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Dislocations and Nonelastic Processes in the Mantle 

J. BERNARD MINSTER AND DON L. ANDERSON 

Seismological Laboratory, California Institute of Technology, Pasadena, California 91125 

Dislocations in solids contribute to anelastic attenuation, relaxation of the shear modulus, transient 
creep, and steady state flow. These properties of the mantle may therefore be related. The glide and climb 
of dislocations appear to have the appropriate time constants to explain seismic wave attenuation and 
mantle viscosity, respectively. The dislocation density of the mantle depends on the ambient stress. The 
characteristic time scales of dislocation relaxation depend on dislocation length and temperature. These 
time scales for the mantle can be inferred from seismic wave attenuation and postglacial rebound, 
thereby potentially yielding information about dislocation density, stress, and temperature. The thickness 
of the 'rheological' lithosphere depends on stress and duration of load as well as age. Kilobar level 
stresses can be supported in the lithosphere for times greater than 10 • years. The relaxation time de- 
creases rapidly with temperature. The asthenosphere can therefore only support small stresses on time 
scales of geological interest. 

INTRODUCTION 

Dislocations contribute to steady state creep via multiplica- 
tion and annihilation and to anelastic attenuation via revers- 

ible stress-induced bowing. Internal friction and creep experi- 
ments are both commonly used to elucidate dislocation 
structure and dynamics in metals and other materials of in- 
dustrial significance, but the possibility that anelasticity at 
seismic and ultrasonic frequencies might be closely related to 
longer term processes, such as creep in the mantle, has not 
been much explored in geophysics. There is now enough 
physical property data on one mantle silicate, olivine, to cal- 
culate the creep rate as a function of stress and temperature 
from such parameters as the diffusivity, dislocation density, 
subgrain size, etc. and to compare the theoretical predictions 
with observed laboratory creep data. It is also possible to esti- 
mate the short-time, low-stress behavior of a dislocated solid 
and to compare this with seismic and laboratory attenuation 
data. 

We conclude that dynamic testing of stressed silicates 
would be a valuable complement to conventional creep exper- 
iments, particularly for the understanding of dislocation phys- 
ics. We also demonstrate the plausibility of a relation between 
mantle viscosity and seismic wave attenuation via the stress, 
which controls the dislocation microstructure. 

CHARACTERISTIC TIMES 

The most convenient comparison of relaxation and creep 
mechanisms is achieved by recasting theoretical results and 
experimental data in terms of characteristic times •. For creep 
processes this is simply the Maxwell time, the ratio of viscosity 
• to rigidity G: 

ß -- •;/G-- (o/G•) (1) 

where o is the deviatoric stress and & the strain rate. For the 

upper mantle, ß can be calculated from postglacial rebound 
data [e.g., Cathles, 1975] to be 109-10 lø s. This parameter can 
also be derived from laboratory creep data and from theories 
of creep. For dislocation creep models we use the simple form 
of Orowan's equation discussed by Poirier [ 1976]: 

• = #O•b Vc (2) 

where Pm is the area density of mobile dislocations, b is Bur- 
gers' vector, and fi is the ratio of the mean free path of the dis- 
location to the distance covered at the rate controlling speed 
Vc (usually the climb velocity). Then 

'r = o/G•pmb V c (3a) 

For anelastic relaxation due to diffusion-controlled bowing of 
a dislocation link of length I strongly pinned at beth ends the 
relaxation time can be written [Schoeck, 1963; Simpson and 
Sosin, 1972; Minster and Anderson, 1980] 

• = oF/C•b VD (3b) 

where Vo is the steady state drift velocity (glide and/or climb) 
of a straight dislocation under the applied stress o. Seismic 
waves with periods of 10-100 s are strongly attenuated in the 
upper mantle. This suggests a short-term relaxation time of 
this order. The low attenuation in the lithosphere and lower 
mantle indicates that the characteristic relaxation timeg in 

these regions are well removed from the seismic band. This is 
presumably a result of low temperatures in the former case 
and high pressures in the latter, both of which serve to in- 
crease the relaxation time. 

