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Superplasticity in Earth's Lower Mantle: 
Evidence from Seismic Anisotropy 

and Rock Physics 
Shun-ichiro Karato,* Shuqing Zhang, Hans-Rudolf Wenk 

In contrast to the upper mantle, the lower mantle of the Earth is elastically nearly isotropic, 
although its dominant constituent mineral [(Mg,Fe)SiO, perovskite] is highly anisotropic. 
On the basis of high-temperature experiments on fabric development in an analog CaTiO, 
perovskite and the elastic constants of MgSiO, perovskite, the seismic anisotropy was 
calculated for the lower mantle. The results show that absence of anisotropy is strong 
evidence for deformation by superplasticity. In this case, no significant transient creep is 
expected in the lower mantle and the viscosity of the lower mantle is sensitive to grain 
size; hence, a reduction in grain size will result in rheological weakening. 

Rheologlcal  properties have an  important 
influence o n  the  nature of flow In the deeo 
interior of the Earth, but both laboratory 
and theoretical studies of deep mantle rhe- 
ology have significant limitations. Qua~l t i -  
tative measurements of the strength of ina- 
terials under high pressures and tempera- 
tures are difficult, and no  rheological mea- 
sureinents have been performed under 
lower lnantle co~lditions. Neither the rheo- 
logical co~lstitutive relation (that is, the 
dependence of viscosity o n  stress or grain 
size or both) nor the absolute values of 
viscosity of the  lo\ver mantle are well con- 
strained (1) .  T h e  rheology of the  Earth's 
deep interior can be inferred from laboi-ato- 
ry data only after a large extrapolation in 
time scales, which i~ltroduces a sig~lificant 
ainount of uncertainty. Similarly, theoreti- 
cal estimates of rheological properties of the  
Earth's deep interior froin time-dependent 
deformation are difficult to make because of 
( I )  the poor sensitivity of the data to rheo- 
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logical properties of the  deep portions of the 
Earth ( 2 ) ,  (i i)  the ~~ncer ta lnt les  in some key 
input parameters such as the melti~lg hlsto- 
rv of ice sheets (3)  in the analvsis of the 
postglacial rebound, or ( ILL)  the density-to- 
\~eloclty c ~ n \ ~ e r s l o n  fact01 (4)  in the anal- 
\sls of the  eeold. 

O n e  strategy to get around these diffi- 
culties is to combl~le  seislnoloeical observa- 

u 

tions of anisotropy and laboratory studies of 
deformation-induced lattice preferred ori- 
entation [for example (5)]. T h e  anisotropic 
structure of ileformed lnaterials depends o n  
deforrnation inecha~llsins (and deformation 
geometry) [for a review, see (6)], and anlso- 
tropic structures can be observed seismo- 
logically as far down as the center ( that  is, 
Inner core) of the Earth (7). Plastic defor- 
ination by diffusion or superplastic creep 
will result in a n  isotronlc structure, whereas 
deformatio~l by dislocatio~l creep or twin- 
nine results in an  anisotrooic structure. 

u 

Thus, a l t l ~ o ~ ~ g l ~  this approach will not pro-. 
vide direct estimates of the  absolute values 
of viscosities, it aro\~ides illforlnation as to , . 
the rheological constitutive relation (stress 
or grain-size dependence of \~iscosity) and 
hence illdirectly i11Jlcates rheological dis- 
contlnuitles or weakening associated with 

D~screte Inverse Theory (Academc Press. San D -  
ego. revsed ed.. 19891, pp. 71-72 

46. N S Gundestrup D. Dahl-Jensen. S. J. Johnsen. A. 
Rossl, ColdReg Sci. Tecli. 21.399 :1993) analyses 
pendng (D. Dahl-Jensen and S. Johnsen, n prepa- 
rator?) 
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grain-size reductLon (5. 8). 
Here we apply this strategy to the lo\ver 

mantle. O n e  of the lnost striking obser\~a- 
tions of the lower inalltle 1s the absence of 
significant seislnic anisotropy (9)  even 
though the dolnl~lant  mineral 111 the  lower 
mantle, orthorhombic (Mg,Fe)SiO, pe- 
rovskite, has significa~lt elastic anisotropy 
(1 0. 1 1 ) .  T h e  absence of observed anisot- 
ropy in the lo\ver mantle could be attribut- 
ed to ( i )  chaotic convection; (i i)  lilnited 
plastic de fo rmat io~~;  (h i )  the allisotroplc 
structure in the lower mantle \vhich hau- 
pens to be such that,  for seismic nraves 
tra\~ellng nearly vertically [such as those 
used in  seislnoloeical studies 19)1, the  . > 

