it
seems to settle down in the second half of the
run. At higher o,, extreme episodicity asso-
ciated with the intermittent lid dynamics is
observed.

(521 The scaling of time-averaged plate diag-
nostics (Figure 5c) is similar to that observed
with no depth-dependent viscosity (paper 1,
dotted lines) except with the regimes shifted
to higher yield stress values. In addition, there
is some improvement in plate quality, with
plateness peaking at a slightly higher value
and good platelike behavior observed over a
slightly wider range of o,. In general, the
improvement in plate quality is much less
dramatic than the improvement obtained with
MVR (Figure 5a). The scaling of time depen-
dence with o,, (Figure 6¢) is again similar to the
reference cases.

1531 It is thus clear that a gradual increase of
viscosity with depth occurring everywhere is
less effective in improving plate quality than

a decrease in viscosity localized to regions
near spreading centers, at least for the same
amount of viscosity change (i.e., a factor of
10). This finding supports the notion that
convergent plate boundaries above downwel-
lings form more easily than passive spreading
centers, and thus additional ‘“‘lubrication” of
spreading centers is highly effective in im-
proving platelike behavior. Of course, Earth
likely has a much larger depth variation of
viscosity than that modeled here, including
perhaps a jump by a factor ~30 across the
660 km discontinuity. Such a viscosity profile
may reduce the need for “melt” viscosity re-
duction although the two things are related: the
close approach of the suboceanic geotherm to
the solidus may be the primary reason for the
low-viscosity asthenosphere. More realistic var-
iations of viscosity with depth, melting, and
temperature must be studied in a future paper.

3.4. Strain Weakening

;541 Two sets of calculations with strain
weakening are presented: one with a constant
yield stress of 8.5 x 10° (102 MPa) and one
with a composite yield stress of 1.4 x 10*
(168 MPa, the “optimum” value found in
paper 1). For each set, time-dependent strain
weakening with time healing (SWTH) using
evolving damage is compared with instanta-
neous strain-rate weakening (SRW) for equiva-
lent parameters.

(551 Viscosity fields for the constant o, and
composite o, sets are illustrated in Figure 9
and 10, respectively, with SWTH calculations

Figure 4. Time series of flow diagnostics (left column) and plate diagnostics (right column) for cases with

melt-viscosity reduction (7y,0 =

0.6) and varying constant yield stress. Flow diagnostics are mean

temperature (blue), surface heat flux (green), and rms velocity (red). Plate diagnostics are plateness (blue),
mobility (green) and toroidal:poloidal ratio (red). (Flgures 4a and 4b) Reference case with no MVR and 0, =
8.5 x 10°; (Figures 4c and 4d) with MVR, 0y = 8.5 x 10°; (Figures 4e and 4f) o,=1.4 >< 10*, standard initial

condition; (Figures 4g and 4h) o), = 1.4 x 10*

and 4j) 0, = 2.0 x 10*,

, initial condltlon isend of 5, = 8.5 x 10? case; and (Figures 4i
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Figure 5. Scaling of time-averaged plate diagnostics toroidal:poloidal ratio (red), plateness (blue), and
mobility (green) for cases with constant yield stress: (a) Scaling with yield stress for cases with melt-viscosity
reduction 7,y = 0.6. The two sets of solid curves correspond to different initial conditions (see text). The
dotted curves are for cases without MVR (see paper 1). (b) Scaling with T, for cases with MVR and o, =

8.5 x 10°. (c) Scaling with yield stress for cases with depth-dependent viscosity factor 10. Cases without

viscosity increase are plotted as dotted lines.

d) Scaling with 0,,,, for cases with evolving damage (solid

lines) or SRW (dashed lines) and o, = 8.5 x 10°. Values for the reference case with no weakening are plotted

as circles on the vertical axis on the right-hand side.

in the left columns and SRW calculations in the
right columns. Reference cases with no weake-
ning are shown in Figure 1 (constant o,) and
Figure 10h (composite o,). In both sets the
same trends are visible: increased weakening
(reading from top to bottom) results in weaker,
better localized spreading centers, stronger

plates, and weaker but more time-dependent
downwellings. The spreading centers, in addi-
tion to becoming weaker, also start to form
more complex, small-scale arrangements, no-
tably in Figures 9e and 9f and Figures 10e and
10f. This complexity initially resembles cracks
in a pane of glass radiating from a stone
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lines). Cases are as in Figure 5: (a) Scaling with yield stress for cases with melt-viscosity reduction Ty, =
0.6. The two sets of solid lines correspond to different initial conditions (see text). The dotted curves are for
cases without MVR (see paper 1). (b) Scaling with Ty, for cases with MVR and o, = 8.5 x 10%. (c) Scaling
with yield stress for cases with depth-dependent viscosity factor 10. Cases without viscosity increase are
plotted as dotted lines. (d) Scaling with o,,,, for cases with evolving damage (solid lines) or SRW (dashed
lines) and o, = 8.5 X 10°. Values for the reference case with no weakening are plotted as circles on the

vertical axis on the right-hand side.

impact, although with additional weakening
still more complex arrangements form. It
should be noted that although these cases
appear to have many small plates, the spacing
of downwellings, and hence the wavelength of
mantle heterogeneity, is still at the longest scale
that can be fit in the box. The many small

plates are caused by fragmentation of the larger
plates by passive rifts.