A general form for the velocity of diffusion-controlled mo- 
tion of a dislocation under applied stress o is 

V oc ob2D/kT 

where the diffusivity D pertains to the rate-controlling proc- 
ess. For thermally activated processes, 

•' -- % exp (E*/RT) (4a) 

and we have 

ß o = AkTA2/Dob3G (4b) 

Here A is a dimensionless, model-dependent constant, Do is 
the appropriate diffusion constant, and X is a scale length. For 
models of dislocation relaxation, which usually involve nonin- 
teracting dislocation links, we have X = l, the link length be- 
tween strong pinners. For steady creep, X is more conveniently 
chosen to be pm -l/2. Of course, for a Frank network we have 
pm 12 = pl 2 ----' 1, and using the scaling relation, 
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We obtain the classical dislocation creep equation 

• = (DoGb/AkT)(o/G) 3 exp (-E*/RT) (5) 

For example, in Nabarro's [1967] model of creep controlled by 
dislocation climb in a uniform network, A = •r in (4G/•ro), and 
the activation energy is that for diffusion of the slowest-mov- 
ing species. 

Equation (4) remains valid if creep is controlled by kink or 
jog formation [e.g., Hirth and Lothe, 1968; Gittus, 1976] or by 
the diffusion of point defects bound to the dislocation [e.g., 
Schoeck, 1963]. In climb theories the activation energy is that 
for self-diffusion plus a contribution from the jog formation 
energy if we have jog undersaturation. In glide theories the 
activation energy involves the kink formation energy and/or 
the effective activation energy (i.e., corrected for the binding 
energy) for diffusion of point defects bound to the dislocation 
line [DeBatist, 1972]. The activation energy for climb is gener- 
afly much greater than that for glide, although jog drag-con- 
trolled glide is an obvious exception [e.g., Hirth and Lothe, 
1968]. 

When dislocation glide is rate limited by the diffusion of 
impurity atoms bound to the dislocation line, then A is pro- 
portional to CL, the atomic fraction of impurities in the lattice, 
and E* is the sum of the impurity diffusion activation energy 
and the binding energy [Miner et aL, 1976]. 

In the simple model of glide limited by Pei•rls barriers pre- 
sented by Hirth and Lothe [1968] we have 

A oc bSG/2h2E•, 

where Ek is the kink formation energy. The effective activa- 
tion energy is then 2E•, and Do = D•,, the kink diffusion con- 
stant. 

In all cases the actual value of ? depends rather strongly on 
the geometry of the microstructure. 

CREEP RATE 

In many solids undergoing slow deformation and, in partic- 
ular, olivine [Durham et al., 1977], subgrain formation is ob- 
served, and dislocations tend to concentrate in cell walls. If 
creep is controlled by recovery in the cell walls, then the pa- 
rameter fi in (3a) and thus the constant A depend on the ratio 
of cell diameter to the mean dislocation spacing [e.g., Weert- 
man, 1975; Gittus, 1976]. The longest dislocations are then 
bounded by the grain size L = KsGb/o, where Ks is about 15 
for olivine. 

In that case, A is of the general form 

A -l= ¾gs m (6) 

where 3' and rn are constants which depend on the details of 
the mechanism. 

For example, if all the dislocations are in the boundaries, 
these subgrains undergo Nabarro-Herring type creep, and 3' • 
5, rn = -2 [Weertman, 1975]. Models involving dislocation an- 
nihilation in cell walls lead to the same form of the equations, 
but the constants 3' and rn depend on whether climb in the cell 
walls takes place under external stress of self stress and on the 
distance over which climb takes place before annihilation. In 
the model of Ivanov and Yanushkevich [1964], annihilation of 
dislocations of opposite signs, originating from adjacent sub- 
grains, takes place in the cell wall by climb over HI4, where H 
is the mean separation of intracell dislocations. In that case, 3' 
~ 0.2, rn = 0, and the cell size is eliminated from the creep 

rate. In contrast, Gittus [1976] assumed that most dislocations 
are to be found within cell walls and that recovery is con- 
trolled by climb in the walls under self stress, so as to main- 
tain a constant dislocation density. He finds A-' --/C s, where 
K = L/x•nd p is the smeared dislocation density. Using the 
observed relation for olivine [Durham et al., 1977], pm -•/2 = 
1.66 Gb/< this leads to rn = 6 and 3' • 0.05 (p/pm) 3. If p is an 
order of magnitude greater than Pm, 3' • 50. In the dislocation 
pile-up model of Weertman [1975], equation (6) still holds 
with rn-- 3, 3'--0.006. 