amount  of shear \vave splitting is sinall 
(1 2 ) ;  or ( I V )  the  fact that  the  deforlnation 
does not  result in a n  ailisotronic structure. 
T h e  first hypothesis means that  the  lower 
mantle materials could have anlsotrouic 
structure (possibly due to deformation by 
dislocatio~l creep),  but the  scale of coher- 
en t  deforlnatioil is much smaller than  the  
length of typical seismic wave paths (for 
ScS or SKS) so that ,  011 average, n o  ap- 
preciable anisotropy \vould be detected. 
This  hypothesis is unlikely because selslnic 
tonlography indicates that  the  lower man-  
tle structure is doininated by 1lo1g wave 
length features (13) ,  and a high viscosity 
of the  lower lnantle \\,ill make chaotic 
co~lvect ioi l  iiifficult t o  achieve (14) .  T h e  
second hypothesis 1s also ~lntellable be- 
cause seismic tomography i~ldlcates the  
presence of dow~lgoing and upwelling cur- 
rents in the  lower mantle (15) ,  and the  
Rayleigh number for the  lower lnalltle is 
likely to  exceed the  critical value [see, for 
example, ( 1 ) I .  Discrimination of the  last 
t\vo alter11atil.e~ reuuires a n  investleation 
of the  relation bet\veen the  nature of de- 
formation and seismic anisotropy in lower 
lnantle materials. 

T h e  most iiirect data o n  this subject 
must ultimately colne from high-pressure, 
high-temperature deforlnation experiments 
performed o n  polycrystalline (hlg,Fe)SiO, 
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perovskites. However, these experiments 
cannot be done with current technology. 
Meade et al. studied the preferred orienta- 
tion of (Mg,Fe)SiO, perovskite under lower 
mantle pressures and at room temperature 

fine-grained specimens showed nearly small grain sizes [E - l/d2, where d is grain 
equant shapes despite large strain (Fig. 1B). size (18)], imply that deformation in the 
These observations, together with the ob- fine-grained specimens was by superplastic- 
served small stress exponent [E - a, where ity, where grain boundary sliding contrib- 
a is stress (18)] and grain-size sensitivity at utes significantly to strain (23). 

(1 6).   ow ever, as deformation mechanisms 
at the room temperatures used in their study 
are not likely to be the same as those oDer- 

seismic anisotropy in the lower mantle is 
not clear. 

In our studv. we used an analoe material. I 
mic isotropy of the lower mantle. Use of an I 

tion of crystals) which are mainly deter- 
mined by the nature of slip systems and I 
twinning that in turn are primarily con- 
trolled bv crvstal structure. CaTiO, is con- , , 
sidered to be a good analog because most of 
the defect-related features that control the 
preferred orientation are similar to the fea- 
tures found in (Mg,Fe)SiO, perovskite (1 7). 
Karato et al. (18) found that diffusion creep 
dominates in CaTiO, perovskite under a 
wide range of conditions, and they suggest- 
ed that diffusion creep might be a dominant 
mechanism of flow in the lower mantle. O n  
the basis of these results, we prepared poly- 
crystalline CaTiO, with different grain sizes 
(-8 Fm and -70 km in diameter) and 
deformed them to large shear strains (up to 
-300%) using a technique described in 
(19). The sample with -8+m grain size 
was deformed in the diffusion creep regime, 
and the other sample with -70-km grain 
size was deformed in the dislocation creeD 
regime. We chose this mode of deformation 
because the likely deformation geometry in 
the mantle is simple shear rather than axial 
compression (20) and because the large 
strains necessarv for texture studies will be 
easily achieved in this geometry but not in 
axial compression. The deformation condi- 
tions were P (pressure) = 300 MPa and T 
(temperature) = 1498 K (which is equal to 
0.68 T,, where T, is the melting temper- 
ature), and E (shear strain rate) ranged from 
0.7 X lop5 to 18 X lop5 s-' up to -310% 
strain (21 ). 