1561 The zones of weakness surrounding
downwellings become broader as the amount
of weakening is increased, a trend which is
accompanied by increased time dependence,
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as shown shortly. Although downwellings
are still generally double-sided, the cases
with intermediate SRW show an increased
propensity toward single-sided downwellings.
This is particularly notable in the case
shown in Figure 10d, in which asymmetric
downwellings exist for most of the simula-
tion.

;571 Evolving damage (SWTH) and instanta-
neous SRW produce very similar results, with
two main differences: (1) Additional fragmen-
tation of spreading regions is observed with
SRW, and (2) downwellings are more episodic
with SRW and can undergo local ‘“‘ava-
lanches”; for example, in Figure 9f a region
in the front center is collapsing into the mantle,
and a weakened region extends all the way to
the CMB. Of course, the absolute values of 4
and B (equations (8) and (9)) will affect SWTH,
here described mostly in terms of o.,,, (equa-
tion (12)), which depends only on the ratio 4/B.
SRW corresponds to SWTH with 4 and B
tending to infinity while maintaining the same
ratio. Other calculations (not presented here)
show that as 4 and B are decreased while
maintaining the same ratio, overall damage
levels decrease, because damage requires larger
strains to accumulate. This can explain the
difference between the SRW and SWTH cases
presented here.

581 The surface velocity and deformation for
the high-SWTH case illustrated in Figure 9e is
shown in Figure 3f. The dominant features are
two vigorous regional downwelling “‘events”
in which part of the lid is collapsing into the
interior. Otherwise, the deformation looks quite

platelike, in the sense of having a piecewise
constant velocity field, although the individual
“plates” are moving in coordinated directions.

591 Where do high levels of damage occur?
Damage isosurfaces for the composite yield
stress case with intermediate damage levels
(Figure 10c) are shown in Figure 10g. Some
damage (blue, D = 0.1, corresponding to 10%
weakening) is observed in most regions of the
lithosphere and may be advected deep into the
mantle in some areas. Spreading centers ex-
perience moderate weakening (green, D = 0.5,
50% weakening), but the highest damage levels
(red, D = 0.9, 90% weakening) occur around
downwellings, where the material is already
weak because of yielding.

e Time dependence of the composite yield
stress, evolving-damage cases (Figure 11) in-
dicates that small to moderate amounts of
damage (Figures 11c—11f) act to steady the
system compared to the case with no damage
(Figures 11a and 11b). However, large amounts
of weakening (Figure 11g and 11h) lead to
episodic evolution, associated with regional
collapses of the lithosphere surrounding down-
wellings. These trends are borne out by the
corresponding plot of time variability versus
Omax (€quation (12)), shown in Figure 6d. From
Figure 6d it is clear that moderate amounts of
strain weakening greatly reduce system time
dependence compared to the reference case
(plotted as circles) but that large amounts lead
to even greater time variability.

611 Does SWTH or SRW improve plate qual-
ity? Figure 5d shows how time-averaged plate

Figure 7. Viscosity fields (left column) and temperature isosurfaces (right column) for selected cases with
depth-dependent viscosity (factor 10 1ncrease) and varying constant yield stress increasing from top to
bottom (Figures 7a and 7b) 0, = 2.8 x 10 ; (Figures 7c and 7d) 0, = 5.7 x 10 ; (Figures 7e and 7f) 0,,= 8.5
x 10%; (F1gures 7g and 7h) 0, = 1.3 x 10%; (Figures 7i and 7j) 0,=1.8 x 10% and (Figures 7k and 71) o, =
2.8 x 10*. The color bar shows 10g10(V1s00s1ty) which varies between 0. 1 and 10,000. The horizontal
viscosity slice is at z = 0.97. Isosurfaces show where the temperature is 0.1 lower than the geotherm.
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diagnostics scale with o0.,c, with the non-
strain-weakening case plotted as circles for
reference. Plateness is somewhat improved by
the introduction of strain weakening, jumping
from ~0.67 to ~0.75. Curiously, the toroi-
dal:poloidal ratio decreases with increased
weakening. Mobility shows a slight increase.

621 Many of the cases seem to exhibit a plan-
form that is strongly influenced by the shape of
the box. Although, as discussed in paper 1, the
chosen aspect ratio may be similar to the “ef-
fective™ aspect ratio of Earth’s mantle, this is of
concern because the Earth’s mantle is a different
shape, and so it is useful to consider how things
are changed if the geometrical restriction is
relaxed. For this purpose, a fairly platelike case
(with intermediate damage levels) was run in an
aspect ratio 16 box (which is certainly a larger
aspect ratio than Earth but useful for theoretical
guidance). The result, illustrated in Figure 101,
seems to indicate that the character of the
solution is robust but that the exact planform
is influenced by domain size. Two long, arcuate
subduction zones wind their way around the
box, with passive rifts filling in the gaps.