Various models have been propose d in the literature which 
lead to the appearance of the ratio o/G in 3' and thus result in 
a different power law dependence in (5), but as pointed out by 
Weertman [1975] and Poirier [1976], such models usually in- 
volve ad hoc modifications, and the 03 dependence is the natu- 
ral one. 

A noteworthy feature of cell wall recovery models is that 
for high dislocations densities the condition for jog saturation 
may not be satisfied. The effective activation energy in this 
case is E* = ESD + Ei where ESD and Ei are the self-diffusion 
and jog formation energies, respectively. For creep of olivine 
the apparent activation energy is 125 kcal/mol [Kohlstedt and 
Goetze, 1974; Goetze, 1978]. The diffusion activation energies 
for Si 3+ and 0 2- in olivine are both about 90 kcal/mol [Reddy 
et al., 1980; Poumellec et al., 1980]. The discrepancy could be 
attributed to jog formation [Gueguen, 1979], implying Ej • 35 
kcal/mol. In contrast, E• is usually much smaller for metals, so 
that E* • EsD. 

Poumellec et al. [1980] have recently proposed that creep in 
olivine is rate limited by the diffusion of Si. With their esti- 
mate, Do(Si) • 1.5 10 -6 cm2/s, (5) is plotted in Figure I with 
the olivine creep data of Kohlstedt et al. [1976]. If silicon is the 
controlling diffusing species, then K from the theory of Gittus 
[1976] is about 25-35, so that Ks "• 12-17, in agreement with 
observations. If oxygen is the controlling species, then with Do 
(oxygen) • 3.5 10 -3 cm2/s [Reddy et al., 1980] we get K • 7 to 
10, or Ks • 3 to 5. The other parameters in (5) have been 
taken from Ashby and Verrall [1978]. 

Obviously, there is a trade-off between ¾, K•, and Do, and 
we can equally well consider ¾KsmDo to be an empirical param- 
eter with a value of 8.9 x 102 cm2/s determined by the creep 
data. 

The characteristic times for climb in olivine with the above 

values are given in Table 1 for a range of stresses and temper- 
atures that are appropriate for the upper mantle. Note that 
these agree with rebound data, ? • 10 'ø s, for combinations of 
temperature and stress ranging from 1700 K and 1 bar to 1500 
K and 100 bars. If the temperature of the mantle is known in- 
dependently, then the characteristic time associated with post- 
glacial uplift or postearthquake rebound can be used to esti- 
mate stress in the mantle. From magma temperatures and 
inclusions in xenoliths the temperature of the upper mantle in 
the vicinity of the low-velocity zone is about 1600 K. This is 
consistent with a stress level of a few bars. From the relation 

between ? and o we can infer that a stress of a few kilobars in 

the asthenosphere would decay in 104 s. 

RELAXATION TIME--THE SEISMIC PROBLEM 

It is more difficult to estimate the characteristic time associ- 

ated with dislocation damping in the upper mantle, since 
there is little pertinent experimental data. The idea that dis- 
locations may be responsible for seismic wave attenuation is 
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based primarily on the behavior of deformed metals at high 
temperature [e.g., Crueguen and Mercier, 1973]. 

The stress-induced bowing of dislocations in the glide plane 
is a mechanism that has been proposed for high-temperature 
attenuation [e.g., Hirth and Lothe, 1968; $choeck, 1963]. The 
characteristic time for bow-out of a single dislocation link of 
length I is given by (4) with A = 2/•. Do is approximately the 
square of the jump distance (• 1 3,) times the Debye fre- 
quency (•1013/S) or •10 -3 cm2/s. This is about the same as 
the Do calculated for oxygen and magnesium-iron diffusion in 
olivine [Reddy et al., 1980; Misener, 1974]. This gives a 7o of 4 
X 10 -7 S for a stress of 10 bars and olivine parameters from 
$tocker and Ashby [1973]. With this estimate the relaxation 
time is brought into the seismic band at upper mantle temper- 
atures if the controlling activation energy is of order 50-60 
kcal/mol. 

