Reports

Activation Volume for Creep in the Upper Mantle

Abstract. The activation volume for creep, V*, of olivine-rich rocks has been de-
termined in pressure-differential creep experiments on dunite at temperatures from
1100° to 1350°C and confining pressures from 5 to 15 kilobars. Values of V* range
from 10.6 to 15.4 cubic centimeters per mole with a mean value of 13.4 cubic cen-
timeters per mole, near that expected for oxygen ion self-diffusion. The quantity V*
is incorporated into existing flow equations; in combination with-observations on
naturally deformed mantle xenoliths, estimates are given of the variation with depth

of stress, strain rate, and viscosity.

It is generally conceded that thermal
convection, of some form, in the earth’s
mantle either provides the driving force
for or controls the nature of plate mo-
tions. Most recent models of mantle con-
vection have been based on assumptions
of Newtonian flow (/) or of constant
stress distribution (2). These models pre-
dict different viscosity profiles, but both
are likely to be physically unrealistic on
the basis of experimental data which in-
dicate that power law creep dominates
upper mantle flow and that the stress
state and strain rate vary with depth. Our
approach to the problem of viscosity var-
iation with depth has been based on ap-
plication of experimentally determined
flow data for olivine-rich rocks (the
dominant constituents of the wupper
mantle), flow processes in the experi-
ments and naturally deformed counter-
parts (3), pyroxene geothermometry and
geobarometry ¢, 5), and measurements
of the stress versus recrystallized grain
sizes (6-9). Although most of the creep
parameters for the steady-state flow of
olivine are reasonably well determined
(3), the activation volume for creep has
been elusive and is extremely important
for estimates of variations of stress, vis-
cosity, and strain rate (/, /0) at depths
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below those simulated by the experi-
ments (about 50 km). This is so because
one of the basic premises of flow, at least
in the upper mantle, is that the creep rate
is limited by intrinsic self-diffusion of ox-
ygen ions or complexes, a premise for
which there is ample empirical evidence.
For these reasons we have sought to de-
termine the value of the activation vol-
ume for creep of olivine, the preliminary
results of which are reported here.

All of the steady-state experimental
data obtained from both polycrystalline
olivine (6, /1) and single crystals (/2) are
best fitted (3) by a power flow law of the
form

€ = A exp(~Q/RT)o" 1

where € is the steady-state strain rate
during creep, A is a slightly temperature-
sensitive material constant, Q. is the ac-
tivation energy for creep, o is the stress
difference, n is the stress exponent, R is
the gas constant, and T is the temper-
ature in degrees Kelvin. Steady-state
flow in these experimeénts is accom-
plished by dislocation glide and climb
(polygonization) and by dynamic recrys-
tallization. The dominant flow process
depends on the physical conditions of
the experiments, but in all instances of
steady-state creep it appears that dif-
fusion controls the creep rate. The iden-
tity of the flow processes in these experi-
ments and those that have operated in
naturally deformed dunites and perido-
tites from the upper mantle has war-
ranted attempts to extrapolate the me-
chanical data to depths below equivalent
depths of the experiments and to the
lower rates of natural deformations
(about 107! sec™!, on the average). In
the absence of information on the activa-
tion volume for creep, the extrapolation
most commonly used is based on the em-
pirical relation (/3)

¢ = Df(o)bl $ Dexpt(—aT/T) (o) (2)

where D is the diffusion coefficient, f{o)
is the stress function, D, is a constant,
Tn is the melting temperature, and
a = Q./RT,. In Eq. 2 it is assumed, with
some experimental justification (/3), that
the effect of pressure on D is given ap-
proximately by its effect on T},. Our con-
cern here is to develop a means for more
accurate extrapolation of the laboratory
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Fig. 1. Estimates of stress differences, as a function of depth, in the upper mantle beneath
oceanic (a) and continental (b) regions; o is the maximum compressive stress, and o is the
minimum compressive stress. The most recent pyroxene geotherms (¢, 5) are used for temper-
ature and depth estimates. Stresses indicated by the solid curves are determined from recrys-
tallized grain sizes in olivine (9), and those indicated by the dashed curves are calculated from

Eq. 9.
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creep data to depth, and this requires a
determination of the activation volume.