3.5. Asthenosphere and Strain Weakening
Together

631 How do the two types of rheological com-
plexity considered here interact? A brief assess-
ment of this is obtained by presenting two cases
(Figure 12) that contain both an asthenosphere
and strain weakening.

641 The first case (Figures 12a and 12b) com-
bines a constant yield stress, melting viscosity
reduction, and strain rate weakening. Compared

to the equivalent case with only MVR (Figures
1g—1j), the convergent boundaries are weaker.
Compared to the equivalent case with only
SRW (Figures 9c and 9d), the passive spreading
centers are weaker and sharper. Plateness for
this frame is 0.88, no better than the case with
only MVR.

s] The second case (Figures 12c¢ and 12d)
combines a composite yield stress with depth-
dependent viscosity and SRW. Compared to
the equivalent case with only SRW (Figure
10b), the spreading centers are much weaker
and better defined, and compared to the case
with no strain weakening (Figure 10h), both
spreading centers and convergent zones are
improved.

6] In summary, when an asthenosphere and
SRW are combined, the asthenosphere is domi-
nant in weakening spreading centers, while
SRW provides some additional weakening of
downwellings. The overall plate quality is simi-
lar to that obtained with an asthenosphere only.

3.6. Toroidal and Poloidal Flow

671 The presented simulations display quite
high Ryp, usually within the range observed
for Earth (0.3-0.5, excluding net rotation [Lith-
gow-Bertelloni et al., 1993], substantially high-
er if net rotation is included [O’Connell and
Hager, 1991], but net rotation is not possible in
periodic Cartesian geometry), despite the lack
of pure transform boundaries. Paper 1 investi-
gated the origin of this toroidal motion in terms
of lid deformation, finding that all boundaries
have some mixture of convergence/divergence
and vertical vorticity, with toroidal motion

Figure 8. Time series of flow diagnostics (left column) and plate diagnostics (right column) for cases with
depth-dependent viscosity factor 10 and varying constant yield stress. Flow diagnostics are mean temperature
(blue), surface heat flux (green), and rms velocity (red). Plate diagnostics are plateness (blue), mobility
(green), and toroidal:poloidal ratio (red). (Figures 8a and 8b) o, = 2.8 x 10%; (Figures 8c and 8d) 0,=8.5 X
10%; (Figures 8e and 8f) 0,=13 x 10%; and (Figures 8g and 8h) o,= 1.8 x 10%.
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associated with asymmetry in the planform.
How do the additional complexities of an
asthenosphere and strain weakening affect this?
Figure 13 shows a decomposition of surface
deformation into poloidal and toroidal compo-
nents for the case with both MVR and SRW
illustrated in Figures 12a and 12b. The toroi-
dal:poloidal ratio for the illustrated frame is
0.57. As before, all plate boundaries contain a
mixture of vorticity and convergence/diver-
gence, with some plates exhibiting net rotation.
However, unlike in paper 1, where regions of
high vorticity were mainly focused into
patches, high vorticity now occurs in smooth
lines along plate boundaries, which is more
realistic for Earth. Thus these additional rheo-
logical complexities result in a more Earth-like
distribution of vorticity, although pure trans-
form margins are still not obtained.

6s) How does toroidal and poloidal motion
partition deeper in the mantle? The expecta-
tion from previous results [Gable et al., 1991]
is that toroidal motion should be maximum at
the surface and decay into the mantle, parti-
cularly rapidly if the upper mantle is less
viscous. This is investigated here for several
cases. Figure 14 shows the depth dependence
of horizontally averaged rms poloidal and
toroidal velocities for several cases, calculated
for representative frames.

691 With a constant yield stress and no other
complexity (Figure 14a), toroidal motion (red
line) is indeed maximum at the surface and
decays into the mantle, although the decay
occurs mostly in a restricted range of z

(0.5-0.9) and is less than a factor of 2.
The poloidal motion (green line) is largest at
the surface and CMB and minimum in the
center of the cell. Conversely, for constant-
viscosity convection (blue line), the poloidal
motion is maximum in midcell and lower at
the surface and CMB (toroidal motion is
zero). Why this difference? At the surface
and CMB the poloidal motion is horizontal,
whereas in midcell the poloidal motion is
mostly vertical. This difference can thus be
understood as a consequence of how the
aspect ratio affects horizontal and wvertical
convective velocities. Because of conserva-
tion of mass, wide cells (aspect ratio >1)
lead to (midcell) vertical velocities that are
lower than (surface) horizontal velocities,
whereas narrow cells (aspect ratio <1) lead
to vertical velocities that are higher than
horizontal velocities. The presented platelike
cases have wide cells, whereas constant-
viscosity convection (presented in paper 1)
has narrow “cells.”