Dislocation glide is rate-limited by kink nucleation or by 
diffusion of point defects which are bound to the dislocation 
line. The controlling activation energy is generally much 
smaller than for steady state creep. For example, the activa- 
tion energy for double-kink nucleation in olivine has been es- 
timated to be about 52 kcal/mol [$tocker and Ashby, 1973]. 
The diffusion of point defects in olivine gives activation 
energies ranging from 50 to 90 kcal/mol. If core diffusion 
rather than lattice diffusion is important, the effective activa- 
tion energy may be as small as one half the above values [e.g., 
Hirth and Lothe, 1968]. The only attenuation measurement on 
olivine at seismic stress levels and strain rates yields an activa- 
tion energy of 57,kcal/mol for a high-temperature internal 
friction peak and 45 kcal/mol for the high-temperature back- 
ground [Jackson, 1969]. 

The preexponential for dislocation glide is also different 
from that for climb. The effective dislocation length may be 
shorter if jogs act as pinners at seismic frequencies. For long- 
duration, large-strain creep experiments the activation 
energies and dislocation lengths for climb and glide may ap- 
pear to be the same, since self-diffusion is involved in both the 
climb of dislocations and the glide of jogged dislocations. For 
rapid small-strain experiments the jogs do not have time to 
diffuse, and the time constant is controlled by the glide rate of 
dislocation segments between pinning points or by the nucle- 
ation rate of kinks if this is the slower process. 

For purposes of illustration we assume that the activation 

I 

1400 øC 

iC• •ø 
I0 I00 I000 I0,000 

(ai-o'.•) bors 
Fig. 1. Calculated strain rates versus deviatoric stress for olivine 

with the values for the K parameter (subgrain diameter/total dis- 
location density). Data are from Kohlstedt et al. [1976]. Olivine pa- 
rameters are from Ashby and Verrall [1978] and Poumellec et al. 
[1980]. 

TABLE 1. Relaxation Times for Glide and Climb as a Function of 

Tectonic Stress o and Temperature T 

T,K 

1400 ø 1600 ø 1800 ø 

bar 

Climb 1013 10 !• 10 9 
Glide 104 103 102 

bars 

Climb 10 • 10 9 10 7 
Glide 102 10 • 10 ø 

o = 100 bars 

Climb 10 9 10 7 105 
Glide 10 ø 10 -• 10 -2 

energy for glide is 54 kcal/mol. This is in the range of values 
determined from attenuation measurements on olivine [Jack- 
son, 1969]. It is also a reasonable value for the activation en- 
ergy of diffusion of cations in silicates [Ahrens and Schubert, 
1975]. Coincidently, this is also about the value for double- 
kink nucleation using estimates of Stocker and Ashby [1973] 
•for the kink-formation energy in olivine. For Do we take 
10 -3 cm2/s and assume that the dislocation length is given by 
p,,-l/2 = Gb/o, where o is the tectonic stress. The relaxation 
times for glide with these assumptions are given in Table 1. If 
there are pinning points along the dislocation line which are 
immobile on the time scale of a seismic wave, the effective dis- 
location length is decreased and the relaxation time is 
shortened. Although the numbers in Table 1 are uncertain, it 
appears plausible that dislocation glide may have the appro- 
priate relaxation time to explain seismic wave attenuation in 
the upper mantle. 

Mobile point defects also reduce ?. In Schoeck's [1963] the- 
ory the constant A in (4) is C•; the atomic fraction of mobile 
point defects along the dislocation line (C• < 1). If C• = 10 -3, 
for example, the values for glide in Table 1 would be reduced 
by three orders of magnitude. This shifts the peak frequency, 
but the absorption band remains in the seismic band for low 
values of tectonic stress. 