The effect of pressure (depth) on the
steady-state creep of olivine is given by

€ =Aexp —(Q + PV¥/RT)o" (3)

where Q is the activation energy of the
rate-controlling process, P is the pres-
sure, and V* is the activation volume for
creep. Thus, the activation energy for
creep obtained empirically, (., is the
sum of QO and the product of P and V*.
The quantity V* comprises the partial
molar volume of mobile vacancies, AV,
and the partial molar volume of activated
complexes, AV, (/3). The magnitude of
AV, depends on the degree to which
atoms surrounding a vacancy relax into
it; for zero relaxation, AV, would be the
partial molar volume of the diffusing spe-
cies. Increases in pressure are accommo-
dated by a loss of vacancies, which re-
sults in a decrease in diffusivity. The vol-
ume AV, involves a diffusing atom at a
saddle point expanding a constriction of
two neighboring atoms while the volume
of the divided vacancy remains nearly
unchanged. Thus AV, is a small positive
volume, and an increase in P would also
decrease the concentration of activated
complexes and therefore the diffusivity.

Metallurgists have developed stress
relaxation methods for estimating V*
(/4). However, the values of V* deter-
mined in those experiments relate to the
dynamic aspects of dislocation glide and
must be carefully distinguished from the
activation volume for self-diffusion with
which we are most concerned for extrap-
olations to depth. For plasticity, the
mean velocity, V, of mobile dislocations
is a function of the effective stress, o,
(5),

V=pos=plon o) @

Table 1. Activationi volumes (in cubic cen-
timeters per mole) for creep of olivine at con-
fining pressures of 5 to 15 kbar.
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where S is a constant, o, is the applied
stress, o is the internal stress associated
with mobile dislocations, and m is the
stress sensitivity. It is assumed that dis-
location motion is a thermally activated
process controlled by a stress-dependent
activation enthalpy

H = H, - b[Ado, (5

where H, is the enthalpy in the absence
of external stress, A is the area swept out
by mobile dislocations, and b is the Bur-
gers vector. If A is independent of o,
the velocity of a mobile dislocation then
becomes

V=V, exp(—H/kT) =

V, exp(bA g /kT) (6a)

(where k is Boltzmann's constant, and V,
and V, are constants) so that

kTa¢nV/io, = bA (6b)

Hence, although hA has the dimensions
of volume, the analysis involves only dy-
namic plasticity and not the partial vol-
umes of vacancies and complexes of im-
portance to our problem.

To estimate V* in olivine, we have car-
ried out 18 experiments on Motint Bur-
net and Balsam Gap dunites in a Griggs’
solid pressure medium apparatus (/6)
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Fig. 2. Estimates of the variation of strain rate (a) and equivalent viscosity (b) with depth, based
on Eq. 9 and on the assumption that the measured stresses (solid curves of Fig. 1) are correct.
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with talc as the confining medium. The
experiments were done at a constant dif-
ferential stress of 5 kbar at temperatures
of 1100° to 1350°C and confining pres-
sures of 5 to 15 kbar. Each sample was
first allowed to achieve a steady-state
strain rate at a confining pressure of 5
kbar at the constant temperature used.
The confining pressure was then raised
rapidly to 15 kbar, and specimens were
again allowed to creep to the steady
state. Variations in the confining pres-
sure were then converted to mean pres-
sure, P, for the purpose of calculating V*
according to the relation

V¥ = —RTd¢né/dP =
RT(¢né, — ¢né,/P, — P) (7

The results of these experiments are
presented in Table 1. Values for V*
range from 10.6 to 15.4 cm?*/mole, with a
mean value of 13.4 cm?*/mole. Errors in
the P values at these temperatures are
probably about 10 percent (/7), and er-
rors in the strain rate as a result of tem-
perature inaccuracies are approximately
5 percent (/8), for a total error of about
30 percent. Thus the mean value of V* is
estimated to be 13.4 = 4.0 cm?/mole.
This value is greater than that measured
for the simple cation diffusion of magne-
sium (5.3 cm®/mole) in olivine (/9) and is
close to that expected theoretically for
the activation volume for the self-dif-
fusion of oxygen ions (11.6 cm?/mole) by
motions of simple point defects. There-
fore, we believe that it is unlikely that
mechanisms of bulk diffusion in olivine
involve appreciable diffusion of groups
of ions, as the energies of formation and
motion of such defects (for example, 40
cm?®/mole for SiO, complexes) are much
higher than those for single oxygen de-
fects.

