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Abstract. A simple model of mantle return flow in response to litho­
spheric plate motions is developed. Such a model is realistic if the 
buoyancy forces are concentrated in the plates. One-dimensionality is chosen 
as a simplification to study effects of mantle rheology in as much isolation as 
possible. Rheology is modelled as a combination of dislocation creep, 
diffusion creep and fluid phase transport; parameters are those appropriate 
for olivine. We have varied temperature, grain size, influence of partial melt, 
diffusivity and activation energy, grain deformation versus grain boundary 
sliding dominated creep, and surface plate velocity. A peculiar feature of 
non-linear rheology is the existence of low-stress high-viscosity regions, 
which, however, are of little dynamic importance because deformation there 
is very small. The main results are (1) that the model does not predict an 
excessive pressure gradient to be required by the return flow (which would be 
evident in a rise of the sea floor and strong increase in free air gravity 
anomalies toward the trenches); (2) that no excessive shear stresses at the 
plate bottom are predicted (which might result in observable heat flow effects 
and intra-plate seismicity and would require implausibly great driving forces 
at the plate ends); (3) that the model predicts the return flow to extend into 
the deeper mantle; this follows, however, from the simplifying assumption of 
olivine rheology below 400 km depth and would then argue for rather high 
temperatures, small grain sizes, possibly important fluid phase transport, and 
small activation volume. Recent work on the variation of activation volume 
with pressure and phase changes suggests a rather 'soft' lower mantle and 
thus supports the notion of 'deep' return flow. In interpreting the results one 
must, of course, keep in mind that the model is a purely mechanical one with 
a predetermined temperature profile (varied within plausible limits) and 
that the physics of the thermodynamic aspects of the flow problem is 
ignored. 

Key words: Rheology of earth's mantle - Plate sections - Model of mantle 
flow. 

0340-062Xj79 /0045/0299 j$03. 80 



|00000308||

300 W.R. Jacoby and G. Ranalli 

Introduction 

The present state of ignorance about plate dynamics requires model studies of 
mantle flow. One problem is that ot the return flow: if a rigid surface plate 
moves in one direction the material below must flow back to conserve mass; in 
this model the plate moves against resistance from the return flow and drives it. 
The forces driving the plate, and the opposite model where the plate is carried 
passively or driven against some other resistance by the deep mantle flow, are 
not the subject of this paper. 

In former studies (Schubert and Turcotte, 1972; Jacoby, 1978) depth-de­
pendent Newtonian viscosity was assumed, but it is probably more realistic for 
the polycrystalline mantle to have non-Newtonian rheology (Stocker and Ashby, 
1973). In order to isolate the effects of different rheologies it seems sensible, as 
done in the above studies, to model the problem in its simplest, i.e., one­
dimensional and steady-state form; all quantities vary only with depth and the 
full circulation is ignored as though a 'cell' is infinite horizontally. The method 
of solution for non-linear rheology is an iterative one using the direct linear 
solution given by Jacoby (1978). Stresses and strain rates are found by successive 
adjustments and as one of the results one obtains the effective viscosity as their 
ratio. This viscosity is an integral part of the model and will not be appropriate 
to situations where additional strains are superimposed. 

As will be discussed below, the non-linear creep of mantle material is 
strongly sensitive to temperature (among other parameters) so that shear heating 
will influence the flow. We have chosen to ignore this thermo-dynamic aspect of 
the problem in order to keep the model very simple; it is thus a purely 
mechanical one with predetermined temperature-depth profiles, varied within 
plausible limits. Schubert and Turcotte (1972}, Froidevaux and Schubert (1975), 
Schubert et al. (1976), Froidevaux et al. (1977), Schubert et al. (1978), and Yuen 
et al. (1978) have treated the flow problem in a fuller way by including the shear 
heating and thus solving for temperature beside the flow velocity. As mentioned 
at the outset, the first of these papers assumed Newtonian viscosity; the later 
ones assumed non-linear dislocation creep but did not include diffusion creep 
and fluid phase transport because these would presumably be of little influence. 
In the simpler of their models the asthenosphere was assumed to be simply a 
layer of shear (not return) flow; the most complex model (Schubert et al., 1978; 
Yuen et al., 1978) additionally included partial return flow and vertical flow 
from below in variable proportions, buoyant forces, and heat advection. This is 
physically more complete than our model, but also more complex. Furthermore, 
there is still the unknown distribution of additional heat sources (other than 
dissipation) such that the complete thermodynamic solution of the flow problem 
remains open to ad hoc assumptions. We thus present our simple model as an 
instructive exercise in the study of the effects of various rheologies on the mantle 
return flow in a purely mechanical sense. 