(70 Melt viscosity reduction introduces some
important differences (Figure 14b). Increasing
asthenospheric volume (lower T,,0) causes
toroidal motion to increase at the surface
but decrease at depth (red—orange—magenta
curves), thus producing a larger drop-off of
toroidal motion with depth. At Ty,0 = 0.4,
toroidal motion decreases by a factor of ~4
with depth, with most of the decrease occur-
ring in the z range 0.7-0.9, which is
approximately the base of the low-viscosity
region. This is consistent with the results of
Gable et al. [1991]. Increasing astheno-

Figure 9. Viscosity fields comparing cases with evolving damage (left column) and strain-rate weakening
(right column) for a constant yield stress of 8.5 x 10°. Amount of damage or SRW increases from top to
bottom, as indicated by “maximum” stress (equation (12)) of (Figures 9a and 9b) 1.4 x 10%; (Figures 9c and
9d) 0, = 5.7 x 10%; and (Figures 9¢ and 9f) 0, = 2.8 X 10°. The color bar shows logl0(viscosity), which
varies between 0.1 and 10,000. The horizontal viscosity slice is at z = 0.97.
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spheric volume also leads to an increase in  appears that plate motion is increasingly
surface poloidal motion and a decrease in  decoupled from deep mantle motion as the
deep-mantle poloidal motion. As a result, asthenosphere becomes more pervasive, as
toroidal:poloidal ratio does not increase. It  expected.
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711 Depth-dependent viscosity (Figure 14c¢)
only slightly modifies the depth distribution
of toroidal and poloidal motions. Toroidal
motion now decreases with depth by, if
anything, a smaller amount than before. Po-
loidal motion is now larger at the surface
than the CMB, because of the lower visco-
sity at the surface. With evolving damage
(Figure 14d) both toroidal and poloidal com-
ponents are larger at the surface than in the
deep mantle.

721 In conclusion, toroidal motion is not re-
stricted to shallow regions, and there can be
substantial deep-mantle toroidal motion, at
least in these simple models. A greater, more
realistic viscosity increase with depth is likely
to reduce deep toroidal motion.

4. Discussion and Conclusions

731 As in paper 1 [Tackley, 2000b], many of
the presented cases display smoothly evol-
ving platelike behavior that is continuous in
space and time and bears some crude resem-
blance to Earth’s plate tectonics, though with
some important differences. Some major suc-
cesses of these models are the presence of
very long wavelength flow with linear down-
wellings, the robust presence of passive
spreading centers, and toroidal:poloidal ratios
that are in the range observed for Earth
(despite a lack of pure transform bound-
aries). Sometimes, single-sided subduction is
observed although more commonly it is
double-sided.

741 This paper adds two rheological complex-
ities to the model of paper 1: an asthenosphere
and strain weakening. Both are found to en-
hance the quality of platelike behavior, in
some cases, substantially. In this section the
main findings are summarized, implications
for Earth and other planets are discussed,
and directions for future work are identified.

4.1. General Findings

4.1.1. Asthenosphere

(751 Using a melting viscosity reduction (MVR)
criterion (i.e., introducing an asthenosphere by
reducing the viscosity by a factor of 10 where
material reaches a solidus) dramatically im-
proves plate quality, as is evident both visually
and from the “plateness” diagnostic, which
jumps from ~0.7 to ~0.9. There is little differ-
ence in plate quality between models where this
asthenosphere is restricted to the vicinity of
spreading centers and models where it forms a
global, upper-mantle-like layer, indicating that
lubrication of spreading centers is the key
process for improving plate behavior. Good,
smoothly evolving platelike behavior is ob-
tained over a wide range of yield stress values
spanning an order of magnitude, unlike pre-
vious results where the best plate behavior
occurred over a narrow range of yield strength.
Quantitatively, platelike behavior was obtained
between o, = 1.4 x 10% and 1.4 x 10%, scaling
to between 17 and 170 MPa. It is possible that a
negative feedback mechanism operates in this
range: higher yield stress values result in slower
plates and hence higher internal temperatures,

Figure 10. Cases with evolving damage (SWTH) or strain-rate weakening (SRW) and a composite yield
stress of 1.4 x 10*. Figures 10a—10f show a comparison of SWTH (left) with SRW (right) with the
magnitude of damage or SRW increasin§ from top to bottom, as indicated by “maximum” stress (equation
(12)) of (Figures 10a and 10b) 1.4 x 107; (Figures 10c and 10d) o, = 5.7 X 10%; and (Figures 10e and 10f)
o,=2.8 x 10°. (Figure 10g) The distribution of damage for the case in Figure 10c. Isocontours show D =
0.1 (blue), 0.5 (green), and 0.9 (red). (Figure 10h) Reference case with no strain weakening of any type.
(Figure 10i) As in Figure 10a but in a 16 x 16 x 1 domain.
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which then produces more melt-induced “lu-
brication,” speeding plates up again.

176 Bimodal stable solutions are obtained
over a range of yield stresses; that is, either
immobile-lid or plate behavior may be ob-
tained, depending on initial condition. It ap-
pears that the thick global low-viscosity layer
that forms under the rigid lid because of high
temperatures prevents high enough stresses
for lid breakage to occur. This finding could
be very important for understanding planetary
evolution.

