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Numerical models of convection in a rheologically stratified oceanic upper mantle:
Early results
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Recent seismological evidences imply that the boundary between the lithosphere and asthenosphere is a compo-
sitional boundary in the oceanic upper mantle, and a rapid increase of viscosity at this boundary is suggested. We
modeled a thermal convection in the oceanic mantle numerically using the finite element method, and investigated
geodynamical consequences of such a rheological layering. Early results from both quasi-steady state flows and
time-dependent flows are presented in this report. We assumed a temperature- and depth-dependent viscosity law
so that both the thermal effects and those of layering are taken into account. The effect of a high-viscosity layer
(HVL) is small on the flow and the temperature field. Velocity gradients in the HVL are small in both directions,
and the velocity field is well approximated by a one-dimensional channel flow. The HVL acts as a low-pass filter of

the dynamic topography.

1. Introduction

The rheological property of the Earth’s mantle can be ap-
proximated as viscous when we consider various phenomena
in a geological time scale, and a viscous fluid is commonly
used in modeling a subsolidus convection in the mantle. Geo-
physical observations are usually made at the Earth’s sur-
face, most of which are sensitive to the shallow structure of
the mantle, with a notable exception of the long-wavelength
geoid (e.g., Richards and Hager, 1984; Forte et al., 1994),
and the behavior of tectonic plates has been extensively stud-
ied. In many numerical models, the convection is assumed
to be thermally driven, and the plates are modeled as thermal
boundary layers (TBLs). When a temperature-dependent
viscosity is assumed for the upper mantle, a TBL develops
at the surface, which is characterized by a high viscosity, a
uniform surface velocity, and a low strain-rate (e.g., King et
al., 1992). Observed age-depth relationship of sea-floor is
successfully explained by TBL models, except for in the old-
est basins (Parsons and Sclater, 1977; Stein and Stein, 1992;
McNutt, 1995).

Recently we revealed from seismological observations that
the temperature is not the sole control on the thickness of the
oceanic lithosphere (Gaherty et al., 1998; Kato and Jordan,
1998). In our regional one-dimensional models, the bound-
ary between the lithosphere and asthenosphere is marked by a
negative impedance contrast (G discontinuity), and the G dis-
continuity is much deeper for the Philippine-Japan corridor
in the young Philippine Sea Basin (Kato and Jordan, 1998)
than for the Tonga-Hawaii corridor in the old southern Pacific
Basin (Gaherty et al., 1996). We then suggested that the G
discontinuity is probably a compositional boundary, and its
depth is set at the ridge environment (Hirth and Kohlstedt,

Copy right@© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.

1996; Gaherty et al., 1998; Kato and Jordan, 1998). Such
a compositional difference between the lithosphere and as-
thenosphere has been implied in petrology (Ringwood,
1975), but this has not been previously documented seis-
mologically due to low resolution of seismological models
in the oceanic region.

The G discontinuity also marks the discontinuous change
of water content in the oceanic upper mantle. Due to their
high partition coefficients into the basaltic melt, volatiles
(e.g., H,0O, CO,) are efficiently stripped out from the par-
tial melted source mantle, and the residue composes a dry
harzburgite layer, which overlays the hydrous but undersat-
urated peridotite layer. Rheologically, this dry-to-wet tran-
sition induces a sharp drop in the viscosity (Karato, 1986;
Hirth and Kohlstedt, 1996). The presence of water reduces
the viscosity through the enhanced defect mobility in olivine
crystals (Karato, 1986), and the viscosity contrast between
the lithosphere and asthenosphere is estimated to be more
than two orders of magnitude (Hirth and Kohlstedt, 1996).
The purpose of this study is to investigate the effects of this
viscosity jump in the large scale convection of the oceanic up-
per mantle. While the effects of the compositional layering
beneath cratons have been studied (Kincaid, 1990; Shapiro
et al., 1991), this has not been seriously considered for the
oceanic mantle. In this study, we are interested in the be-
havior of the surface boundary layer that is a superposition
of thermal and rheological boundary layers. Our approach
here is to model and compare a number of simple cases,
and we present results of quasi-steady state flow models and
subduction models.