The method of solution and our assumptions, in particular those with 
respect to rheology, will be presented first. Then the results will be presented 
and discussed iri terms of the geophysical constraints and consequences on 
gravity, sea floor topography, heat flow, plate kinematics, and stress in the 
lithosphere. 
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Method of Solution 

In the one-dimensional steady-state return flow model (Jacoby, 1978) all 
quantities vary only with depth, z, and the horizontal (x) flow is driven entirely 
by the negative horizontal pressure (p) gradient balancing the resulting vertical 
gradient of the horizontal shear stress (T) 

ap a, 
(1) 

ox az· 

Effects of the rising and falling flow and of sphericity are neglected; gravity has 
no influence. The net transport through a vertical section is assumed to be zero. 
The surface velocity is imposed on the model and the bottom is held fixed at an 
arbitrary depth, for which we have usually chosen 2,000 km. 

If the viscosity is Newtonian, 

du 
T=1]­

dz 
(2) 

and Eq. (1) can be solved if opjox is an integrable function of z, e.g., opjox=A. 
For stepwise constant 1J(z) = 1Ji for zi < z ~ zi+ 1 : 

(3) 

B is the shear stress at the bottom of the surface plate. The flow velocity u 
becomes 

A z2 B 
u =- -+-z+C;. 

1Ji 2 1Ji 
(4) 

Assuming continuous velocity and shear stress we can compute Ci. The solution 
is linear in surface velocity u1• 

If power law creep is assumed, T" = f3 ~:, where f3 is a PT-dependent 

parameter and n is a constant PT-independent exponent. Integration gives: 

T =Az+ /3t 1" Bi =Az+B; (5) 

For large n the velocity-depth profile approaches the cornered one of ideal 
plasticity. The problem is no longer linear in the surface velocity u1• 

If diffusion and dislocation creep govern the effective viscosity, its stress 
dependence 1J(T) is such that no simple analytical solution can be found. A 
convenient way to solve this non-linear problem is iteration of the linear 
solutions by progressively adjusting the effective viscosities on the basis of the 
stresses found in the previous steps. One starts with an arbitrary initial viscosity 
YJ 0 (z) and has found the correct viscosity when successive solutions no longer 
differ significantly. In this scheme the initial assumption 1J 0 (z) may be important 
for rapid convergence; we found it best to compute 1J 0 (z) with the assumed 
stress-dependence 1J(T) and an anticipated stress distribution T(z) 
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Convergence was tested by the squared stress change integrated over the 
whole depth range and normalized with respect to the previous total stress 
integral: 

(6) 

The convergence was sometimes very slow if the solutions oscillated between 
two extremes: zero stress --+ high viscosity and, in turn, high stress --+ very low 
viscosity; once the solution approached the final one, convergence became 
rapid. 

Rheology of the Upper Mantle 

The effective viscosity used in the above procedure is the ratio of stress and 
strain rate and cannot be defined without discussion of the creep mechanisms. 
Experimental results on rock deformation (Carter, 1976), observation of flow 
textures in rocks of mantle origin (Nicolas, 1976), and theories of solid state 
creep (Weertman, 1970), show that dislocation creep, which leads to a power-law 
dependence of strain rate upon stress, is widespread, and may be predominant, 
in the upper mantle. Glacio-isostatic data can be fitted by the assumption of 
linear viscosity (Walcott, 1973) and equally well by a power-law model (Post 
and Griggs, 1973). If a liquid phase is present, diffusional flow through the liquid 
may become possible (Stocker and Ashby, 1973). Thus as a first approximation 
there are three creep mechanisms of possible relevance to polycrystals under 
upper mantle conditions: (i) diffusion creep, governed by the migration of 
vacancies through the grains (Nabarro-Herring creep) or along grain boundaries 
(Coble creep), which results in linear viscosity; (ii) dislocation creep, governed by 
dislocation climb and glide, which results in power-law creep; and (iii) fluid 
phase transport creep, when diffusion through the liquid (partial melt in the case 
of the asthenosphere) becomes predominant: it also results in linear viscosity. 
The results on strain rates and effective viscosities obtained by using the 
rheological parameters of olivine apply to the upper mantle only, and if 
extrapolated to the lower mantle must be treated with caution, since olivine goes 
through a series of phase changes in the mesosphere. 

The equations govering the three types of creep can be written down as 
follows (Stocker and Ashby, 1973): 

(31/2)"+ 1 D f.lb ((J)" 
Dislocation creep: i = 2 A k T p 

Diffusion creep: £=21 ~~~~ (~) 

Fluid phase transport: i = 21 D f Q ~ (~) 
kTd f.1 

(7) 

(8) 

(9) 
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where i=shear strain rate; rr=shear stress; 
D, De' D f =diffusion coefficients; 

303 

A, n=Dorn's parameters; J!=rigidity; b=Burgers' vector; Q=atomic volume; 
k=Boltzmann's constant; T=absolute temperature; d=grain size. 

The temperature and pressure dependence of the diffusion coefficient in 
dislocation creep is 

( Q+pV) 
D=D0 exp - RT (10) 

where Q=activation energy; V=activation volume; p=pressure; and R=gas 
constant. Activation energy and volume are those appropriate for lattice dif­
fusion. 

