phases of both molecules have rotational
potentials with fairly deep minima and (ii)
above the phase transition, random orienta-
tions of neighboring molecules lead to a
much smoother potential, with numerous
shallow potential minima. For the rotator
phase of Cg, the extraordinary smoothness
of this potential results in a rate of molecular
reorientation that approaches the gas-phase
rate and exceeds the value found for Cgq in
solution.
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Diffusion Creep in Perovskite: Implications for the
Rheology of the Lower Mantle

SHUN-ICHIRO KARATO AND PING L1

High-temperature creep experiments on polycrystalline perovskite (CaTiO;), an
analog of (Mg,Fe)SiO; perovskite of the lower mantle, suggest that (grain size—
sensitive) diffusion creep is important in the lower mantle and show that creep rate is
enhanced by the transformation from the orthorhombic to the tetragonal structure.
These observations suggest that grain-size reduction after a subducting slab passes
through the 670-kilometer discontinuity or after a phase transformation from or-
thorhombic to tetragonal in perovskite will result in rheological softening in the top

portions of the lower mantle.

YNAMICS OF EARTH’S INTERIOR

depend critically on the plastic flow

properties of its constituent materi-
als. Plastic flow in rocks occurs either by the
collective motion of atoms by dislocation
glide (or climb) or by the diffusive transport
of individual atoms. The constitutive rela-
tion for creep between the two mechanisms
is quite different, and this difference can
significantly influence the dynamics of
Earth’s interior (1). Creep rate by disloca-
tion motion is insensitive to grain size and
increases nonlinearly with stress, whereas
creep rate due to diffusion increases dramat-
ically as grain size decreases and increases
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linearly with stress. Recent studies on crustal
and upper mantle minerals show that the
transition conditions between the two
mechanisms are close to the conditions ex-
pected in Earth’s crust and the upper mantle
(2). Thus diffusion creep is a distinct possi-
bility in Earth and might be a dominant
mechanism of flow when a significant reduc-
tion in grain size occurs. Such a grain-size
reduction is expected when a subducting
slab passes through the phase transforma-
tion boundaries (3). For example, Ito and
Sato (4) showed a significant grain-size re-
duction after the transformation of
(Mg,Fe),S8i0, into (Mg,Fe)SiO; perovskite
+ (Mg,Fe)O magnesiowustite (at 23 GPa
or ~670 km) and suggested that rheological
softening might occur if grain-size reduction

occurs under differential stress. However,
experimental data are lacking to examine the
possibility of diffusion creep in perovskite,
the mineral that makes up most of the lower
mantle (670 to 2900 km).

In this study, we investigated the creep
law of perovskite in the grain size-sensitive
regime using CaTiO; as an analog material.
Dislocation creep behavior has been studied
in single crystals of analog materials of
(Mg,Fe)SiO; perovskites (5), but under-
standing the process of deformation of poly-
crystalline aggregates is important because
grain size-sensitive diffusion creep occurs
only in polycrystalline specimens. CaTiO3
perovskite is a good analog material of
(Mg,Fe)SiO; perovskite for two reasons.
First, the crystal structures are similar: both
belong to the same space group Pbnm at
ambient temperature (and pressure) (6) and
transform to higher symmetry structures at
higher temperatures (7). In addition, there
are similarities in defect structures: the same
slip systems of dislocations have been iden-
tified in both types of perovskites (5, 8), and
the same types of point defects occur in both
perovskites (9). A particularly attractive as-
pect of CaTiO; behavior is that structural
phase transformations occur at high homol-
ogous temperatures (T/T,,, > 0.68, where
T, is the melting temperature), where the
material shows significant plastic flow.

We prepared dense fine-grained (5 to 27
wm) aggregates of CaTiO; perovskite by
hot-pressing commercially available powder
specimens. In the hot-pressing, we used a
gas-medium apparatus in an iron jacket at
300 MPa and 1200°C for 1 to 2 hours. The
hot-pressed specimens have densities that
are better than 96% of theoretical values and
uniform grain-size distributions (Fig. 1)
(10). Transmission electron microscopy ob-
servations indicated no precipitation and no
secondary phases at grain boundaries at a
resolution of ~5 nm. The hot-pressed spec-
imens were cut in a parallelepiped shape (~3
by 3 by 6 mm®) and were deformed in

Fig. 1. A scanning electron micrograph of hot-
pressed CaTiO; perovskite after etching. Note the
homogeneous grain size and equilibrium grain
boundaries.