2. Numerical

The finite-element code used in this study is based on
Conman (King et al., 1990), and is slightly modified for
a parallel CPU machine. We divide a 3-by-1 rectangular
domain into 3072 (64-by-48) rectangular elements (Fig. 1).
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Fig. 1. The finite element grid used in the calculation. A 3-by-1 rectangular box is divided into 3072 (64-by-48) rectangular elements. Node spacing in
x-direction is uniform. In z-direction in the upper quarter the node spacing is set to be one sixth of that in the rest of the domain.

The free-slip boundary condition is used for both top and bot-
tom boundaries, and the reflective and free slip (insulating)
boundary condition for the side boundaries. A Newtonian
rheology law is employed in this study, and the viscosity is
assumed to be temperature- and depth-dependent. We used
the temperature-dependent law of Gurnis and Hager (1988),

n=n"exp[6.215(Tyor — T)] (1)

where Tyo is the bottom temperature. This gives a 500-
fold increase of viscosity over the unit temperature increase
(Gurnis and Hager, 1988), and provides a good approxima-
tion to the rheological property of olivine (King, 1990). The
depth-dependence is used to introduce a high-viscosity layer
(HVL); the background viscosity, n*, in the uppermost man-
tle is set to be higher than in the rest of the mantle. Transition
from the upper mantle to the HVL is then expressed as a dis-
continuous increase of background viscosity n* at depth z,,

n"(2) = niHlzo — 2]+ mH[z — 2] 2

where H[ ] is the Heviside function, and 7}, and nj are
the background viscosity in the upper mantle and the HVL,
respectively. Throughout this report, the Rayleigh number
is defined based on n}. Low-viscosity weak zones (width:
0.9375, height: 0.125) are placed at top corners to promote
a smooth upwelling and downwelling (Gurnis and Hager,
1988; King et al., 1992). The viscosity of weak zones is
fixed to n} so that the viscosity contrast between the plate
and weak zone is of order of 10?.

The domain is both internally and basally heated, and top
and bottom temperatures are fixed to 0 and the unit dimen-
sionless temperature, respectively. At ¢t = 0, a thin (~0.05)
boundary layer is placed at the surface, and the temperature
in the rest of the domain is set to be the unit temperature.
A sine-shaped small perturbation (1.0%) is assigned on the
initial temperature field over the entire domain to invoke an
upwelling at the left side and a downwelling at the right side.
Free parameters include the thickness of the HVL (1 — z,),
the magnitude of viscosity contrast at the boundary (n5/n7),
the thermal Rayleigh number (Ra), and the amount of inter-
nal heating. Figures are plotted using non-dimensionalized
numbers unless otherwise noted. Scaling variables are given
in Table 1, which gives the average plate velocity of approx-
imately 4 cm/yr.

Table 1. Scaling variables.

Parameter Value
Depth of the domain, D 1.0 x 10° m
Temperature contrast, AT 1000 K

Reference density, p 3.3 x 10 kgm™3

Thermal diffusivity, « 5.0 x 10° m?s~!
Thermal expansion, o 20x 1073 K!
Thermal conductivity 3.0 Wm™! K™!
Gravity acceleration, g 10 ms™2

Reference viscosity ~5x 10 Pa-s

3. Results
3.1 Quasi steady state flow

Figure 2a shows a temperature field of the quasi steady
state flow for the control case (Table 2), in which the HVL is
absent (n5/nf = 1). The flow is in the clockwise direction
and is smooth, and a thick thermal boundary layer develops at
the surface. The temperature field becomes anti-symmetric
due to the internal heating, and a weak local convection cell
is formed next to the downwelling. Effects of the HVL are
small on the global features of the flow field; either when
ny/ny = 5 (Fig. 2b) or n3/n} = 10 (Fig. 2c), the temper-
ature field becomes similar to the one for the control case.
The entire domain is substantially cooled down, and a well-
developed TBL caps the domain. The viscosity contrast be-
tween the boundary layer and the rest of the upper mantle
is already high due to the thermal effect, and the effect of
additional viscosity increase in the HVL appears to be neg-
ligible on the flow field. Similar features are also seen when
the thickness of the HVL is changed (Figs. 2d—2¢), though
the temperature in the mantle is slightly higher for the thick
HVL case (Fig. 2e) than for the other cases.