In diffusion creep, the diffusion coefficient is given by 

nb 
De=Dv+dDB (11) 

where Dv and DB are the diffusion coefficients for lattice and grain-boundary 
diffusion, respectively; b=grain-boundary width; and d=grain size. The PT­
dependence of Dv is assumed identical to (10); so is the form of the PT­
dependence of DB, but with activation energy about 1/3 less than the activation 
energy for lattice diffusion. The diffusion coefficient when fluid phase transport 
is present is given by 

(12) 

where /=volume fraction of the liquid phase; CL=solubility of the diffusing 
species in the liquid; and DL =kTj8ryLQ 113 is the diffusion coefficient in the 
liquid (1JL is the liquid viscosity). 

In Eqs. (7), (8), and (9) the numerical constants are such that the invariant 
form of the creep laws is satisfied; e and rr must be interpreted as shear strain 
rate and shear stress. If grain boundary sliding with diffusional accommodation 
is predominant over grain shape changes, the strain rate increases approximately 
sevenfold. This type of creep has been called 'superplastic' creep (Ashby and 
Verrall, 1973). 

We approximate the upper mantle as a pure olivine layer (Fo 90 _ 95 ). Table 1 
lists the values of the rheological parameters adopted in this paper for dislo­
cation and diffusion creep. 

In the case of fluid phase transport, the estimation of rheological parameters 
is at least one order of magnitude less reliable than in solid phase creep. The 
liquid fraction, on the basis of seismological evidence (Anderson and Sammis, 
1970), is taken to be of the order of 0.01. The diffusion coefficient in the liquid 
depends critically on the viscosity of the melt, and thus on the activation energy 
for viscous flow: 

(13) 
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Table 1. Rheological parameters for olivine 

Parameter Value 

Dorn's parameter A 0.7 
Dorn's parameter n 3.0 
Burgers' vector b 6.98 ·10- 10 m 
pre-exponential diffusivity Do 10-1m2s-1 

activation energy Q 5.4 · 105 J mol- 1 
activation volume v 1.1·10- 5 m3mol- 1 

atomic volume Q 1.15 ·10- 29m3 
grain size d 10- 4 -10- 2m 
grain boundary width ll 1.4.10- 9 m 

References 

[1] 
[1], [2], [4] 
[1], [3] 
[3] 
[1], [3] 
[1], [2] 
[1], [3] 
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[1] 

[1] Stocker and Ashby, 1973; [2] Kirby and Raleigh, 1973; [3] Twiss, 1976; [4] Carter, 1976; [5] 
Nicolas, 1976 

Experimental results (Murase and McBirney, 1973, Kushiro et al., 1976) suggest 
En';::; 2 · 105 J ·mol- 1 and An';::; 10- 6 Pa · s. The resulting viscosities in the astheno­
sphere, however, would be too low by about two orders of magnitude. It 
should be kept in mind that electroviscous effects may be important, by which 
the apparent viscosity of a polar liquid in a very thin channel is much larger 
than that of the bulk liquid. Furthermore grain boundary wetting may be 
incomplete and not all liquid channels may be interconnected. Therefore DL 
[Eqs. (12) and (13)] has been calculated by taking An= 10- 4 Pa · s, but in view of 
the above effects, this is likely to give an upper limit for the influence of partial 
melting and the influence on the long term rheology of the asthenosphere may 
well be zero. Finally, the PT-dependence of the rigidity is taken as 

[ 1 a 11 1 all ] ll=llo 1 +- -(T- T0)+- -(p-p 0) 
llo aT llo ap 

where (Stocker and Ashby, 1973): 

1 all 
llo=7.9-10 10 Pa; --a =-1.36·10- 4 K- 1 (T~500K); 

llo T 
1 all 

llo ap =2.25·10- 11 Pa- 1. 

(14) 

This is probably accurate in the upper mantle, but there are discrepancies 
with the seismically determined rigidity in the lower mantle. 

Summarizing Eqs. (7) to (14) and taking into account that in the present 

1 du . 
return flow problem e ="2 dz, we wnte 

(15) 
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with 
n+ 1 

c 1 = 3 2 AD 0 bIll~- 1 ; 

( Q+pV)/{ [ 1 all 1 all Jn- 1
} cp =exp --- kT 1+--(T-T.)+--(p-p) 

1 RT lloaT 0 lloaP 0 

for dislocation creep; 

for diffusion creep; and 

for fluid phase transport; when the equations are written in terms of u, the 
constant a is 42 if grain shape change dominates and 294 if grain boundary 
sliding dominates. 

As in other studies (Stocker and Ashby, 1973; Kirby and Raleigh, 1973; 
Carter, 1976; Twiss, 1976; Durham and Goetze, 1977; Ashby and Verrall, 1977) 
the complex viscosity law (15) chosen is illustrated by 'deformation maps', 
showing the stress-temperature fields at various pressures (depths) in which one 
creep mechanism is predominant; a more detailed discussion is given elsewhere 
(Ranalli, 1978). The results are presented as a function of temperature; it is then 
possible to choose the temperature range appropriate for given depths and 
regions. (Alternatively, deformation maps may be computed as function of 
depth). Five examples are shown in Fig. 1 a-e). The parameters assumed in each 
case are shown on the diagram. Curves of constant strain rates have been 
computed for £ from w- 16 to w- 11 s- 1' which should encompass most 
situations of geodynamic significance. Curves of constant effective viscosity have 
been computed for ry=1016, 1018 , ... ,1026 poise (10 poise=1 Pa·s). 