The fine-grained samples typically 
showed homogeneous deformation, whereas 
the coarse-grained s~ecimens showed some " 
heterogeneous deformation caused by dy- 
namic recrvstallization in which relict 
grains show a large elongation but newly 
formed recrystallized grains remain nearly 
equant shape. The coarse-grained samples 
showed somewhat asymmetrical grain 
shapes, often referred to as fish (22), which 
presumably result from the deformation of 
fine-grained recrystallized grains (Fig. 1A). 
In contrast, almost all the grains in the 

Fig. 1. Microstructures of deformed CaTiO, perovskite. Optical micrographs of polished sections after 
chemical etching taken with reflected light (with Nomarsky contrast). (A) A coarse-grained sample 
deformed in the dislocation creep regime [P = 300 MPa, T = 1498 K, i (shear strain rate) = 18 x 1 0-5 
s-', and E (shear strain) = 310%]. (B) A fine-grained sample deformed in the superplastic regime (P = 
300 MPa, T = 1498 K, i = 4 X 1 0-5 s-' , and E = 173%). Grain shape changes in the coarse-grained 
specimen follow approximately the strain ellipsoid. In contrast, almost no grain elongation is found in the 
fine-grained specimen. Numerous twin boundaries are seen in both specimens. Shear direction is 
east-west, and the sense of shear is indicated by arrows. 

Dislocation creep Superpbs"--. 

min. 

4 l -  
equal-area 
projection 

Fig. 2. The preferred orr- 
entation of polycrystal- C 
line CaTiO, as measured (1 10) twins S"perpLastci { l lo)  twins 
by x-ray pole figure goni- 
ometry for the (040) 
plane [(A) and (B)] and by Shear 
optical microscope (C). Plane - 
The x-ray pole figures 
are plotted on the shear plane by using the upper hemisphere projection. The color-coded pole densities 
are related to a logarithmic scale that expresses pole densities in 100x multiples of a random distribution 
[a value of 100 (that is, green) means that the pole distribution is random]. (A) A coarse-grained sample 
deformed in the dislocation creep regime (T = 1498 K, i = 18 x s-l, and E = 310%). (B) A 
fine-grained specimen deformed in the diffusion creep (superplastic) regime (T = 1498 K, E = 5 X 
s-' , and E = 30%). Note the strong preferred orientation in the coarse-grained specimen and very weak 
preferred orientation in the fine-grained specimen. The strength of preferred orientation reaches nearly 
steady state at strains of -50 to 70% in the dislocation creep regime; therefore, a large difference in the 
strength of preferred orientation between two sets of specimens is due mainly to the difference in 
deformation mechanisms and not by the difference in the magnitude of strain. This point is demonstrated 
in (C) where the orientation of the 11 10) twin boundaries is plotted for the two samples (one deformed in 
the dislocation creep regime at T = 1498 K, i = 0.7 X s-', and E = 30% and the other deformed 
in the superplasticity regime at T = 1498 K, i = 4 x 10- s- l, and E = 173%). The plots are on the plane 
perpendicular to the shear plane. About 2000 twin boundaries were measured. 
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W e  measured the fahrlc (lattlce m e  
ferrccl orientation) of deformed samples us- 
ing both a n  optical microscope equipped 
with a universal stage and a11 x-ray pole 
figure gonionleter (Fig. 2)  (24) .  Again, 
lnarked contrasts were found bet\\-cen fine- 
grai~lccl and coarse-grained specimens. T h e  
preferred orientation in coarse-graineel sam- 
ples was strong; the n asis became subpar- 
allel to the  flow direction ancl the  b axis 
perpendicular to the  flow plane. In  colntrast, 
fine-grained specimens showed almost ran- 
cio~n preferred orientation, consistent with 
the absence of preferred orientation in ~ L I -  

perplastically deforrned metals (23) .  
O n  the  basis of the  preferred orielltation 

