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[1] The effect of rheology on the evolution of the slab-tip
during subduction initiation is analyzed using 2-D
numerical flow models. Experimentally determined flow
laws have both strong temperature- and stress-dependence,
which leads to large local variations in viscosity with direct
consequences for subduction initiation. We find that models
with Newtonian viscosity lead to flat or coupled subduction
due to hydrodynamic stresses that pull the slab-tip up
towards the overriding plate. Non-Newtonian rheology
reduces these hydrodynamic stresses by decreasing the
wedge viscosity and the slab coupling to wedge-corner
flow, rendering the small negative-slab buoyancy of the
slab-tip sufficient to maintain its dip during the early stages
of subduction. Citation: Billen, M. I., and G. Hirth (2005),

Newtonian versus non-Newtonian upper mantle viscosity:

Implications for subduction initiation, Geophys. Res. Lett., 32,

L19304, doi:10.1029/2005GL023457.

1. Introduction

[2] Dynamic coupling of tectonic plates to mantle con-
vection occurs in subduction zones where negative slab
buoyancy pulls the plate into the mantle and drives defor-
mation in the surrounding mantle [Bercovici et al., 2000].
While it is recognized that the nature of slab coupling to the
mantle depends on the rheology of the slab and the upper
mantle [Gurnis and Hager, 1988], coupling and deforma-
tion of the slab in the upper mantle during subduction
initiation has not been widely considered.
[3] Subduction initiation studies have focused on the

forces needed to bend or break the lithospheric plate,
[McKenzie, 1977; Mueller and Phillips, 1991; Fowler,
1993; Gurnis et al., 2004], exploiting pre-exisiting weak-
nesses such as fracture zones [Kemp and Stevenson, 1996;
Toth and Gurnis, 1998; Hall et al., 2003] or oceanic-plateau
boundaries [Niu et al., 2003], and mechanisms that specif-
ically account for weakening of the lithosphere [Cloetingh
et al., 1989; Regenauer-Lieb et al., 2001]. Although,
subduction is not self-sustaining until the slab reaches a
length of 110–180 km long [McKenzie, 1977; Hall et al.,
2003], these models have not addressed the balance of
hydrodynamic and gravitational forces on the slab-tip as it
enters the upper mantle.
[4] Slab dip is controlled by a balance between gravita-

tional forces (negative slab buoyancy), which tend to

increase slab dip, hydrodynamic forces (suction) due to
induced viscous flow around the slab, which tend to
decrease slab dip, and internal deformation of the slab
[Stevenson and Turner, 1977; Tovish et al., 1978]. For a
slab-tip with small negative buoyancy, the hydrodynamic
forces can pull up on and viscously couple the slab-tip to the
overriding plate. Increasing the slab density by adding
compositional buoyancy can overcome the strong hydrody-
namic torque [Kincaid and Sacks, 1997], but requires
compositional density far exceeding expected values
[Ringwood, 1982].
[5] Laboratory experiments predict that the upper

mantle, composed primarily of olivine, deforms by a
combination of diffusion (Newtonian) and dislocation
(non-Newtonian) creep [Karato and Wu, 1993], with the
non-Newtonian response dominating in regions of high
stress. In addition, localized low viscosity regions can
develop in the mantle owing to the presence of water,
melt, a reduction of grain-size or the effects non-
Newtonian viscosity [Hirth and Kohlstedt, 2003]. While
some models of subduction initiation have included non-
Newtonian viscosity [Hall et al., 2003; Gurnis et al.,
2004], they did not explore the role of this choice of
rheology on development of the slab-tip.

2. Method

[6] We solve the standard equations of conservation of
mass, momentum and energy, for thermal convection with-
out internal heating, in which the mantle is treated as an
incompressible fluid and inertial forces are negligible, using
the spherical-geometry finite-element code, CitcomT
[Zhong et al., 1998]. The model domain, a 2-D slice of a
spherical region, and the boundary conditions are shown in
Figure 1a. The initial temperature of the plates is calculated
assuming a half-space cooling model with a uniform age of
75 Myr (or 25 Myr, model 4 only) for the overriding plate
and an age that increases from 0 to 100 Myr across the
subducting plate. The plate boundary is modeled as a
narrow (20 km), dipping low viscosity shear zone in which
the viscosity, hsz = min(heff,

sysz
_� ) is determined from the yield

stress sysz (see below), _� is the second invariant of the strain-
rate tensor, and heff is the effective viscosity (equation (1))
(Figure 1b).
[7] A visco-plastic rheology is used for the mantle and