Figures 1 a and b depict the situation within the lithosphere. Effective viscosi­
ties are larger than 1024 poise for realistic T and rr. It is interesting to note that 
at lower temperatures linear creep appears to be predominant: purely diffusive 
flow is sometimes termed 'presseure solution' by geologists, and direct obser­
vation of metamorphic rocks shows textures attributable to it (Elliott, 1973). 
Diffusion-type flow at lower temperatures is also greatly enhanced by the 
presence of water (Rutter, 1976). Figures 1c and d illustrate a possible situation 
in the asthenosphere. For grain sizes of 0.1 em and about 1 % partial melt, the 
asthenosphere behaves linearly at stresses of a few bars or less; dislocation creep 
is still predominant at higher stresses. If the grain size is larger and the melt 
fraction smaller, dislocation creep is predominant at all stresses above a few 
tenths of a bar. Strain rates and effective viscosities are as inferred from tectonic 
and glacio-isostatic processes. Figure 1 e shows the conditions prevailing below 
the asthenosphere. The main result is that, below the asthenosphere, dislocation 
creep is predominant at all stresses above a few tenths of a bar. 



p• IOI<b (z.35km); ••21 (diffusion creep); groin size I em 

10-3 1000 

10-4 ' \'· ~--, ", 100 \'· ' , '12 

DISLOCATKJN' ~~~~·-, ', ~'', 
!7 10-5 
p: 

\'·,,~ 2Z ' , ~ 10 

\ -----~---, ,j(b;rs) 

,11 

l 4 

10-6 

10-7 GRAIN -BOUNDARY (COBLE) CREEP 0.1 

a· a 
10-500 1300 700 900 1100 

T(•K) 

p • 50 kb (z •160 km) ; - • 2 1 (diffusion creep) ; groin size 0.1 em; melt l'l'. 

10"""' 

10-6 

10-7 

GRAIN BOUNCMY 

(COBLE) CREEP 

1000 

CREEP 

100 

10 
!7 

(bars) 

-::_-·F:~~:~-~·A·S~.i~~~=l·-~,~~ 1 

-14 , ! 18 ·-< N~RRO-HERRING j 0.1 
l '•,, ,_ I CREEP 

c ' 
lO-~ 100 1300 15 00 17 00 ' 

T (° K) 

p • 10 kb (z 0:35 km) ; - • 21 (diffusion creep) ; groin size 0.01 em 

10-3 1000 

10-4 100 

!7 10-5 zo 10 
!7 

,11 

,11 

10-6 

10-7 

10-8~ 
500 

Z4 

GRAIN-BOUNDARY (COBLE) CREJP 

700 900 1100 
T("K) 

(bars) 
1 

~11, 

_-,~\\, 0.1 

~0. 01 
1300 1500 

p • 50 kb (z •160 km) ; • •21 (d iffusion creep); groin size I em ; melt 0.1% 

1000 
CREEP 

100 

10 
!7 

(bars) 
1 

1300 1500 1700 1900 
T{ OK) 

"" ~ 

::E 
?o ._ 
"' (') 

0 
<:T 

'-< 

"' ::l 

""' 0 
;>:I 

"' ::l 

~ 



Non-Linear Rheology and Return Flow in the Mantle 307 
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Fig. Ia~. Deformation maps: thick continuous lines: deformation field boundaries; thin continuous 
lines: effective viscosities (as powers of ten); dashed lines: strain rates (also as powers of ten). a for z 
=35km, d = 1cm; b z=35km, d=0,01cm; c z=160 km, d = 0.1cm, and 1% partial melting (the 
dotted lines represent the extensions of dislocation diffusion fields if fluid phase transport were 
absent) ; d z = 160 km, d = 1 em, partial melting 0.1 % ; e z = 390 km, d = 0.1 em 

Fig. 2. Temperature range in the mantle to 2,000 km 
depth ; for references see Solomon (1976). Geotherms 
assumed in model computations are shown in the 
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In summary, the effective viscosity law we assume has the following main 
features. In the absence of partial melting, dislocation creep is predominant at 
high stresses and diffusion creep at small stresses. Superplasticity increases the 
temperature-dependent transition stress by a factor less than three. An increase 
in grain size by one order of magnitude decreases the transition stress by 
approximately the same amount. Within the diffusion creep field an increase in 
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grain size favours Nabarro-Herring over Coble creep; the latter is predominant 
at lower temperatures. Pressure has no effect over field boundaries, if the 
pressure-dependence of the various diffusion coefficients is the same; we take 
this as a simplifying assumption. If a liquid phase with complete grain-boundary 
wetting is present, fluid phase transport is always predominant over diffusion creep 
within the linear field; if, however, electroviscous phenomena were more impor­
tant in the asthenosphere than assumed here, it may have no relevance at all for 
mantle rheology (naturally excluding situations in which the melt fraction is 
much larger than 0.01). Fluid phase transport raises the transition stress between 
non-linear and linear creep, but at high stresses dislocation creep is always 
predominant. 