of irldivid~~al erains meas~~reci with a univer- 
sal stage, 1%-e calculated scislnic wave veloc- 
ities usi11g the elastic constants of LlgSiO, 
pcrovskitc (1 1 ,  25) and the program devel- 
opecl hy Mainprice (26) (Fig. 3 ) .  For the  
ScS wave, whose pass length in the lo\\-er 
mantle is -4000 km (-2000 k ~ n  for SKS), 
the expected shear wave splitting for ciislo- 
cation creep rallges from -1 to -36 s (0.5 
to 18 s for SKS) dependi~lg 011 the geometry 
of flo~v. T h e  ohserveci slnall shear wave 
splitting (less than 0.2 s) is marginally con- 
sistent with a horizontal flow, l-iut we co11- 
sider that a horizontal flow is ~~n l ike ly  a t  
least in the areas where shear wave splitting 
was studieci (27).  For a vertical tlov-, we 
expect shear 1%-ave splitting of -20 s (-10 s 
for SKS),  which is much larger than the 
observed values (less than 0.2 3) .  T h e  nre- 
ferrcd orientation in salnples deforlncd hy 
superplastic crcep is much smaller; hence, 
1%-eakcr seismic anisotropy results (28).  

Fig. 3. Shear wave  sp l i t t~ng of a perovski te aggre- 
gate  deformed b y  d~s locat ion creep, calculated 
f r om the  preferred orientation of a coarse-graned 
CaT0, and the  e las t c  constants of MgS0, per- 
ovsk te .  The  m a g n t u d e  of shear wave  s p i t i n g  is 
plot ted on a plane perpendicular t o  t he  shear 
plane including t he  shear direction The  sense of 
shear is Indicated b y  ar rows.  For veflical shear 
w t h  a layer -4000 k m  (-2000 km) thlck, t he  f low 
d r e c t o n  IS nearly parallel t o  t he  [100]-axis peak,  
a n d  the expected shear wave sp l~ t t lng  w b e  - 3 0  
s (-15 s). For a superplast~cal ly deformed per- 
ovsk~ te ,  t he  shear wave sp l l t ing  IS m u c h  smaller. 
., maxlmum of 3 6  S ,  *, mln lmum of 1 s .  Path  
length IS 4000  k m .  

Therefore, we conclucie that the  observcii 
small shear 1%-avc splitti~lg in the  lo\\-er ma11- 
tle suggests that cleformation there is by 
suver~lastic flow. 

L L 

W e  have assumeel that seislllic anisotro- 
py in the lower nlantle is iieter~nined solely 
l-iy that of perovskite. T h e  seco11Jary com- 
ponent, (Mg,Fe)O, is also anisotropic (26) ,  
and it may contribute to shear wave split- 
ting. W e  suggest that the  al-isc~lce of shear 
wave splitting in the lower nlantle ilnplics 
that (Mg,Fe)O, if anything, should also de- 
form by supcrplasticity. 

Superplasticity is a n  important mecha- 
nism of deforlnation only under li~niteii 
conditions. In particular, grain size must he 
maintained to be reasonal-ilv small (2.3). It is 
co~nceivable that a sn~al l  grain size in  the 
lower lnantle is maintained l-iy the presence 
of (Llg,Fc)O; other\\-ise, grain growth \vo~~lci 
result in defor~nation hy dislocation creep. 

There is strone evidence that cleforma- " 

tic311 is hy dislocation creek3 in the upper 
portions of the upper mantle (5). Thus, the 
rheological constituti\~e relation ( that  is, 
the Jepenclence of viscosity on stress or 
grain size) is different bet\\-een the  upper 
and lower mantle. Viscosity in the super- 
plasticity regime strongly iiepencls on grain 
size. Therefore, a reciuction of erain iize in 
the  lo\\-cr rnantle will result in significant 
rheological weakening (1 8, 29).  Also, the  
dent11 variation in viscosity of the lo\\-er 
mint le  will depclld o n  the clepth variation 
in grain s i x .  There will l-ie no  significant 
transient creep in the lower mantle. Thus, 
the rheology of the lower nlantle inferred 
from the postglacial rehound will be free 
froin the  effects of transient creep and, 
therefore, should be iclclltical to that esti- 
mated frorn geoid anomalies. 