Temperature profiles at the center of the domain are al-
most identical in all cases, but there are differences of the
flow velocities and stresses in the uppermost mantle (Fig. 3).
Horizontal velocity takes the maximum value at the surface
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Fig.2. Contoured image of the temperature fields. Increments of the contour
is 0.1 unit temperature. a) The control case Qal, for which a discontinuous
jump of viscosity in the uppermost mantle is not implemented. b), c)
Cases Qbl and Qb3, for which a discontinuous jump, n3/nf = 5 and
n5/n} = 10 is implemented approximately at z = 0.906, respectively.
d), ) Cases Qel and Qdl, for which a discontinuous jump 13 /n} = 5 is
implemented approximately at z = 0.95 and 0.81, respectively.

(z = 1.0) and then decreases as the depth increases. For
the control case, velocity gradient, dV, /dz, is also a smooth
function of depth (Fig. 3); a4V, /dz increases gradually as the
depth increases and there is no first order discontinuity in
the velocity profile. In contrast, for cases with the HVL,
dV,/dz is very small and almost constant in the HVL, but
at the lower boundary of the HVL, 9V, /dz increases dis-
continuously. Gradients of the plate velocity at the surface,
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Table 2. Quasi steady state flow models.

Case Ra VR TH IHF TS

Qal le6 1 - 55 30,000
Qa2 le6 1 - 53 60,000
Qa3 le6 1 - 69 30,000
Qa4 le6 1 - 71 60,000
Qa5 3e6 1 - N/A 30,000
Qa6 5e6 1 - N/A 30,000
Qbl le6 5 1.0 55 30,000
Qb2 le6 5 1.0 53 60,000
Qb3 le6 5 1.0 68 30,000
Qb4 le6 5 1.0 70 60,000
Qb5 le6 10 1.0 55 30,000
Qb6 le6 10 1.0 53 60,000
Qb7 le6 10 1.0 70 60,000
Qb8 5e6 5 1.0 62 30,000
Qb9 3e6 5 1.0 59 30,000
Qbl10 3e6 5 1.0 N/A 30,000
Qcl le6 5 0.25 54 30,000
Qc2 le6 5 0.25 68 30,000
Qc3 3e6 5 0.25 N/A 30,000
Qd1 le6 5 2.0 57 30,000
Qd2 le6 5 2.0 70 30,000
Qd3 3e6 5 2.0 57 30,000
Qd4 le6 10 2.0 57 30,000
Qel le6 5 0.5 54 30,000
Qe2 le6 5 0.5 68 30,000
Qe3 5e6 5 0.5 59 30,000
Qe5 3e6 5 0.5 56 30,000
Qfl le6 5 0.75 54 30,000
Qf2 le6 5 0.75 68 30,000
Qf3 5e6 5 0.75 57 30,000
Qf4 3e6 5 0.75 61 30,000

Ra: Thermal Rayleigh number. VR: n3/n}. TH: Thickness of
the HVL. Thickness is normalized by the unit thickness, which is
arbitrarily chosen as 0.09375. IHF: Internal heating fraction. N/A
indicates that the flow is turbulent and did not reach a steady state.
TS: Total time steps.

dV,/dx, are also small. Smaller [0V, /0z| and |9V, /dx]| in
the boundary layer are common features of the HVL cases.
When the HVL is imposed, 72 increases discontinuously
at the rheological boundary, which reflects an increase of
viscosity at this depth. On the other hand, change of 7,
is smooth across this boundary. In the boundary layer, the
flow is dominantly horizontal and it is primarily in horizontal
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Fig. 3. Profiles of temperature (a), flow velocity (b), and their gradients (c) for cases Qal (control case; solid line), Qb1 (n;/n}=5; dashed line), and Qb5
(n3/n7=10; dash-dot line). Flow velocity is normalized by the average plate velocity, which is defined as an average of at surface nodes (at z = 1.0)
except two corner nodes. Temperature fields are identical for three cases. The horizontal dash line indicates the depth of rheological boundary for cases

Qbl and Qb5.
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Fig. 4. Profiles of normalized flow velocity (a), and two stress components, rX[)’( (b), and 7, (c), and direction of the maximum compression axis (d) for
cases Qal (solid line), Qb1 (dashed line), and Qb5 (dash-dot line). The horizontal dash line indicates the depth of rheological boundary for cases Qbl

and QbS. Stresses are plotted in the same scale.

tension for all cases. For the control case, 72 is smoothly
decreasing and t,, smoothly increasing, and the direction of
the maximum compression stress axis then shifts gradually
from vertical to an oblique angle (Fig. 4). For the HVL
cases, the direction of the maximum compression rapidly
and discontinuously changes at the HVL boundary due to
the discontinuous large change of t2. This rapid change of
direction indicates a discontinuous change of the stress field
between the lithosphere and asthenosphere.