As Fig. 1 demonstrates temperature is one of the most critical parameters; 
the return flow profiles will depend very strongly on the geotherms chosen. 
Since temperature in the earth is poorly known we have assumed a whole range 
of geotherms, shown in Figure 2. The upper mantle temperatures are constrained 
by geophysical and geological observations (Solomon, 1976), but the range of 
possible lower mantle temperatures is wide. It is often assumed that, because of 
steady-state convection, the temperature in the deeper mantle is slightly super­
adiabatic; the adiabatic gradient is given by g a TjcP ::::o 0.3-0.6 K/km (gravity 
g::::o10m/s2 ; thermal volume expansion a::::o1-2·10- 5 K- 1 ; heat capacity 
cP::::o800J/kg·K; absolute temperature T::::o2000K); for the Rayleigh number to 
be at least critical (Rae ::::o 2,000), only a very small quantity has to be added: 
(Rac·Kv)/(agd4)::::o10- 2 K/km (thermal diffusivity K::::01.5·10- 4 m2/s, kinematic 
viscosity v::::o 1017 m2 /s, depth of convecting layer d ::::o2,000km). The assumption 
of internal convection, superimposed on the return flow, is however, self­
defeating for our model with non-linear rheology, since the additional strains 
will alter the effective viscosity. The one-dimensional return flow model clearly 
cannot simulate realistic mantle flow; what we want to do is to investigate how 
a mantle of 'realistic' rheology reacts to such a simple model. The geotherms 
assumed in each of the models presented below are given on the diagrams. 

Non-Linear Return Flow Models: Results 

We shall first discuss the influence of temperature on the return flow by 
assuming a set of geotherms within the range of Fig. 2. Other parameters also varied 
within plausible limits will be discussed subsequently; these involve the pre­
exponential diffusivity D 0 and the activation energy Q; the constant a for grain 
deformation and grain boundary sliding dominated creep, and the influence of 
partial melt. All models were computed for three grain sizes d = 1, 3, 10 mm and 
three surface plate velocities u1 = 1, 3, 10 em/a. The power of the dislocation 
creep term has always been assumed n = 3. The results are presented in the form 
of depth profiles (Fig. 3-6) of horizontal flow velocity u(z) and effective viscosity 
IJ(z) together with the assumed geotherms T(z). Other important parameters 
assumed fixed are shown on the lower lefthand side of the diagrams. Also given, 
at the bottom, are the computed pressure gradient A or its equivalent gravity 
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gradient in mgaljlO,OOO km and the shear stress B at the bottom of the model 
surface plate. 

Figure 3 compares five geotherms with lower-mantle gradients of 0.5, 0.6, 
0.75, 0.9, and 1 K/km; surface velocity is 3 em/a, grain sizes are 1, 3, and 10 mm. 
As the temperature gradient is raised, the effective viscosities and stresses 
generally become smaller and the return flow occurs at greater depth (260 to 
540km) and broadens (with decreasing amplitude). In no model is the return 
flow concentrated in the asthenosphere of minimum viscosity (2 · 1019 Pa · s 
between 150 and 250 km depth in all models). In all model situations the 
viscosity minimum is caused by the dominance of temperature over pressure 
and dislocation creep is more important than diffusion creep. Below the astheno­
sphere lies a region of maximum return flow and small stresses; diffusion creep 
dominates below a few tenths of a bar. For small grain sizes (;51 mm) viscosity 
remains nearly constant at < 1021 Pa · s over several hundred kilometers in all 
models (over 500km for u1=lcm/a and dTjdz=lKjkm). For grain sizes 
d > 1 mm (see e.g., d = 10 mm in Fig. 3) viscosity rises to a maximum in the shear­
free fiber but the width of the zone of dominant superplastic diffusion creep (i.e., 
maximum diffusion creep in the absence of melt) narrows as grain size and 
surface velocity increase; and the maximum viscosity grows as d2 . Although effec­
tive viscosity is so different, the return flow profiles u(z) are hardly affected by grain 
size, except for slight squaring for large d. At greater depths dislocation creep 
takes over again and in all models with large (small) grain size the effective 
viscosity goes to a second minimum (remains rather constant) near 1021 Pa · s 
before pressure makes it rise. Deeper down, this rise is nearly linear with depth 
for log viscosity; its magnitude is strongly dependent on the temperature 
gradient leading to many orders of magnitude viscosity difference at 2,000 km 
( ~ 1029 Pa · s for 0.5 K/km versus ~ 1022 Pa · s for 1 K/km). Accordingly, the 
depth extent of the return flow varies from model to model by a factor of 2. This 
result is hardly affected by difference in stress level for different surface velo­
cities. The peculiar feature of two low viscosity channels may be typical of non­
linear flow where temperature and stress are important at different depths. 