lithosphere. The plastic response is applied to cold regions
(T � 800�C) and to the shear zone as a yield stress, sy =
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min(smax, s0 + s0yz), where smax = 1000 MPa approx-
imates the behavior of low-temperature plasticity [Goetze
and Evans, 1979], s0 = 0.1 MPa is the rock strength in
the upper kilometer and s0y = 15 MPa/km is the stress
gradient in the lithosphere assuming approximately
hydrostatic pore fluid pressure (pore fluid ratio, l =
0.9) and a coefficient of friction, m = 0.6 [Kohlstedt
et al., 1995] (Figure 1c). In the shear zone, s0ysz =
0.176 MPa/km for m = 0.4 and l = 0.99, which gives

a maximum shear zone yield stress of 17.5 MPa at
100 km depth. The effective viscosity

heff ¼
hdf hds

hdf þ hds
ð1Þ

accounts for deformation in which the total strain-rate is
accommodated by diffusion creep, hdf, and dislocation
creep, hds. The transition from diffusion- to dislocation-
dominated creep is characterized by the transition strain-
rate, the strain-rate at which hdf = hds ( _�tran = 10�15 s�1 at
250 km depth for the parameters used in this study). The
viscosity law when no melt is present and water content is
constant is given by

h ¼ dp

ACr
OH

� �1
n

_�
1�n
n exp

E*þ PV*

RT

� �
ð2Þ

where A is the experimentally determined pre-exponential
factor, d is the grain size, COH is the concentration of
hydroxyl ions in the olivine, E* is the activation energy, V*
is the activation volume and P is the lithostatic pressure.
[8] The viscosity parameters are taken from Hirth and

Kohlstedt [2003, Table 1] for wet diffusion creep (A = 106,
n = 1, p = 3, r = 1, E* = 335 kJ, V* = 4 � 10�6 m3/mol) and
wet dislocation creep (A = 90, n = 3.5, p = 0, r = 1.2, E* =
480 kJ, V* = 11 � 10�6 m3/mol) for olivine at constant
COH. The absolute value of the viscosity is determined by
choice of the water content and grain-size. The viscosity
profile (Newtonian-1, Effective) uses COH = 300 H/106Si
and d = 10 mm throughout the upper mantle and litho-
sphere, which gives an effective viscosity of 1 � 1020 Pa-s
at a depth of 250 km for both the diffusion and dislocation
creep laws at the transition strain-rate (Figure 1c). These
values are modified to COH = 3000 H/106Si and d = 4 mm
in the upper mantle for a subset of Newtonian viscosity
models (Newtonian-2) to give a viscosity similar to that
which occurs in the effective viscosity models as a result of
strain-rates that exceed the transition strain-rate.
[9] The incorporation of a yield stress in the models leads

to a plastic response everywhere within the cold interior of
the slab. Given the strength profile for the lithosphere with a
visco-elastic-plastic rheology [Goetze and Evans, 1979],
deformation of the slab is accommodated by both elastic
and viscous strain until the applied stress exceeds the yield

Figure 1. Model setup. (a) Full model domain with
boundary conditions (0–25� – overriding plate, u = 0;
25–45� – subducting plate, u = usub) and initial viscosity
structure (Newtonian-1). Top and bottom boundaries are
isothermal. Element size varies from 1.5 � 2.5 km in the
top-center, to 16.5 � 10 km in the bottom-edges of the
model domain. (b) Enlarged view of subduction zone
region with the shear zone plate boundary and tempera-
ture contours (300�C). (c) Depth profiles of viscosity and
yield stress. See color version of this figure in the
HTML.

Table 1. Model Parametersa

Model Rheology usub qsz Sub.-Style

1 Newt-1 2.5 30� coupled
2 Newt-1 5.0 30� coupled
3 Newt-1 7.5 30� coupled/flat
4b Newt-1 5.0 30� flat
5c Newt-1 5.0 30� flat
6 Newt-1 5.0 45� coupled/flat
7 Newt-1 5.0 60� coupled/flat
8 Eff. 2.5 30� normal
9 Eff. 5.0 30� normal
10 Eff. 7.5 30� normal
11 Newt-2 2.5 30� coupled
12 Newt-2 5.0 30� coupled/flat
aSubduction velocity in cm/yr. qsz is the shear zone dip.
bThe overriding plate age is 75 Myr for all models except model 4 with

an age of 25 Myr.
cModel 5 is Newtonian with no yield stress.
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stress. In our models, although we do not explicitly include
elasticity, once the yield stress is exceeded the stresses
acting on the slab would be large enough to overcome both
the visco-plastic and elastic resistance to deformation.