Such observations of velocity gradients and stresses could
be understood with one-dimensional channel flow models
(e.g., Turcotte and Schubert, 1982, pp. 232-236). In a sim-
ple case of two-layer Couette flow with constant viscosities,
for example, velocities and shear stress are continuous at the
boundary of two layers. The velocity gradient in each layer
is inversely proportional to the viscosity, and thus it become
small in the high-viscosity layer. In our models, viscosities
varies over depths in layers, but the viscosity contrast be-
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Case Ra VR TH IH TS

Sal le6 1 - - 5,000
Sa2 1e6 1 - Low 5,000
Sa3 le6 1 - High 5,000
Sa4 3e6 1 - - 5,000
Sa5s 3e6 1 - Low 5,000
Sa6 3e6 1 - High 5,000
Sa7 5e6 1 - - 5,000
Sa8 5¢6 1 - Low 5,000
Sa9 S5e6 1 - High 5,000
Sb1 le6 5 0.25 - 5,000
Sb2 le6 5 0.25 Low 5,000
Sb3 le6 5 0.25 High 5,000
Sb4 3e6 5 0.25 - 5,000
Sbs 3e6 5 0.25 Low 5,000
Sb6 3e6 5 0.25 High 5,000
Sb7 5e6 5 0.25 - 5,000
Sb8 5e6 5 0.25 Low 5,000
Sbo 5e6 5 0.25 High 5,000
Scl le6 5 0.5 - 5,000
Sc2 le6 5 0.5 Low 5,000
Sc3 le6 5 0.5 High 5,000
Sc4 3e6 5 0.5 - 5,000
Sc5 3e6 5 0.5 Low 5,000
Scb 3e6 5 0.5 High 5,000
Sc7 5e6 5 0.5 - 5,000
Sc8 5e6 5 0.5 Low 5,000
Sc9 5e6 5 0.5 High 5,000
Sd1 le6 5 1.0 - 5,000
Sd2 le6 5 1.0 Low 5,000
Sd3 le6 5 1.0 High 5,000
Sd4 3e6 5 1.0 - 5,000
Sd5 3e6 5 1.0 Low 5,000
Sd6 3e6 5 1.0 High 5,000
Sd7 5e6 5 1.0 - 5,000
Sd8 5e6 5 1.0 Low 5,000
Sd9 5e6 5 1.0 High 5,000

tween the rigid plate and soft upper mantle is large so that
the velocity gradients become small in the HVL. In previous
convection models with a temperature-dependent rheology,
the transition between the plate and the upper mantle is grad-

Table 3. (continued).

Case Ra VR TH H TS

Sel le6 5 2.0 - 5,000
Se2 le6 5 2.0 Low 5,000
Se3 le6 5 2.0 High 5,000
Se4 3e6 5 2.0 - 5,000
Se5 3e6 5 2.0 Low 5,000
Se6 3e6 5 2.0 High 5,000
Se7 5e6 5 2.0 - 5,000
Se8 5e6 5 2.0 Low 5,000
Se9 5e6 5 2.0 High 5,000

Ra: Thermal Rayleigh Number. VR: n3/n}. TH: Thickness of
the HVL. Thickness is normalized by the unit thickness, which is
arbitrarily chosen as 0.09375. IH: Amount of internal heating. As
the flow is not steady state it is not possible to quantify the internal
heating fraction.
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Fig. 5. Contoured image of the temperature fields. Increments of the
contour is 0.1 unit temperature. a) Case Sal (the control case), b) Sd1
(n3/n} =5), ¢) Scl (a thin HVL), and d) Sel (a thick HVL).

ual, and there in no clear boundary. By introducing the HVL,
we have a clear definition of plate based on velocities and
stresses even in a simple Newtonian rheology model.
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Fig. 6. Profiles of temperature, normalized flow velocity, and viscosity, and velocity gradient for cases with Ra = 3 x 10°. Shown are cases Sa4 (the
control case; solid line), Sd4 (5 /n} = 5 ; long dashed line), Sc4 (a thin HVL case; dash-dot line), and Se4 (a thick HVL case; short dashed line).