If the viscosity-temperature relationship found for the deeper mantle appears 
unrealistic and lower viscosities are to be obtained with the low temperature 
gradients (e.g., 0.5 K/km), it should be noted that olivine parameters are not 
appropriate for the deep mantle. The simplest escape from the dilemma would 
be an activation volume decreasing with depth (e.g., about 30% at 2,000 km). 
This is indeed likely (O'Connell, 1977; Sammis eta!., 1978). 

Shear stress B (Fig. 3, bottom) at the plate bottom varies approximately as 
the inverse of the lower-mantle temperature gradient. Its depth variation is 
linear (for 0.5 K/km from + 7 to -50 bar at 2,000 km; for 1 K/km from + 3 to 
-8 bar; surface velocity u1 = 3 em/a and all grain sizes considered). Thus even in 
the most unfavorable case of very, high viscosities in the lower mantle the 
stresses are not excessive. The horizontal pressure gradient A inherent in the 
return flow model can be roughly transformed into a gravity gradient in the 
direction of motion across a moving plate (Schubert and Turcotte, 1972; Jacoby, 
1978). The computed results are given on Fig. 3, bottom (A--+ Llg) in 
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mgal/10,000 km and should be compared to the crude figure of 
30mgal/10,000km across the Pacific plate, found by Woollard (1975). By this 
criterion nearly all models fail; only the model with a temperature gradient of 
1 K/km gives acceptable gravity gradients of 15, 23, and 34 mgal/1 0,000 km for 
surface velocities of 1, 3, and lOcm/a, respectively. These results are insensitive 
to grain size. The deep-mantle viscosities of the other models are too large for 
the return flow model to work. As discussed above, these models would, 
however, also work if activation volume decreases with depth. 

It would be interesting to compare 'oceanic' and 'continental' geotherms. An 
illustration of the effects is given in Fig. 4. We have assumed two geotherms differ­
ing by 250K at 150km depth; the difference decreases linearly to zero at 50 and 
l,OOOkm. Such a choice may be more in line with Jordan's (1975) arguments for 
considerable temperature differences to great depths, than with Solomon (1976) 
and Duschenes and Solomon (1977). If the difference between oceanic and 
continental geotherms disappears at shallower depths than in our models the 
effects will be smaller than discussed here. The two models differ clearly in the 
depth of the return flow and in the effective viscosities at depths shallower than 
1,000 km. At 'asthenospheric' levels the viscosity difference is more than an 
order of magnitude. For large grain sizes the effective viscosities near the 
maximum return flow are always relatively large. Below 1,000 km depth the 
'oceanic' viscosities are slightly greater than the 'continental' ones because of 
the smaller stresses if the same plate velocity is assumed. But a 10 em/a oceanic 
plate leads to the same effective viscosity as a 1 em/a continental one. While the 
'oceanic' stresses near the surface are only a few bars, and depend slightly on 
grain size, 'continental' stresses are between 4 and lOb for 1 to lOcm/a surface 
velocity independent from grain size. The gravity gradients computed are 
smaller than 30 mgal/10,000 km for all 'oceanic' models but exceed this value for 
the 10 em/a 'continental' one. 

Fig. 3. Effect of temperature (T) gradient in lower mantle on return flow (u) and effective viscosity 
(f!); thick curves for grain size d=1mm, thin lines for d=10mm. Other parameters as listed; GBS: 
indicates grain boundary sliding diffusion creep; STJO etc: indicate that the small pre-exponential 
diffusivity D0 of Table 1 has been used together with geotherm no. TJO, etc. For discussion, 
particularly of results A, B (bottom), see text 

Fig. 4. Effect of continental versus oceanic geotherm (T) on return flow (u) and effective viscosity (f!), 
Bands marked by dots (oceanic) and by short lines (continental) indicate whole range of solutions 
for varying grain size d = 1 to 10 mm and lithospheric velocity u1 = 1 to 10 em/a. Other parameters as 
listed. GBS, ST6, S17: see caption of Fig. 3 

Fig. 5. Effect of lithospheric velocity u1 (1, 3, 10 em/a) on return flow (u) and effective viscosity (f!) for 
given geotherm (T), grain size d=1 to 10mm (dotted band of solutions), negligible melt influence 
and power n = 3 of power law; STJ 0, GBS: see caption of Fig. 3 

Fig. 6. Effect of melt (M) on return flow (u) and viscosity (f!); geotherm (D, lithospheric velocity u" 
grain size d, and power assumed as shown. For discussion of parameter as well as of results see text. 
GBS, STJO: see caption of Fig. 3 
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The influence of surface velocity u1 is illustrated by Fig. 5. Where dislo­
cation creep is dominant the logarithmic viscosity-depth profiles are simply 
shifted, i.e., the viscosities are decreased by a constant factor, if the surface 
velocity is increased (1/6 or 1/7 for 10-fold increase of u1) because the stresses are 
increased (by a factor of 2 or 3). Where diffusion creep dominates (for small 
grain sizes near the return flow maximum) the effective viscosities become nearly 
independent from u1 (but grow with grainsize d squared). The influence of plate 
velocity on the shape of the return flow profiles is hardly noticeable, but the 
pressure (A) and gravity (Lig) gradients increase [by a factor of (only) 2 for u1 

changing from 1 to 10cm/a]. 
The effect of grain size has already been discussed in connection with Figs. 3-

5. Viscosity is affected only where the stress level is a fraction of a bar. The other 
parameters as the flow profile, shear stress, and pressure gradient are only slightly 
affected in our models. Grain sizes would have to be one or two orders of 
magnitude smaller than 1 mm for diffusion creep to become dominant every­
where and to affect the whole model results. 