SCIENCE, VOL. 255



Fig. 2. (A) Relation be- 42— T T T T -4.0 T T
tween stress and strain A B
rate in orthorhombic
CaTiO; (94 pm,  ~*f 1 *°r T
1218°C). (B) The effect
of grain size on creep 46l _l _sol |
rate in orthorhombic __ —_
CaTiO; (6.2 MPa, 7 I
1218°C). A stress expo- 7 -48| 4 & -55} g
nent of ~1 and a grain- @ n=14 b4
size exponent of ~2 are = -
obtained from the results -sor 7 —8or T
of (A) and (B), respec-
tively. These two results 52l | _eshk |
strongly indicate that the
plastic deformation in
$§si£lc(:-§‘ésrl:ct; is due to -S54 O:4 O:G 0:8 1:0 1.2 -7.00.5 1:0 115 2.0
- log 6 (MPa) log d (um)
T(°C) temperature, and d is grain size. Our me-
130 120 X chanical data indicate n = 1 and s = 2,
4o 4 values that are consistent with the volume
" diffusion creep model (11).
_ask AN ] We also investigated the effect of structur-
Tetragonal ™, al phase transformation on creep. The struc-
To-sol N ] tural phase transformation from the or-
- oy thorhombic to the tetragonal structure
g ™\ Orthorhombic occurs at T ~ 1240°C (7). The creep rates
-551 '\°\ ] were measured at intervals of 5° to 10°C
“ with both increasing and decreasing temper-
Yy \ - ature. No significant hysteresis was found
\ except for a small hardening effect due to
s ) ) ) grain growth (12). The results indicate a
2 T ® &8 70 significant enhancement of creep as the

Fig. 3. The change in creep rate near the phase
transformation in perovskite (5.19 MPa, 10.8
pum). CaTiOj; perovskite is in the orthorhombic
structure at temperatures below ~1240°C and
transforms into the tetragonal structure at
~1240°C. The measurements were made both at
increasing and at decreasing temperature. No
hysteresis was found except for the effect of grain
growth, which is corrected in this figure [see
(12)]. This result shows that creep is significantly
enhanced by the transformation from the or-
thorhombic to the tetragonal structure.

uniaxial compression under room pressure.
The oxygen fugacity was controlled by use
of a CO-CO, gas mixture or in air. The
temperature was controlled by a MoSi, fur-
nace in the range of 1180° to 1300°C. Both
constant-load and constant-displacement
rate tests were conducted. Steady-state creep
was observed after a brief transient period. A
small dependence on O, partial pressure was
observed.

The creep law of the orthorhombic struc-
ture can be summarized by a standard for-
mula (Fig. 2),

€ = Ac"exp(—E*/RT)/d*

where ¢ is the strain rate, A is a constant, o
is stress, n is the stress exponent, s is the
grain-size exponent, E* is the activation
energy, R is the gas constant, T is absolute
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structure changes from the orthorhombic to
the tetragonal symmetry (Fig. 3). The stress
exponent in the tetragonal phase is also ~1,
indicating that the deformation mechanism
is diffusion creep.

Dislocation and diffusion creep have dif-
ferent dependences on stress, grain size, and
temperature (and pressure), and therefore
each mechanism dominates over the other
under certain conditions. To evaluate the
relative importance of diffusion and disloca-
tion creep, one must compare these data on
diffusion creep with the predictions of the
dislocation creep law. Because there are no
data on dislocation creep in polycrystalline
perovskites, we used an approximation that
the strength of a polycrystalline aggregate is
the same as the strength of the hard slip
system or systems (11, 13).

The results of such calculations (Fig. 4)
indicate that diffusion creep is a dominant
mechanism of deformation over a wide
range of conditions. A deformation mecha-
nism map for CaTiO; thus constructed may
be used to infer the dominant mechanisms
of deformation in the lower mantle, if it is
assumed that a similar deformation mecha-
nism map applies to (Mg,Fe)SiO; perov-
skite after an appropriate normalization (11,
14).

The T/T,, ratio in the lower mantle is
estimated to be 0.6 to 0.8 (T, is the melting

100 T 1 | T 1
-
2 10-2
310
[/
g
';,'10"L
g o
®
E 10k Diffusion creep Sos
]
z

10-8 L 1 1 1 1

10° 10 102 10° 10* 10°  10°

Grain size (um)

Fig. 4. The deformation mechanism map for
perovskite based on this study and the inferred
rate of dislocation creep. Solid lines are the
boundaries between dislocation and diffusion
creep for the orthorhombic structure at T/T,,, =
0.7 and 0.6. Broken lines are for the tetragonal
structure. Diffusion creep is the dominant defor-
mation mechanism in perovskite over a wide
range of conditions. The range of grain size and
stress expected in the lower mantle is shown by
the dotted region.

temperature of perovskite) (15). The stress
level o is estimated to be in the range 1 to 10
MPa (or o/p = 107* to 1075, where u is
rigidity) (16). The largest uncertainty is the
grain size. We might-assume that the grain
size of olivine in a subducting slab is similar
to that in typical upper mantle rocks, that is,
on the order of millimeters (17). This grain
size will be reduced by the phase transfor-
mations, although it will eventually increase
again through grain growth. Ito and Sato
(4) reported that the grain size after the
transformation to perovskite + magnesio-
wustite in their experiments is a few mi-
crometers. They argued that grain growth
might be slow in a perovskite + magnesio-
wustite mixture because the presence of a
secondary phase often inhibits grain growth
(18). .