3.2 Time-dependent flow

In the quasi-steady state flow models, the entire domain is
cooled down substantially, and the TBL becomes very thick
at the surface. In the convection models of the upper man-
tle, the base of lithosphere is often defined as the isothermal
line of 0.9 dimensionless unit temperature (e.g., Gurnis and
Hager, 1988). On the case Qbl (Fig. 2b), for example, the
ratio of thicknesses of the TBL and the HVL exceeds 3. By
using a higher Rayleigh number it is possible to make a thin-
ner TBL, but and it is difficult to model a quasi steady state
flow since the flow becomes turbulent. Instead, we model
the initial stages of the subduction and investigate flow field
for thin TBL cases. Two-dimensional time-dependent mod-
els have been successfully used and have provided insights
on processes in the upper mantle (e.g., Christensen, 1984;
Gurnis and Hager, 1988; Chen and Morgan, 1990; Weinstein
and Olson, 1992).

A similar model set-up and initial conditions that are used
for the quasi steady state cases are used for the time-
dependent flow models. An additional low viscosity weak
zone of the same size is placed in the lower right corner of the
domain (King and Hager, 1990), and the viscosity of these
three weak zones is fixed to nf. A thin thermal boundary
layer is placed at the top at + = 0. Several different com-
binations of parameters are tested, changing the amount of
heat flow and the Rayleigh number (Table 3). The amount of
internal heating does not have a large effect on the flow field;
the effect of internal heating is mostly to enhance upwelling,
but when the flow is still in the early stage the governing
process is the cooling at the surface of the domain and the
flow field is dominated by the downwelling. The thickness
of the TBL is a function of the Rayleigh number but oth-
erwise the thermal fields are similar for all cases modeled
here. The flow field is characterized by a skewed velocity
distribution, which also shows the dominant effect of slab
pull force (Fig. 5). Temperature fields are similar among

all cases, and the addition of the HVL has a little effect on
the temperature field, which agrees with the results of quasi
steady state flows. Vertical and horizontal variations of flow
velocity are smaller for rheologically layered cases (Fig. 6),
which also agrees with quasi steady state flow cases. In gen-
eral, characteristics of flows are similar for the quasi steady
state flow and time dependent flow cases.

Exceptions are the thin-TBL-thick HVL cases; depth pro-
files of flow velocity for the thin the TBL case (Sc4) appear
to be similar to the non-HVL control case (Sa4) in the upper-
most mantle, indicating a lack of control by the rheological
layering on the shallow flow field. When the HVL is thicker
than the TBL (case 4), it is theologically uniform at depths of
rapid increase of temperature so that the TBL can be viewed
as a local phenomenon in a locally homogeneous mantle. A
similar feature should occur in a quasi steady state flow with
a thin TBL; velocities and stresses are mainly controlled by
the temperature.

4. Discussion

Previously, we compared two oceanic models, PAS5 for the
central Pacific (Gaherty et al., 1996) and PHB3 for the west-
ern Philippine Sea (Kato and Jordan, 1998) and discussed the
nature of the boundary layer in the oceanic upper mantle. To
correct the differences of the sea-floor ages, we applied an
empirical scaling relation between shear-wave velocity and
temperature (Kato, 1997), assuming that the thermal struc-
ture in the uppermost mantle is not affected by the compo-
sitional layering. We found that the effect of the rheological
layering is small on the thermal structure so that the use of
this correction is justified. On one hand, Hirth and Kohlstedt
(1996) attributed the flattening of age-sea-floor depth curve
to secondary small scale convection below the compositional
boundary layer in the older basin (e.g., Richter and Parsons,
1975; Katzman et al., 1998), but this hypothesis is not tested
dynamically in this study.
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500

Fig. 7. Dynamic topography calculated from the stress field for cases Qal (the control case; solid line), Qb1 (a HVL case; dotted line), Qd1 (a thick HVL
case; dash-dotted line), and Qel (a thin HVL case; dashed line). Dimensionalized numbers are used in this figure.

One effect of the HVL is the small deformation rate in the
lithosphere. Anisotropy in the upper mantle is likely to be
due to the lattice preferred orientation (LPO) of olivine, and
the lithospheric anisotropy is probably formed by the paleo-
strain at the ridge environment and fossilized in the litho-
sphere. Observations of shallow anisotropy in the oceanic
upper mantle imply that the oceanic lithosphere maintains
the fabric that is formed during the early stage (e.g., Karato,
1989). The small deformation rate in the HVL is favorable
to keep such microstructure in the uppermost mantle.