(771 By contrast, introducing an asthenosphere
by using depth-dependent viscosity has a
smaller effect on system behavior, at least
for the factor of 10 increase considered here.
With larger, more realistic depth-viscosity in-
creases the effect would of course be greater,
but the intent here is to compare the two
methods using the same amount of viscosity
change.

4.1.2. Strain weakening

(78] Strain weakening plus time healing
(SWTH) and strain-rate weakening (SRW)
lubricate both convergent zones and spreading
centers, the former more so. At spreading
centers, localization is improved, but increas-
ing prevalence of weakening leads to an
increasingly complex network of spreading
centers that fragment the plates in a manner
resembling cracked glass. Convergent zones
near downwellings are substantially weakened
and widened, which can make downwellings
highly episodic. Moderate amounts of strain
weakening reduce time variability, but large

amounts can make the system more time
variable. SWTH or SRW does not lead to
pure transform boundaries in these calcula-
tions and seems to have little systematic effect
on the toroidal:poloidal ratio and only a mod-
erate improvement effect on plateness. Time-
dependent damage evolution and instanta-
neous strain-rate weakening produce very si-
milar results. In some cases with moderate
weakening, single-sided subduction is often
observed.

4.1.3. Physical interpretation

791 Why is MVR much more effective in
improving plate quality than purely depth-
dependent viscosity or SRW? A possible
explanation for this is as follows: There is
an imbalance between convergent plate
boundaries and divergent plate boundaries
(spreading centers); convergent boundaries
form and continue easily because of the
localized buoyancy of downwellings, whereas
passive spreading centers have difficulty in
forming and continuing. Introducing depth-
dependent viscosity everywhere affects conver-
gent zones and spreading centers equally, and
introducing strain weakening lubricates conver-
gent zones more than spreading centers. Only
melt viscosity reduction lubricates spreading
centers without affecting convergent zones.
Thus MVR is the most effective complexity in
redressing the imbalance in forming and main-
taining convergent and divergent plate bound-
aries. This is consistent with the finding of
Zhong et al. [1998], although those authors
were focusing on the lubrication of pure trans-
form boundaries, whereas here the lubrication is
of spreading centers.

Figure 11.

Time series of flow diagnostics (left column) and plate diagnostics (right column) for cases with

evolving damage and composite yield stress 1.4 x 10*. Flow diagnostics are mean temperature (blue),
surface heat flux (green), and rms velocity (red). Plate diagnostics are plateness (blue), mobility (green), and
toroidal:poloidal ratio (red). (Figures 11a—11b) Reference case with no strain weakening; (Figures 11c and
11d) 0max = 1.4 x 10% (Figures 11e and 11f) omay = 5.7 % 10°; and (Figures 11g and 11h) 6,0y = 2.8 x 10°.
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Figure 12. Cases with both strain-rate weakening and either melt viscosity reduction or depth-dependent
viscosity. (Flgures 12a and 12b) Constant o, = 8.5 x 10° plus MVR with T, 19 = 0.6 plus SRW with o, =
5.7 x 10°. (Figures 12¢ and 12d) Composite o, = 1.4 x 10* plus depth- dependent viscosity factor 10 plus

SRW with 0. =
The horizontal viscosity slice is at z = 0.97.

4.1.4. Toroidal, poloidal

80 The cases presented here and in paper 1
show that regardless of which physical
complexities are included, cases exhibiting
good platelike behavior also display toroi-
dal:poloidal ratios in the range observed for
the Earth during the last 120 million years
(0.3-0.5 [Lithgow-Bertelloni et al., 1993]).
Indeed, the addition of an asthenosphere or
strain weakening does not appear to en-
hance the toroidal:poloidal ratio and some-
times reduces it. Toroidal energy decreases
with depth, but the decrease seems to occur
in a restricted depth interval and is only a
factor of ~2 in the absence of an astheno-
sphere. An asthenosphere reduces deep-man-
tle toroidal motion and increases surface
toroidal motion; however, it also enhances
surface poloidal motion, so the ratio is not
much affected.

1.4 x 10* The color bar shows logl0(viscosity), which varies between 0.1 and 10,000.