So far diffusional superplasticity (grain boundary sliding accommodated 
diffusion creep) was assumed. Had we assumed grain deformation dominated 
Nabarro-Herring and Coble creep, the influence of diffusion creep on the total 
deformation would be even smaller than found. The results would hardly 
change. In a test computation none of the quantities computed changed by more 
than 10%, except in the case with the smallest stresses (u1 = 1 em/a, d = 1 mm and 
'hot oceanic' mantle) where superplasticity leads to nearly 50% reduction of 
stresses and pressure gradient over Nabarro-Herring and Coble creep. 

An attempt to estimate the influence of partial melting in the asthenosphere 
is presented in Fig. 6. It is widely believed that incipient melting occurs there if a 
fraction of one precent of H 2 0 is present, because temperature probably exceeds 
the wet solidus of peridotite (e.g., Solomon, 1976). For some of the geotherms 
discussed above, we have computed models with a melt fraction f(z) of 1% at 
100km depth decreasing to zero at 250km; we have assumed the poorly known 
ratio CL/An (determining the importance of fluid phase transport in Eqs. (12), 
(13), and (16) to take on the values 0 (no importance), 1, 10, 102 , 103 (preferred 
value, see above), 104 , and 105 (Pa · s)- 1 (value expected from bulk viscosity of 
basic melts). 

The computed flow profile u(z) and viscosity IJ(z) are presented in Fig. 6 
for the geotherm, surface velocity, and grain size as indicated. As expected, the 
presence of melt in the asthenosphere by lowering its effective viscosity faci­
litates the return flow by requiring a lower pressure gradient. If, however, 
C L/ An~ 1 (Pa · s)- 1, 1 % of melt has no noticable effect. From C dAn= 1 to 100, 
1,000, 10,000 ... (Pa · s)- 1 the effective viscosity in the layer with about 1% melt 
is decreased by 1, 2, 3, ... orders of magnitude, the stresses are lowered, and the 
return flow maximum is shifted upward into the layer with melt. It becomes 
the channel of dominant return flow for C L! An between 100 and 1,000 (Pa · s)- 1 

and carries the total return flow for CLfAn~lO,OOO (Pa·s)- 1 . Because of the 
stress reduction the effective viscosity rises in the lower mantle until linear diffu­
sion creep dominates at all depths. The gravity gradients drop from 
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Fig. 7. Influence of I % melt on pressure gradient shown by equivalent gravity gradient of return 
flow as a function of fluid phase transport parameter CJ A.,(Kabscissa), surface plate velocity u1 
(parameter shown on left hand side), and grain size (parameter shown by circled numbers at each 
curve). The upper turning region of each curve marks the beginning of melt influence; the lower 
turning region marks that of total dominance of flow system by melt in asthenosphere 

38 mgal/10,000 km (no melt) to essentia lly zero. The values of C d Aq where the 
effects of fluid phase transport first become noticeable and where the return flow 
becomes confined to the channel depend on grain size, and, to a minor degree, 
on plate velocity and temperature. This is illustrated in F ig. 7 by the gravity 
gradients Llg/ 1 0,000 km for all models computed with the same geotherm as that 
of Fig. 6, but varying u1 and d. The individual Llg-curves are asymptotic to the 
value appropriate to no melt for small C d Aq, then turn down to turn again 
approaching zero asymptotically for large CdA~. The two turning regions 
indicate the beginning of melt effects and the beginning of their total dominance. 
Beyond, viscosity continues to decrease in the channel but the return flow 
profile is no longer affected. The 'turning regions' of C J A~ are proportional to 
d2 for constant u1 and they increase as u1 for large d but are hardly affected by u1 

for small d. It turns out that the preferred C JA~ value of 103 (Pa · s)- 1 lies in the 
region of important but not total melt influence. It depends on too many factors 
for an evaluation to be possible at present, but since our model probably gives 
an upper limit, we feel safe to suggest that a dominant influence of 1% melt on 
the return flow is unlikely but that it could be of some importance for small 
grain sizes and plate velocities. 

Finally we want to discuss whether or not the uncertainty of diffusivity D 0 
and activation energy Q is critical to our model. We computed a number of 
models with both the values given in Table 1 and the ones given by Stocker and 
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Ashby (1973): D0 =120m2/s and Q=6.4·105 Jmol- 1 ; both pairs of values 
reasonably fit the laboratory data. In the majority of computations the Stocker 
and Ashby values lead to smaller stresses and pressure gradients; the difference 
was, however, not very significant; only for high temperature, small plate 
velocity and small grain size, i.e., for small stresses was the relative change by a 
factor of 1/5 or so. 