Anisotropy in the LVZ as well as in the lid is required
in some recent seismological models (Gaherty et al., 1998,
Kato and Jordan, 1998). Origin of such anisotropy in the
asthenosphere is ambiguous, but LPO of olivine should rep-
resent the past (Ribe, 1989; Zhang and Karato, 1995), or the
ongoing accumulation of strain (Montagner and Tanimoto,
1991; Katzman et al., 1998). In a recent model of non-
Newtonian viscous flow, the major contribution of anisotropy
in the oceanic mantle is estimated from the asthenosphere
where the effective viscosity is low (Tommasi et al., 1996).
Based on the results of the HVL models in this study, it is
suggested that in the rheologically stratified upper mantle,
development of a strong shear zone strain could be confined
in the asthenosphere, and its width could be narrow. Origin
and properties of anisotropy in the asthenosphere then could
be different from those in the lithosphere.

Observed sea-floor depth is a superposition of the dynamic
topography onto the static age dependent subsidence result-
ing from growth of the TBL (Kido and Seno, 1994). A large
deviation from the predicted age-depth curve often indicates
a regional tectonic deformation, such as a massive plume in
the south central Pacific (McNutt and Fischer, 1987; McNutt
and Judge, 1990). Figure 7 shows calculated dynamic topog-
raphy at the surface for the quasi steady state cases, follow-
ing the method of McKenzie er al. (1974) (see also Zhong
et al., 1993). For the control case, a small local high of dy-
namic topography appears at approximately x = 2.7, which
corresponds to a small and weak convection cell beneath it.
This local high does not appear for cases with the HVL, for
which the dynamic topography is changing smoothly over

the domain and is thus relatively rich in the long wavelength
component. Dominance of long wavelength components is
probably owing to a large viscosity contrast at the rheolog-
ical boundary which makes the lithosphere difficult to be
deformed in a short wavelength. The HVL thus acts as
a low-pass filter of the dynamic topography. A large sea-
floor depth anomaly in the Philippine Sea is characterized
as a uniform subsidence (Park et al., 1990). The Philippine
Sea plate is surrounded by active subduction zones, and the
downward forces that are exerted at the boundaries of the
Philippine Sea plate could account for the subsidence of the
basins in the Philippine Sea. Of the dynamic topography due
to the subductions, short wavenumber components should
be filtered out, but the resultant dominant long wavelength
component might contribute to a uniform subsidence of the
small Philippine Sea plate. The oceanic lid in the western
Philippine Sea is thick (Kato and Jordan, 1998), but it would
be difficult to estimate the thickness of the HVL from ob-
served topography as the effect of HVL thickness on the
variation of the dynamic topography is small.

5. Concluding Remarks

We modeled mantle convection with the presence ofa HVL
in the oceanic upper mantle, and investigated the effect of a
rheological layering on the mantle convection. A Newto-
nian rheology law is assumed and a temperature-dependent
viscosity is employed so that the effects of both the ther-
mal effects and those of rheological layering on the surface
boundary layer are considered. Effect of the rheological lay-
ering is negligible on the temperature field, and geophysical
observations that are sensitive to the thermal structure cannot
distinguish homogeneous and HVL models. Flow velocities
are uniform in the HVL, suggesting a small deformation rate
in the lithosphere. A sharp transition could exist in the stress
field for the matured oceanic upper mantle. Formation of
anisotropy in the asthenosphere could have a little effect on
the existing lithospheric anisotropy.

Rheological layering is only one aspect of the oceanic
compositional boundary layer, and there are several points
that should be pursued in future studies. For example, the
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evolution of the compositional boundary layer is not consid-
ered in this study. Melting differentiation processes at ridges
supply the material to this layer, and the chemical and dy-
namic processes should be important in the organization of
the flow and the surface boundary layer in the young oceanic
basins. It also should be pointed out that we did not consider
the non-Newtonian rheology and the viscous heating (Karato
and Wu, 1993; Karato, 1995). It is desirable to utilize a more
realistic rheology law and to include small scale processes,
especially chemical processes in modeling convective flows
in the oceanic upper mantle.
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