We have discussed in a general way the factors which may 
influence the stress-induced glide of dislocations in crystals. 
The time dependence of the material response to an external 
load may be due to the discrete nature of the lattice (Peierls 
barrier) or to the interaction of the dislocations with other de- 
fects or impurities. The former is responsible for damping 
peaks found in relatively pure deformed metals at low temper- 
ature and high frequency. The latter is responsible for high- 
temperature, low-frequency peaks on a variety of impure met- 
als [Nowick and Berry, 1972; DeBatist, 1972]. The role of 
'dragging points' on dislocations has also been studied for 
crystals having high Peierls stress [Celli et al., 1963] and ionic 
crystals [Menezes and Nix, 1974], but the experimental base is 
very limited. This mechanism seems to apply to dislocated 
A1203 at high temperature [Huber et al., 1961]. Mantle sili- 
cates may contain impurities such as Fe 3+, A13+, etc. and also 
high concentrations of point defects such as Mg and Si inter- 
stitials and vacancies [$tocker, 1978]. The concentrations of 
these around dislocations and their effect on glide is unstu- 
died. A number of high-temperature absorption peaks have 
been found in deformed ionic and covalent crystals, some of 
which apparently represent the bowing out of dislocations in- 
teracting with point defects that diffuse with the dislocations 
[Nowick and Berry, 1972]. 
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The kink of formation energy is theoretically smaller than 
the jog formation energy [Hirth and Lothe, 1968], which we 
have estimated to be about 35 kcal/mol from creep data. The 
double-kink formation model for glide will therefore be con- 
trolled by an activation energy of less than 70 kcal/mol. Most 
cations in silicates have diffusional activation energies in the 
range 40 to 90 kcal/mol. It seems fairly certain that the activa- 
tion energy for dislocation bowing in mantle silicates, what- 
ever the mechanism, will be less than that for creep. This is a 
necessary condition if the same population of dislocations that 
controls creep in the mantle also contributes to damping at 
seismic frequencies. 

As can be seen from Table 1, the difference in activation 

energies for climb and glide leads to very large differences in 
the two relaxation times. The shorter time constant, for a rea- 
sonable choice of parameters, is in the seismic band in the up- 
per mantle. This region would therefore be characterized by 
high attenuation of seismic waves and a modulus lower than 
the high-frequency or low-temperature modulus. For long-pe- 
riod seismic waves the modulus is relaxed by glide, and we 
have a low-velocity zone. 

For times shorter than rc, the climb time constant, the irre- 
versible strain associated with seff-diffusional processes is 
small. The characteristic time decreases with stress and tem- 

perature. This provides a working definition of the rheological 
or elastic lithosphere. For times less than % the material is es- 
sentially anelastic; i.e., strains are time dependent but revers- 
ible. The thickness of the 'elastic' lithosphere is therefore a 
function of time and load as well as temperature. 

Note that the characteristic relaxation times for dislocation 

damping depend on the square of the effective !ink length and 
thus on the square of the long-term steady state tectonic stress. 
This opens up the possibility that stress in the mantle or, at 
least, variations in stress from place to place can be estimated 
from both lithospheric loading experiments and from seismic 
wave attenuation. Obviously, there is need for low-strain lab- 
oratory experiments at seismic periods on prestressed silicates 
under a variety of conditions in order to exploit fully seismic 
methods for estimating stress and temperature in the mantle. 

EFFECT OF A SPECTRUM OF RELAXATION TIMES 

Relaxation mechanisms lead to an internal friction peak of 
the form 

where co is the applied frequency, r is a characteristic time, 
•0') is the retardation spectrum, and A is the modulus defect, 
(Gu - Gr)/Gr, the relative difference between the high-fre- 
quency, unrelaxed shear modulus Gu, and the low-frequency, 
relaxed modulus Gr. The modulus defect is also a measure of 
the total reduction in modulus that is obtained in going from 
low temperature to high temperature. For a dislocation model 
the modulus defect is due to the strain contributed by dis- 
location bowing. The dislocations bow to an equilibrium 
radius of curvature which is dictated by the applied stress. 
The rate at which they do so is controlled by the propagation 
of kinks or diffusion of point defects near the dislocation and 
therefore is an exponential function of temperature. 

A suitable form of the retardation spectrum is [Minster and 
Anderson, 1980] 

(8) 

for r, < r < r: and zero elsewhere. r, and r: are the shortest 
and longest relaxation times respectively, of the mechanism 
being considered. 