Effects of changes in rheological consti- 
tutive la\\- o n  lnantle convectioll coulci 
cause interlnitte~nt up\\-elling plumes from 
the b o ~ ~ n d a n .  130). Grain-six reduction as- , ,  , 

sociateii with the  phase tra~lsforlnation to 
the perovskite plus magnesiowustitc assem- 
bly near the 660 knl i l iscontin~ity \\.ill sig- 
nificantly weaken a subductecl slah that 
penetrates into the lower mantle, which 
may cause it ti3 deform or thicken, as has 
been seen in sonle seismic tomography (1 5).  
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Large-Scale Interplanetary Magnetic Field 
Configuration Revealed by Solar Radio Bursts 

M. J. Reiner, J. Fainberg, R. G. Stone 

An instantaneous view of the interplanetary extension of the solar magnetic field is 
provided here by measurements from a space platform at high ecliptic latitudes of the 
trajectories of individual type Ill solar radio bursts. The Ulysses spacecraft provides this 
unique vantage point with an orbit taking it far from the ecliptic plane. The Ulysses radio 
measurements illustrate the capability of detecting and tracking coronal disturbances as 
they propagate through the interplanetary medium. 

Sola r  energetic processes, such as solar 
flares, inject energetic electrons Into intcr- 
planetary spacc, where, as a result of their 
small gvroradli, these electrons are con- -, 

stralned to follow the  interplanetary exten- 
sion of the solar nlagnctic field. As the 
suprathermal electrons propagate through 
the  interplanetary medium, thep interact 
with the local plasma to generate radio 
emissions (1 )  a t  the plasma frequency and 
its harlnollic (2) .  Beca~lsc the plaslna frc- 
c j~~cncy (proportional to the square root of 
the solar wind plasma density) falls off with 
increasing heliocentric distance, radio emis- 
sion generated farther fro111 the sun occurs 
at lower frequencies. For radio elnisslon 
generated fro111 regions near the  sun to near 
Earth's orbit at 1 astronomical unit (1 A U  
= 1.5 X 10"km), the  plasma frc~lucncy 
ranges from several liulldrcds of megahertz 
to -50 kHz; the precise values depend o n  
the  intcrnlanctarv conditions at the  time of 
the radio emission and o n  whether the  
emlssion occurs at the fundamental or har- 
monic of the  plasma frequency. Both direct 
observations (3 ,  4)  and modeling (5) indi- 
cate that the  radio emission is broadlv 
beanled in the  dlrcction of the interplane- 
tary ~nagnet ic  field, hut the value of the  
beamwidth is difficult to estimate. T h e  ra- 
dio manifestation of the intcractlon of the 
electrons with the  solar wind as thev DroL7- 

, L  . 
agate along the  lnagnetic field lines through 
the ~ntcrplanetary medium is known as a 
typc 111 radio burst (6). Low-frequency typc 
111 radio bursts have hccn observed for dc- 
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cadcs by spacecraft located in the ecliptic 
plane (7). 

T h e  Ulysscs spacecraft, launched in Oc-  
toher 1990, uscil the intense gravitational 
field of Jupiter to rotate its orbital plane far 
out of the ecliptic; it hccamc the first spacc- 
craft to go to high ecliptic latitudes and 
over the  poles of the sun (8). During the  
southern polar pass, which occurred d ~ ~ r i n g  
Scptemhcr and Octohcr of 1994, Ulysscs 
went as high as 80"s  ecliptic latitude a t  a 
distance of -2 AU below the ccliotic 
plane. After a rapid passage through the  
ecliptlc plane ( - l o  day-' in ecliptic lati- 
tude), Ulysses made a northern polar pass, 
reaching a r n a x ~ m ~ u n  northern ecliptic lat- 
itude of 79°K in late Aueust 1995. T h e  
lnstrulncntation o n  Ulpsscs incl~ldcs a sen- 
sitive radio rccclver 19) with 76 discrete 
frecj~lcncy channels covering the  range from 
1 to 940 kHz. This rccei\~er is coupled to a 
72.5-m (tip to tip) dipole antenna in the  
spin plane of the spacecraft and a 7 .5 -~n  
mollopolc antcnna along the spacecraft 
spin axls. Durlng the  111-ccllptic phase of 
the  Ulysscs mission, thousands of type I11 
radio hursts were ohserved bv this instru- 
ment. T h e  Ulysscs radio experinlent was 
designed to clcterml~lc the dlrcction of ar- 
rival of the radiation from the measured 
modulation in the radlo signals as the 
spacecraft spins about its axis (10). Ulysses 
observations therefore permit tracking of 
type 111 radio sources through interplane- 
tary spacc. 

During its trajectory to high latitudes, 
Ulysscscontinucd to ohscrvc type I11 radio 
emission ( I  I ) .  This oliservation is signifi- 
cant because solar active regions, from 
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