Discussion 

Although we cannot simulate realistic mantle flow with the one-dimensional 
model, we have been able to study the influence of rheological parameters of 
olivine, grain size, melt fraction, temperature, stress, and plate velocity. The 
results are more directly applicable to large plates than to small ones; but if the 
model works with an infinite plate it is likely to work with a finite one too (see 
Davies, 1977a and b). 

In an earlier study of the return flow model (Jacoby, 1978) it had been shown 
that the model is not in conflict with geophysical observations as gravity, sea 
floor topography, heat flow, and lithospheric stress, if plausible mantle visco­
sities are assumed which are based on glacio-isostatic rebound data (e.g. 
Walcott, 1973; Post and Griggs, 1973; Brennen, 1974; Peltier, 1974; Cathles, 
1975; Peltier and Andrews, 1976; Peltier et al., 1978). Another result had been 
that the return flow may well extend to great depths in the mantle (Jacoby, 
1978; see also Davies, 1977 a and b). 

The main conclusions of the present study largely agree with those of the 
earler one. If non-linear olivine rheology is assumed the return flow model 
works equally and the return flow is likely to extend to depths well below the 
asthenosphere. In other words, olivine rheology in connection with plausible 
assumptions on temperature and grain size leads to similar effective viscosities 
in the return flow model as those found from glacial rebound (similar strain 
rates). This is opposite to what was found for exclusive diffusion creep rheology 
by Schubert and Turcotte (1972) who thence suggested that dislocation creep 
ougth to be considered. The suggestion is borne out by the present models in 
which dislocation creep was generally dominant over diffusion creep, and also 
by the models of Froidevaux and Schubert (1975), Schubert et al. (1976), 
Froidevaux et al. (1977), Schubert et al. (1978), and Yuen et al. (1978), who 
assumed only dislocation creep of olivine. An interesting result of the two last 
papers mentioned was that under many circumstances the pressure gradient of 
the return flow is rather constant with depth; we mention in passing that this is 
an a posteriori justification for our arbitrary choice of this asssumption. 

Results obtained for the deep mantle must be regarded with special caution 
since the rheological parameters of olivine assumed are not likely to be correct 
there. If they are correct, our model results favour a high temperature gradient 
(order 1 Kjkm), very small grain size ( <0.1 mm), and/or important fluid phase 
transport in the asthenosphere. Alternatively a decrease of the activation volume 
(describing the pressure influence on the creep) with depth is suggested; this is 
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supported by the work of O'Connell (1977) and Sammis et al. (1977). Some of 
their estimates give such a strong decrease of the activation volume that 
temperature gradients as low as 0.3 K/km would still lead to acceptably low 
viscosities (and plausible return flow solutions). If these estimates are correct, 
our model results lead us to speculate that the return flow may extend deep into 
the lower mantle with the asthenosphere being essentially a "decoupling" layer 
of shear flow, in line with Davies' (1977 a) conclusions. 

Some of the particular features of non-Newtonian rheology deserve a little 
more discussion. One obvious effect is that stresses and pressure gradients are 
not linear with plate velocity. If grain size is greater than 1 mm we can expect 
these quantities to grow by a factor of only 2 to 3 when plate velocity increases 
from 1 to 10 cmja. Gravity gradients and lithospheric stress should thus not 
strongly depend on plate velocity. Shear heating, not included in our model, 
would weaken this dependency further. The model implies stresses of the order 
of a few hundred bars in the lithosphere, because the surface plate must be 
driven from its ends (ridge, trench) to balance and maintain the shear stress B at 
its bottom; an oceanic plate 100km thick and 10,000km long would suffer a 
maximum (compressive or tensile) stress of 100 · B and B was usually of the 
order of a few bars. The shear stress under continental plates is greater than 
under oceanic ones, if our assumptions concerning the geotherms are not grossly 
wrong. Considering the uncertainties, we estimate the difference to be roughly 
by a factor three. The maximum (compressive or tensile) stress for a continental 
plate 3,000 km long would thus be of the same order of magnitude as that in an 
oceanic plate 10,000 km long. 

Regions of low-stress high viscosity are characteristic of non-linear viscosity. 
The important point is that this is dynamically irrelevant. In the low-stress 
regions there is so little deformation that further reduction because of non­
linearity makes little difference in the flow distribution. In large regions with 
intermediate stress the effective viscosity does not vary very much; the assump­
tion of Newtonian viscosity will thus not lead to gross errors. In small regions, 
however, of high stress, e.g., in descending slabs, non-Newtonian rheology may 
be critical to the solutions (Schmeling and Jacoby, in preparation). Super­
position of additional strains (not considered in our model) will generally tend 
to 'soften' the mantle. 

The major unknowns in modelling mantle dynamics are temperature, grain 
size, activation volume, and the physics of fluid phase transport. The return flow 
is facilitated by high temperature, small grain size, small activation volume, and 
fluid phase transport, or a combination of these. Jumps in activation energy and 
activation volume may be important too; they should be taken into account in 
future models. 
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