To illustrate the application to the
earth of V* so determined, we have
made use of the flow equations for € of
dunite of Post (P) (6) and of Carter and
Ave’Lallemant (C & A) 3, /1) obtained
near a confining pressure of 15 kbar:

e =4.3 X

126 )
8 _ 3.0
10 exp( RT x l()“"‘)o- Py (8a)
€=5.1x
111
9 - 3.3
10 exp( RT x l()":‘)a- (C & A) (8b)

where V* is expressed in kilocalories per
mole and o is in kilobars. Post’s speci-
mens and assemblies were dried care-
fully at high temperature, whereas Car-
ter and Ave'Lallemant report 0.3 percent
water (by weight) available in serpentine
and hence their materials are damp.
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Using V*, the values of Q for these two
flow laws are 121.2 and 106.2 kcal/mole
for Post and for Carter and Ave’Lalle-
mant, respectively. The equation for
the extrapolation of these mechani-
cal data is, following use of appropriate
conversion factors,

€ = Aexp —

Q0+ 13.4 X 2.39 X 1072P)
( RT x 10— )‘T

®

+ 0.
nexp (G020,

RT x 103 )7

where Q is expressed in kilocalories per
mole, P and o are in kilobars, and the
various material constants of Eq. 8, in
addition to the new values of Q, are to be
inserted appropriately.

Figure 1 shows the variation in dif-
ferential stress at an assumed constant
strain rate of 10! sec™! for both the dry
and damp flow laws (dashed curves) un-
der ocean basins (Fig. 1a) and continents
(Fig. 1b). The geotherms used in the ex-
trapolations are the most recent ones of
Mercier (5), based on pyroxene geo-
thermometry and geobarometry. The
solid curves in Fig. 1 are also obtained
from Mercier’s geotherms and from de-
terminations of recrystallized grain
sizes, which are functions of stress only,
in xenoliths based on the new data of
Ross et al. (9). On the basis of the analy-
sis of Ave’Lallemant et al. (20), the solid
curves should be regarded as average es-
timates of variations of stress with depth
under the continents and oceans. It is
evident from Fig. 1A that extrapolation
of Post’s data to a strain rate of 10~
sec™! fits the measured oceanic stress
data very well, whereas the results of
Carter and Ave’Lallemant do not. How-
ever, under cratons (Fig. 1b), extrapola-
tion of the latter flow equation provides
the better fit, at least at depths above
about 175 km. A similar observation by
Mercieret al. (7) led them to suggest that
the upper mantle beneath continents
contains small but significant quantities
of water, and more than beneath oceans,
a suggestion supported by the presence
of hydrous phases in many mantle xeno-
liths from beneath continents.

Following the procedure of Mercier et
al. (7), we have attempted to estimate
variations of strain rate and viscosity
with depth, assuming that the measured
stresses are correct and inserting these,
as a function of depth, into Eq. 9. Strain
rates and equivalent viscosities (n =
o /3¢€) are then calculated as a function of
depth (Fig. 2). The mechanical results of
Carter and Ave’Lallemant can be ig-
nored for the upper mantle beneath
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ocean basins (solid lines), and only
Post’s results need be considered. These
results indicate a rapid increase in € with
depth to a value of 1071425 sec™! at 60 km
(near the lid of the low-velocity zone)
and then a slight decrease and leveling at
about 107147 sec™! at depths below 100
km. The value of n decreases to about
10215 poises at 60 km and remains nearly
constant thereafter. Under continents,
the values of € and % calculated from
Carter and Ave’Lallemant’s results seem
more reasonable to depths of about 150
km, below which, perhaps because of
dehydration, Post’s data may be the
more reliable.

The analysis given above indicates the
importance of the determination of V*
for olivine. Stress generally decreases
with depth in the depth interval for
which observations are available, and
the strain rate generally increases and
viscosity decreases except under ocean
basins. We believe that these con-
clusions are physically reasonable and
should be incorporated as constraints in-
to future attempts to model thermal con-
vection and plate motions.
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Neutron Scattering of Solution-Grown Polymer Crystals:

Molecular Dimensions Are Insensitive to Molecular Weight

Abstract. Neutron scattering gives information on molecular conformations in sol-
id solutions of polymers of one isotope in another. Results on crystals of polyethylene
grown from solution show a molecular dimension (in the form of a radius of gyration)
that is almost invariant with the length of the chain. It is proposed that certain
lengths of folded chains fold back onto themselves to form stacks of chain-folded

ribbons (*‘superfolding’’).

The way in which long polymer chains
accommodate themselves within crystal
units has recently attracted renewed in-
terest with the application of neutron
scattering. This technique, with the use
of isotopically labeled molecules, gives
information on the trajectories of single

- molecules in the condensed state. Other

techniques have established (/) that the
crystal unit is characteristically lamellar,
with the chain direction usually at an
angle of 0° to 30° to the lamellar normals.

The very existence of lamellae is now
quite certain, but there is still lively dis-
cussion on precisely how the chains are
folded into the crystallites. For crystal
growth from dilute solution there has
been considerable evidence that, for the
most part, each chain tends to fold back
on itself along the growth face of the
crystal (/). Recent experiments have
made it possible to put such models to
more definitive tests.

The low-angle neutron scattering tech-
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