When r, ,-• r:, (7) reduces to the well-known Debye peak. 
When a = 0 and r: >> ß >> •, a frequency-Mdependent Q re- 
sults [Liu et al., 1976]. The more general case of 0 < a < 1 has 
recently been discussed [Anderson and Minster, 1979]. This 
leads to a weak dependence, Q(w) • w• for • < • < •: and has 
characteristics s•ilar to J•reys' [1958] modecation of Lom- 
nitz' law. Outside the absoftion band, Q(w) • w• for • • 
1; this result holds for aH relaxation mechanisms. 

The Q correspondMg to (1) and (2) for frequencies w such 
that 

• << 1 << •: 

is given by [Anderson and Minster, 1979; Macdonald, 1961]: 

a• 2J• a• 
Q(w) = cot • + e• [(wr2) • - (wr,)•l cos 2 

.• 2Ju (cot2) • cos (9) "" ,rraSJ '•- 

since r2 >> r, and cot a,r/2 is small. J•,, Jr, and 8J '- Jr- J• are 
the unrelaxed, relaxed, and defect compliances, respectively. 

For high frequencies, 1 << cot, << cot2 

Q(co) = (1 - a)(J•,/a•J)('r2/'r,)'•'(co'r,) (10) 

At low frequencies, 

Q(co) = (1 + a)(Jrla,•J)(co'r2)-' (11) 

For a thermally activated process the characteristic times 
depend on temperature according to (3). It is clear that at very 
low temperature the characteristic times are long and Q -• co. 
At very high temperature, Q is predicted to increase as co-'. 
Equation (9) holds for intermediate temperatures. 

The dispersion appropriate for the frequency-dependent Q 
model considered above gives, in the case Q >> 1, 

G,/G:z = 1 - cot (a*r/2)(co2/co,)Q2-' (12) 

where Q2 is the Q at co2. The rigidities at the two frequencies 
are G,(co,) and G2(co2). This applies for cot < cot2. For low fre- 
quencies, G = Gr. For high frequencies, G = G,. For glide and 
a Frank network the difference between the relaxed and unre- 

laxed moduli is about 8%. 

LoW-VELOCITY ZONE 

The shear velocity in the mantle decreases by about 10% 
between 40 and 150 km in tectonic and oceanic regions [An- 
derson and Hart, 1976; Cara, 1979]. When corrected for tem- 
perature and pressure by using single crystal values for olivine 
[Kumazawa and Anderson, 1969], the remaining shear modu- 
lus defect is about 8%. This is the same as the modulus defect 

associated with dislocation glide [Minster and Anderson, 1980]. 
The total modulus defect associated with dislocations when 

both climb and glide are allowed is slightly greater. The climb 
component requires jog nucleation and self-diffusion and 
therefore only contributes at very high temperature, low fre- 
quency, or long time. By contrast, the decrease in velocity in 
the upper mantle under shields and nontectonic regions can 
be accounted for almost entirely by the high-frequency single 
crystal elastic constants and their pressure and temperature 
derivatives. A modulus defect of 8% gives a minimum Q at 
-- 1 of 25, which is in good agreement with the seismic data 
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[Solomon, 1972]. Thus the reduction in velocity and the atten- 
uation caused by dislocations bowing under small stresses are 
in excellent accord with the seismic data. 

CREEP RESPONSE 

The creep response of the standard linear solid with a single 
characteristic relaxation time (actually the strain retardation 
time) ? is 

•(t) = o[J, + 8J(1 - exp (-t/?))] (13) 

where o is the stress, J, the unrelaxed compliance (the recipro- 
cal of the conventional high-frequency elastic modulus), and 
•J is the difference between the relaxed (i.e., long time or low 
frequency) and unrelaxed (i.e., short time or high frequency) 
compliances. 