These considerations suggest that a wide
range of grain size, say, from a few microme-
ters to a few millimeters, is possible in the
lower mantle: relatively small grain size
might occur near the leading edge of a
subducting slab in the lower mantle as a
result of the phase transformation from
spinel to perovskite + magnesiowustite, but
grain size will be larger in the lower mantle
away from subducting slabs because of grain
growth and the absence of continuous phase
transformation. At the highest end of this
grain-size range, diffusion creep is margin-
ally important. If the grain size is smaller
than this value, diffusion creep is likely to be
the dominant mechanism of deformation.
We conclude, therefore, that diffusion creep
is a distinct possibility in the lower mantle,
especially near the leading edge of a sub-
ducting slab: a subducting slab would be-
come weak as a result of grain-size reduction
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as it penetrates into the lower mantle.

Our results suggest another mechanism of
softening that is independent of grain size:
softening due to a structural phase transfor-
mation (from the orthorhombic to the te-
tragonal structure). The phase transforma-
tions in perovskites are in general close to
second order and involve only a small rear-
rangements of atoms. Thus, in contrast to the
(first-order) transformation from spinel to
perovskite + magnesiowustite, no grain-size
reduction is found associated with the struc-
tural phase transformation from the or-
thorhombic to tetragonal structure. There-
fore, the enhancement of creep due to this
structural phase transformation must be due
to the enhancement of diffusion.

Diffusion creep in fine-grained aggregates
has been observed in many solids, and it is
not surprising to see a similar behavior in
perovskite. A real question, however, is how
close are the transition conditions between
diffusion and dislocation creep for perov-
skite to the conditions in Earth. Our results
show that diffusion creep dominates in pe-
rovskite over a wide range of conditions and
a linear, grain size—dependent rheology is
likely to be an important deformation mech-
anism in a large part of the lower mantle.

Our results suggest two mechanisms of
rheological softening: one due to grain-size
reduction and the other due to a structural
phase transformation. Both are likely to
occur in the shallow portions of the lower
mantle (4, 7). Therefore, rheologically soft
layers may occur in the top portions of the
lower mantle, which would act to decouple
the convective motion between the upper
and lower mantle (19).

The use of analog material to infer the
lower mantle rheology has large uncertainties.
We suggest that the presence or absence of
seismic anisotropy in the lower mantle should
provide an important clue on the dominant
mechanisms of deformation: little preferred
orientation of perovskite would occur and
hence little seismic anisotropy would be ob-
served if the deformation mechanism is diffu-
sion creep, whereas dislocation creep would
result in a significant preferred orientation
and the resultant seismic anisotropy (20).
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Mechanics of Wind Ripple Stratigraphy

SPENCER B. FORREST AND PETER K. HAFF*

Stratigraphic patterns preserved under translating surface undulations or ripples in a
depositional eolian environment are computed on a grain by grain basis using
physically based cellular automata models. The spontaneous appearance, growth, and
motion of the simulated ripples correspond in many respects to the behavior of natural
ripples. The simulations show that climbing strata can be produced by impact alone;
direct action of fluid shear is unnecessary. The model provides a means for evaluating
the connection between mechanical processes occurring in the paleoenvironment
during deposition and the resulting stratigraphy preserved in the geologic column:
vertical compression of small laminae above a planar surface indicates nascent ripple
growth; supercritical laminae are associated with unusually intense deposition epi-
sodes; and a plane erosion surface separating sets of well-developed laminae is
consistent with continued migration of mature ripples during a hiatus in deposition.

OOSE GRANULAR BEDS OFTEN RE-
spond to the presence of a moving
fluid by assuming characteristic reg-
ular undulations called ripples, megaripples,
sandwaves, antidunes, or dunes, depending
on their size and genesis (1, 2). In a depo-
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sitional environment, slight variations with
time in the mean grading, orientation, pack-
ing, or mineral content of the surficial grains
may be preserved in the accumulating col-
umn of sediment as the individual laminae;
collectively these make up the strata ob-
served in clastic sedimentary rocks. Knowl-
edge of the fluid and sediment conditions
that can lead to stratigraphic patterns in
rocks would make it possible to assess the
paleomechanical conditions under which the
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