4.2. Implications for Earth and Other
Planets

4.2.1. Earth versus Venus

811 From these results it appears that the ex-
istence of a low-viscosity layer beneath oceanic
plates plays a large role in facilitating Earth-
like plate tectonics. Neither a global astheno-
sphere nor dramatic viscosity reduction seems
necessary: a factor of 10 viscosity decrease
restricted to the regions around spreading cen-
ters is sufficient, at least in the parameter range
studied here. From this result it is tempting to
hypothesize that a reason for Venus not having
plate tectonics is the commonly held belief that
Venus does not have an asthenosphere, which
is generally attributed to a lack of water [Kaula,
1994]. However, this interpretation must be
treated with caution for the following reasons:
(1) Even without melting there will still be a
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close approach of the venotherm to the dry
solidus because the dry solidus has a steeper
gradient than the adiabat; this should be suffi-
cient to generate a limited asthenosphere. (2)
With rigid-lid convection, Venus’s interior
should heat up enough to exceed even the dry
solidus at sublithospheric depths [Solomatov
and Moresi, 1996]. (3) The convection models
in paper 1 show that platelike surface mobility
can still occur with no asthenosphere, but it
tends to be much more episodic. Another
possibility from the present results is that Earth
and Venus are simply an example of the
observed bimodality of solutions: Venus is
stuck in the immobile-lid mode, whereas Earth
is stuck in the plate mode. However, it is
probable that differences in lithospheric
strength (rather than asthenospheric strength)
are the key: the lack of water at the surface will
dramatically increase both the crustal and litho-
spheric viscosity [Hirth and Kohlstedt, 1996]
and the friction on faults because of an absence
of pore pressure.

4.2.2. Horizontal wavelengths

821 In paper 1 it was noted that all cases
displaying mobile lithospheres also display a
very long wavelength pattern of downwellings
and hence long-wavelength mantle heterogene-
ity. This finding also holds true for the cases
presented in this paper. Previous studies without
plates have suggested various mechanisms for
creating long-wavelength heterogeneity in the
mantle, particularly depth-dependent viscosity
and/or other parameters [Bunge et al., 1996;

Figure 13. Decomposition of surface velocity
field into toroidal and poloidal components for the
case with constant o, = 8.5 X 10% plus MVR with
T = 0.6 plus SRW with o0 = 5.7 x 10°
illustrated in Figures 12a and 12b: (a) total surface
velocity field and surface strain rate, (b) poloidal
velocity field and horizontal divergence, and (c)
toroidal velocity field and vertical vorticity.
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Figure 14. Radial profiles of rms poloidal and toroidal velocities for selected cases with constant yield
stress 8.5 x 10°: (a) reference case with no additional complexities (red, toroidal; green, poloidal) compared
to constant-viscosity case (turquoise), (b) cases with melting viscosity reduction affecting increasingly large
regions; Tyo0 = 0.8 (red, toroidal; green, poloidal), 0.6 (orange, toroidal; turquoise, poloidal), 0.4 (magenta,
toroidal; blue, poloidal), (c) with depth-dependent viscosity factor 10 (red, toroidal; green, poloidal), and (d)
with evolving damage o,,x = 2.8 % 10° (red, toroidal; green, poloidal).

Hansen et al., 1993], continental motions [Gur-
nis and Zhong, 1991; Zhong and Gurnis, 1993],
and the endothermic phase transition at 660 km
depth [Tackley, 1995; 1996b; Tackley et al.,
1993]. The results presented here and in paper
1 seem to indicate that long-wavelength flow is
a natural consequence of a mobile but high-
viscosity lid, with no other complexity being
necessary. However, this needs to be verified for
higher Rayleigh numbers (which lead to short-
er-wavelength structure [Tackley, 1996b]) and
higher viscosity contrasts.

4.2.3. Model shortcomings

831 The most notable shortcomings of these
models with respect to obtaining Earth-like
dynamics (other than the obvious lack of con-
tinents) are the pervasiveness of double-sided
(symmetric) subduction, the lack of pure trans-
form boundaries, and the low convective vigor
(heat flux). Some discussion of this was pre-
sented in paper 1. In the new results presented
here it is interesting that (1) single-sided (asym-
metric) subduction is common in some of the
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cases with strain weakening and (2) ridge off-
sets are observed in some of the cases with
melting viscosity reduction, although the ridge
offsets are not perfectly perpendicular to the
ridge. These findings suggest directions for
future investigation, although it may be that
actual brittle failure at shallow depths is neces-
sary to generate at least the spreading center
transform faults. The present cases do not dis-
play long-term history dependence such as
reactivation of old weak zones that is observed
on Earth [Gurnis et al., 2000]; this is something
that requires continents and a more realistic
rheology.

4.3. Yielding Versus Strain Weakening

84 In these results, pseudoplastic yielding
with no strain weakening is effective in gen-
erating weak, localized plate boundaries. This
seems contrary to expectations from previous
modeling results [Bercovici, 1995, 1998; Tack-
ley, 1998, 2000a], in which it appeared that
self-lubricating (e.g., strain-rate-weakening)
rheology was necessary to form plate tectonics
in three dimensions. It is possible to reconcile
these apparently contradictory findings by
noting that the earlier studies focused on the
formation of transform boundaries as an es-
sential component of plate behavior, whereas
in the present results, platelike behavior is
obtained without pure transform boundaries
being necessary. Thus, while self-lubrication
is necessary for the formation of focused pure
transform boundaries, focused pure transform
boundaries are not (at the large scale) neces-
sary for plate tectonics. A robust result from
previous work is thus that some form of strain
weakening is necessary to obtain transform
boundaries, which leads to the question:
Why don’t transform boundaries form in the
presented cases where strain weakening is
included? Increasing the amount of strain
weakening does not seem to help because this
leads to high episodicity and runaway events

(i.e., rapid collapse of large regions of the
lithosphere near downwellings into the man-
tle). It is difficult to simultaneously get non-
runaway downwellings and localized strike-
slip boundaries. It could be that the damage
evolution model does not adequately represent
the important physics, including, perhaps, brit-
tle failure.