3. Results

[10] The effect of Newtonian versus non-Newtonian
viscosity on the deformation of the slab-tip during subduc-
tion initiation is analyzed for a series of models in which
either effective viscosity or a Newtonian viscosity is used
and the imposed subduction velocity, shear zone dip, age of
the overriding plate and/or yield stress are varied. A subset
of these model results are summarized in Table 1 with three
models illustrating the range of behavior shown in Figure 2.
[11] Three styles of subduction of the slab-tip were

observed in the models: normal, coupled and flat. Normal
subduction is characterized by subduction that maintains a
distinct low viscosity and high temperature boundary be-
tween the slab and overriding plate. Coupled subduction
occurs when overall thickening of the subducting slab
causes it to viscously couple to and partially entrain the
lower portion of the overriding plate. Flat subduction occurs
when a distinct decrease in slab dip causes the slab-tip to
flatten beneath the overriding plate. In some models initially
coupled subduction leads to formation of a flat slab (labeled
coupled/flat in Table 1), while all flat slabs become
viscously coupled to the overriding plate.
[12] All of the Newtonian viscosity models resulted in

flat, coupled or coupled/flat subduction regardless of other
rheology parameters (Newt-1 and Newt-2), subduction rate
(2.5–7.5 cm/yr), shear zone dip (30�, 45�, and 60�), age of
the overriding plate (25 and 75 myr) and yield stress (depth-
dependent or no yield stress). These models start with a
distinct separation of the slab and overriding plate, however
as the wedge corner cools, the viscosity increases. The
hydrodynamic stress acting on the surface of the slab-tip is
proportional to both the viscosity and the magnitude of
velocity in the mantle above the slab [Tovish et al., 1978].
The temperature dependence of the flow laws leads to a
sharp increase in viscosity with temperature in the wedge
corner (Model 4, Figure 2a). Therefore the hydrodynamic
stress increases rapidly as the viscosity increases even as the

flow velocity above the slab decreases. Because the slab can
deform and its buoyancy is small, the increase in hydrody-
namic stress thickens and flattens the slab against the
overriding plate (Figure 2b). In Newtonian models with a
lower asthenospheric viscosity (Newt-2: 	10 � smaller), a
distinct separation of the slab and overriding plate persists
for slightly longer times, but the slab also eventually
becomes coupled to the overriding plate (Model 12, Figures
2c and 2d).
[13] During subduction initiation the wedge corner is

subject to high stresses as the slab-tip is pushed into the
mantle and a constricted corner flow develops above the
slab. In the effective viscosity models these stresses act to
decrease the wedge-corner viscosity due to the non-New-
tonian component of the effective viscosity. In addition, the
decrease in viscosity surrounding the slab partially decou-
ples the slab from the surrounding mantle creating a sharper
gradient in velocity above the slab and a lower mantle flow
velocity in the wedge away from the slab. Both these effects
act to decrease the hydrodynamic stresses on the slab. As
soon as the slab-tip pushes beneath the overriding plate a
weak zone develops above the slab-tip, even as this region
cools (Model 9, Figures 2e and 2f). This weak zone is
maintained as subduction continues allowing advection of
the mantle into the narrow wedge corner and thus main-
taining warmer wedge-corner temperatures.

4. Discussion and Conclusions

[14] The minimum convergence velocity needed to over-
come thermal equilibration during subduction initiation is
estimated as 1.0–1.5 cm/yr [McKenzie, 1977; Hall et al.,
2003], while the upper limit depends on the relative speed of
the converging plates across the plate boundary. A conver-
gence velocity of 1.0–2.0 cm/yr provides sufficient driving
force to initiate subduction in models with a young
(<10 Myr) overriding plate and purely non-Newtonian
viscosity for the mantle [Hall et al., 2003]. For the viscosity
parameters used in our study a slow convergence rate of
2.5 cm/yr is sufficient to maintain separation between the
slab and overriding plate during subduction initiation. How-
ever, this result depends on the grain size and water content,
which determines the transition strain-rate, and thus the

Figure 2. Model results. Viscosity (log10(h)) overlain by temperature contours (300�C) for (a)–(b) Model 4–flat,
(c)–(d) Model 12–coupled and (e)–(f) Model 9–normal. See color version of this figure in the HTML.
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strain-rate needed to overcome the affects of thermal cooling
and temperature-dependence of viscosity in the wedge
corner. For example, a smaller grain-size would decrease
the diffusion creep component of the effective viscosity, but
would increase the transition strain-rate, thus diminishing
the strain-rate weakening response. Dehydration of the slab-
tip and hydration of the wedge corner or dynamic recrystal-
lization leading to an even larger reduction in grain size
could further decrease the wedge-corner viscosity, although
the behavior of models 11 and 12 indicate that these effects
may not be sufficient in the absence of dislocation creep.
[15] We have shown that an effective viscosity with a

non-Newtonian component facilitates subduction initiation
by decreasing the hydrodynamic stresses and internal de-
formation of the slab. Although some aspects of convection
(e.g. overall heat transport) with non-Newtonian viscosity
can be simulated using a Newtonian viscosity with a
reduced activation energy [Christensen, 1983], non-New-
tonian viscosity with the full temperature-dependence cre-
ates strong local variations in viscosity that lead to
considerably different dynamics.
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graphic Institution and the USGS for support as a post-doctoral fellow. We
also thank two anonymous reviewers for their comments and suggestions.
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