A more general model involves a spectrum of retardation 
times. For a distribution of characteristic times D(r) the creep 
is 

e(t) -- o J• + oJ •r) [1 - exp (-t/r)] dr (14) 

The distribution function, equation (2), yields a creep re- 
sponse which can be approximated by 

e(t)-•oJ• 1+•-• P(1-a) r, << t << r2 (15) 

This model yields a finite initial creep rate 

0 50 I00 150 

Age of oceonic crust (106 yeors) 
Fig. 2. Relationship between thickness of elastic lithosphere, age of 

oceanic crust and duration of loading for I kbar stress. 

time is longer than the relaxation time. A 30 million year old 
load on currently 80 million year old crust would give a 34- 
km-thick rheological lithosphere with the above qualifica- 
tions. The thickness of the high seismic velocity layer over- 
lying the low-velocity zone (the LID) is also shown in Figure 
2. For load durations of millions of years the rheological litho- 
sphere is about one half the thickness of the seismological lith- 
osphere. Note that the rheological thickness decreases only 
gradually for old loads. This is consistent with the observa- 
tions of Watts et al. [ 1975]. On the other hand, the lithosphere 
appears very thick for young loads, and the apparent thick- 
ness decreases rapidly. 

• -• a&J (16) 
1 - a r2 a- rl a 

A finite creep rate at the origin was achieved differently by 
Jeffreys [1958], who proposed what he called the 'modified 
Lomnitz law': 

e(t)=•-•. 1+-- 1+ -1 (17) 
We note that the time constant in Jeffreys' equation is related 
to the shortest relaxation time in the spectrum, r,. The param- 
eter q is related to the ratio r•/r:, which can be very small. For 
a dislocation bowing mechanism, r is proportional to the dis- 
location length squared. A spread of one order of magnitude 
in dislocation lengths gives r•/r: equal to 10-:. 

EFFECTIVE ELASTIC THICKNESS OF THE LITHOSPHERE 

We now estimate the thickness of the 'rheological litho- 
sphere.' Clearly, it is a function of lithospheric age, the mag- 
nitude of the load, and the duration of loading. At a given 
depth and therefore temperature the rheology will appear 
elastic for times shorter than the characteristic relaxation 

time, and viscous for longer duration loads. The 'thickness of 
the lithosphere' is therefore a more complicated concept than 
has been generally appreciated. 

In Figure 2 we present estimates of the thickness of the oce- 
anic rheological lithosphere as a function of age of crust and 
duration of load. In the calculation we have used oceanic geo- 
therms from Schubert et al. [1976] and a stress of 1 kbar. The 
depth to the rheological asthenosphere is defined as the depth 
having a characteristic time equal to the duration of the load. 
For example, from Figure 2 a 30 million year old load imposed 
on 80 million year old crust would yield a thickness of 45 km if 
the lithosphere did not subsequently cool or if the cooling 

SUMMARY 

A solid containing dislocations exhibits nonelastic behavior 
on a variety of time scales. Stress-induced glide of dislocations 
is a viable mechanism for seismic wave attenuation in the 
mantle if it is diffusion-controlled. On the other hand, the 

steady motion of dislocations is probably responsible for creep 
in the mantle. Steady state dislocation creep in olivine shows a 
high activation energy which may point to a contribution of 
jog nucleation in addition to self-diffusion. If the same popu- 
lation of dislocations contributes to both phenomena, there 
may be a close connection between attenuation of seismic 
waves and viscosity. The stresses and time scales associated 
with these phenomena are, of course, vastly different, and this 
had led to the opinion that the corresponding physical mecha- 
nisms must be unrelated. 

In this paper we argue that dislocation motions can plau- 
sibly explain both the short-term, low-stress (seismic), and 
long-term (flow) theological behavior of the mantle. Under 
small strains, dislocations bow by glide, and the time scale is 
controlled by kink or impurity diffusion. At large strains and 
for long time scales, dislocations can drag their jogs or can 
climb out of their glide planes, and the motion is controlled by 
the slower process of self-diffusion. 

The pronounced low-velocity zone found in oceanic and 
tectonic regions can be explained in terms of relaxation by 
dislocation glide. The time constant appears to be appropriate 
for explaining the absorption band at seismic frequencies. The 
higher stress and longer duration rheological properties can be 
understood in terms of dislocation climb. Both glide and 
climb are thermally activated processes, and there is therefore 
a relation between the seismic and rheological properties via 
the temperature and pressure. 

The apparent thickness of the rheological lithosphere de- 
pends on temperature, stress, and load duration. For small 
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loads, for example, postglacial rebound, relaxation times are 
longer, and lithospheric thicknesses are greater than for large 
loads such as oceanic islands. For loads older than thousands 
of years the rheological thickness is much less than the seismic 
thickness. 
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