4.4. The Persistence of Memory?

851 Geological observations indicate that on
Earth, long-lived ‘‘preexisting” zones of
weakness are important in the plate tectonic
process, often forming the sites of “new”
plate boundaries (for a summary, see Gurnis
et al. [2000]). In the present results, however,
first-order platelike behavior is obtained with
an “‘instantaneous” rheological description,
and when history dependence is introduced
in the form of evolving damage, it does not
appear to make a first-order difference com-
pared to an equivalent instantaneous parame-
terization. Thus it is important to reconcile the
present results with geological observations
and identify important areas where the present
description should be improved.

6] One key shortcoming of the presented
models is that they contain only oceanic
lithosphere and no continents. On Earth, con-
tinental lithosphere is essential for retaining
memory for billions of years, since oceanic
lithosphere has a maximum age of only ~200
million years. Furthermore, oceanic plates
form at spreading centers and do not have
much opportunity to build up deformation
history until they reach subduction zones (as
occurs in the presented models, where the
produced “damage” is immediately advected
into the mantle). As pointed out by Gurnis et
al. [2000], oceanic plates are strong and rigid
enough to support the stress associated with 9
km high oceanic islands in their interiors but
at subduction zones deform with an effective
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viscosity that is almost as low as the viscosity
of regular upper mantle material. The bending
of subducting slabs may be a situation where
memory is of little importance and an instan-
taneous rheological description is appropriate,
although the lubrication of subduction shear
zone by advected weak sediments [Cloos and
Shreve, 1988a, 1988b; Lenardic and Kaula,
1994], associated metamorphism, and possibly
fluid overpressure [Peacock, 1990a, 1990b]
requires a more complex treatment. Oceanic
fracture zones may, however, be a type of
feature that requires history-dependent weake-
ning and is sometimes important in the plate
tectonic process. Mid-ocean ridge transform
faults and thus fracture zones may be sub-
stantially weakened by serpentinization [Es-
cartin et al., 1997a, 1997b] and are often
observed to be nucleation sites for new plate
boundaries [Gurnis et al., 2000]. Transform
faults appear to form in the brittle regime;
thus brittle failure and hydration-related
weakening may be important processes to
include in future modeling. Undoubtedly,
there are other limitations to the present
weakening model, since it does not represent
a specific process, and rheological parameters
in general must be scaled back from realistic
values. For example, with the limited visco-
sity contrast modeled here the simultaneous
specification of realistic very long healing
timescales at low temperature, and reasonable
strains for weakening (equation (10)), leads to
runaway behavior because damage is pro-
duced too rapidly relative to healing.

871 Obviously, new plate boundaries will pref-
erentially form along any suitable preexisting
lines of weakness that may be present, as

observed in the field. The key question to
address in the future is not whether such weak
zones play an important role, but whether they
are necessary for Earth-like plate tectonics.
Specifically, does the very existence of Earth’s
present plate tectonic regime depend on the
ability of the lithosphere to retain long-term
memory of weakness, or is the reuse of already
weakened areas merely a convenience? An
implicit assumption in most previous studies
of plate generation has been the latter [e.g.,
Moresi and Solomatov, 1998; Tackley, 1998;
Weinstein and Olson, 1992]; however, as in
the present study, only oceanic lithosphere, the
component of Earth’s plate tectonics least af-
fected by long-term memory, was modeled.

s8] Arguing in favor of the “convenience”
view is the finding that even in simulations
with purely instantaneous rheology, plate
boundaries often persist over long time peri-
ods and always evolve continuously. They do
not instantaneously appear and disappear out
of nowhere in one time step. New rifts or
subduction zones take a finite amount of time
to form and propagate, even in the highly
time-dependent ‘“‘erratic”” cases. Thus the
long-term persistence of active plate bound-
aries on Earth is not a strong argument for the
importance of memory. Of course, the tem-
perature field is a function of previous defor-
mation history and thus gives the system a
type of memory.

9] Arguing in favor of the “necessary” view
is the finding from the present simulations and
previous constraints (see paper 1) that in order
for plates to exist, the effective strength of the
oceanic lithosphere must be lower by a factor

Figure 15. Effect of numerical resolution on surface deformation for composite yield stress 1.4 x 10* and
evolving damage with o, = 1.4 x 10*. The number of grid cells is (a) 256 x 256 x 64, (b) 128 x 128 x
32,(c) 64 x 64 x 16, (d) 32 x 32 x §,and (e) 16 x 16 x 4. Strain rate values were calculated assuming grid
spacing equal to 1, so they must be appropriately scaled if intercomparison is desired. (f) The scaling of time-

averaged plate diagnostics with resolution.
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of ~4-5 than the strength of rocks to semi-
brittle or low-temperature plastic deformation
measured by laboratory experiments [Kirby,
1980; Kohlistedt et al., 1995]. This discrepancy
could be explained if lithospheric “failure”
actually takes place in zones that have already
been substantially weakened by plate boundary
processes in the past. However, such arguments
do not seem capable of explaining the low
strength of previously undamaged oceanic
lithosphere as it bends in the subduction zone,
implying that our understanding of how labora-
tory results apply to the real Earth is incomplete
[Rutter and Brodie, 1991].

o] In summary, the finding that the pre-
sent parameterization of history-dependent
weakening does not have a large effect on
oceanic plate dynamics is not surprising but
does not imply that history-dependent defor-
mation is unimportant in Earth. The central
issue of whether weak zone reactivation is a
necessity or just a convenience will require
much research to resolve.

4.5. Future Directions

1] It is possible to make a long “shopping
list” of improvements that could be made to
the present model, the most important of
which may be the inclusion of continents
(both crust and cratonic lithosphere) and the
inclusion of actual brittle failure (not a para-
meterization using depth-dependent viscoplas-
tic yielding) in the shallow region, which
may be the behavior needed to obtain trans-
form segments.

921 Various desired improvements to the rheo-
logical model include adding other deformation
mechanisms that are known about (power-law
dislocation creep, the Peierls mechanism),
bringing rheological parameters such as activa-
tion energies closer to Earth-like (although this
requires a more robust numerical solution

scheme and Moresi and Solomatov [1998]
found only a weak sensitivity to viscosity
contrast for 2-D models), as well as various
complexities such as a viscosity increase after
oceanic lithosphere loses its melt, which may
help to make oceanic plates more rigid. Fur-
thermore, it will be necessary to include actual
weakening mechanisms observed in nature,
such as grain-size reduction. The use of a
compressible rather than Boussinesq formula-
tion would open the possibility of shear zone
formation through viscous heating. A general
problem with including mechanisms that lead
to strong localization is that of resolving the
resulting small-scale features, perhaps requiring
techniques such as adaptive grid refinement.

931 A convective regime (heat flux and
velocities) closer to Earth-like could be
straightforwardly accomplished using higher
resolution, and this is the subject of the next
paper (“paper 3,” in preparation), although
from previous, two-dimensional work [Mor-
esi and Solomatov, 1998; Richards et al.,
1999], first-order differences in the dynamics
are not expected. Spherical geometry will
ultimately be necessary, although preliminary
results in spherical geometry (J. R. Baum-
gardner, personal communication, 1999)
show results very similar to some of those
reported here. The effects of the believed
small fraction of basal heating (10-20%)
may be important in some circumstances,
such as initiating rifting.

Appendix A: Resolution Test

4] Since many of these cases contain very
narrow features with very large viscosity con-
trasts, it is natural to ask whether the numerical
resolution is sufficient, or whether it may be
affecting the results in some way. To investi-
gate this, two of the cases were run at a series
of additional resolutions, namely, 16 x 16 x 4,
32 x 32 x 8,64 x 64 x 16, and 256 x 256 x
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64 (the standard resolution was 128 x 128 x
32). Surface deformation results for one case
(the “strain-weakening” case with composite
o, =14 x 10*) are presented in Figure 15,
with scaling of plate diagnostics indicated in
Figure 15f.

vs] Comparing the double resolution version
(Figure 15a) with the standard resolution case
(Figure 15b) reveals little change, suggesting
that the standard resolution is sufficient. De-
grading the resolution by a factor of 2 (Figure
15¢c) results in little change to the overall
pattern, but weak zones now appear to have
grid-limited widths and often follow the grid
directions. Remarkably, platelike behavior is
still obtained even with a further factor of 2
reduction (to 32 x 32 x 8§), but the solution
certainly looks grid-limited. The solution is lost
with a final factor of 2 reduction (to 16 x 16 x
4). Diagnostics of plate behavior (Figure 15f)
are roughly constant with resolution except for
at the extremely coarse grid.

96] It is surprising that both the character of the
solution and quantitative plate diagnostics are
robust down to very low resolutions, when
benchmarks [Blankenbach et al., 1989; Travis
et al., 1990] indicate a need for several grid
points in the boundary layers to get accurate
results even for simple rheologies. This indi-
cates that the plate diagnostics used are sensi-
tive to the large-scale structure of the flow, not
local accuracy. In addition, the width of weak
zones seems to scale with boundary layer
thickness, so the fairly low heat flow in the
present results helps. The standard resolution,
which includes vertical grid refinement in the
upper boundary layer, does result in several
grid cells across convective features: there are
5—-6 vertical cells over the lithosphere, and
since downwellings are generally double-sided,
they are at least twice as wide as the upper
boundary layer thickness, so higher horizontal
grid spacing is appropriate.

971 In conclusion, the general character of
platelike behavior, and quantitative values of
global diagnostics, are reproduced on amaz-
ingly coarse grids, as little as 1/4 the resolution
of the standard grid used in this paper. “Chal-
lenged” resolution is indicated by weak zones
1 cell wide that follow grid lines.
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