
structures observed 
phous BN obtained 

Although these 

by TEM in the amor- corded with a Mattson Polar~s Fourler transform IR 
spectrometer equipped with diffuse reflectance ap- 

by our synthesis. paratus. X-ray powder patterns were obtained on a 
apparent sites of fiber Rigaku Geigetflex powder diffractometer with a Cu 

growth have been identified, little is yet target. scainlng electron microscopy was carried 

known about the exact mechanism by out w~th a JEOL 840 SEM. Energy-dispersive x-ray 
- .  analvs~s was oetformed with a JEOL 820 SEM and a 

which the tube growth occurs or the driving ~ink'~nalvtlcal Oxford Instruments eXL EDS. Trans- 
forces involved: Although it is difficult to u 

propose a mechanism for the formation of 
the tubes from the amorohous material, it 
would appear that their consistently 
orientation is a result of conditions existing - 
during their growth. 

To our knowledge, hollow BN fibers of 
this type have not been reported previously. 
Although small, poorly crystalline BN fi- 
brils of approximate dimensions 1 p,m by 5 
pm have been obtained by high-pressure 
pyrolysis of borazine (1 2), no indication 
was given of their internal structure. 
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Banded Surface Flow Maintained by Convection in 
a Model of the Rapidly Rotating Giant Planets 

Zi-Ping Sun, Gerald Schubert," Gary A. Glatzmaier 
In three-dimensional numerical simulations of a rapidly rotating Boussinesq fluid shell, 
thermally driven convection in the form of columns parallel to the rotation axis generates 
an alternately directed mean zonal flow with a cylindrical structure. The mean structure at 
the outer spherical surface consists of a broad eastward flow at the equator and alternating 
bands of westward and eastward flows at higher latitudes in both hemispheres. The banded 
structure persists even though the underlying convective motions are time-dependent. 
These results, although still far from the actual motions seen on Jupiter and Saturn, provide 
support for theoretical suggestions that thermal convection can account for the remarkable 
banded flow structures on these planets. 

T h e  differential rotation on the surface of 
the sun is characterized by one broad east- 
ward jet in the equatorial region with high- 
latitude subrotation relative to the basic 
rotation rate (1, 2). The surface differential 
rotation patterns on Jupiter and Saturn 
consist of a strong eastward jet in the 
equatorial region with weaker alternating 
westward and eastward jets extending up to 
80" latitude in each hemisphere (3, 4). The 
latitudinal structure and amplitude of Jupi- 

ter's banded zonal surface flow remained 
essentially constant in time during the 4 
months between the Voyager 1 and Voyag- 
er 2 encounters (3). 

Busse (5) introduced an analytical mod- 
el showing how thermal convection in a 
deep rapidly rotating spherical shell might 
maintain a mean zonal flow and applied the 
model to the sun, Jupiter, and Saturn (6). 
Busse hypothesized cylindrically layered 
convective columnar structures aligned par- 

allel to the axis of planetary rotation, with 
each convective column drifting longitudi- 
nally with constant angular velocity as part 
of an ordered muliilayered configuration. 
There have been many attempts to simulate 
numerically the highly nonlinear convective 
motions and differential rotation in these 
internally heated rotating fluid bodies (7- 
11). A differential rotation in the form of an 
eauatorial acceleration similar to that ob- 
served on the solar surface has been simulat- 
ed with three-dimensional models of deep 
convection in a rotating spherical shell (7- 
10). Large eddy diffusivities were used to 
mimic the subgrid-scale transport of heat 
and momentum. In these computations, the 
convergence of angular momentum flux in 
the equatorial region maintains the differen- 
tial rotation. but the angular velocitv in the 
interior is p;edicted to increase with cylin- 
drical radius and to be constant on coaxial 
cylinders, in contrast to the pattern inferred 
from helioseismology where angular velocity 
is constant on spheres (4). 

One cannot invoke such large eddy dif- 
fusivities for Tuviter or Saturn because the ., A 

small luminosities (internally generated 
heat fluxes) of these giant planets produce 
buoyancy forces too weak to overcome the 
stabilization of large viscous and thermal 
diffusivities. Small eddy diffusivities lead to 
small spatial velocity scales, which are ul- 
timately responsible for the banded differ- 
ential rotation seen on the giant planets. It 
is the combination of small luminositv and 
rapid rotation that makes numerical simu- 
lation of the giant planets so challenging. A 
banded differential rotation pattern similar 
to what is observed has been simulated by 
modeling Jupiter's shallow gaseous weather 
layer with a one-level quasi-barotropic 
model and a two-level quasi-geostrophic 
model (1 1 ) .  However, these shallow layer 
models neglect the internal heat flux, 

u 

which is known to be important for the 
dynamics ( 3 ) ,  ignore any influence from the 
vast convecting liquid interior below, and 
assume that the differential rotation is 
maintained only by two-dimensional turbu- 
lence and baroclinic instabilities in the 
surface layer. 

According to Busse (6), a multilayered 
structure of columnar convection along cv- - ,  

lindrical surfaces parallel to the axis of 
rotation will generate banded east-west sur- 
face flow by the convergence of angular 
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momentum flux. Such a multilayered con- 
vection pattern in radius is expected to 
occur at high Taylor number Ta (12) and 
Rayleigh number R (1 3); in these circum- 
stances, Coriolis and buoyancy forces over- 
whelm viscous forces and produce north- 
south convective columns with cross-sec- 
tional diameters that are small relative to 
the depth of the convecting layer. A large 
Ta alone is not sufficient to generate band- 
ed differential surface rotation (9). 

We have carried out numerical simula- 
tions of them~al convection in a rapidly 
rotating spherical shell of Boussinesq fluid (a 
fluid of constant density except for thermally 
induced densitv variations that eenerate 
buoyancy forces) with the purpose orproduc- 
ine a multilavered convection structure in 
cyiindrical radius and an associated banded 
differential surface rotation. The nonlinear 
numerical simulations were perfomled with a 
three-dimensional time-dependent spectral- 
transform code (8). The fluid variables were 
written as sums of reference state and per- 
turbation auantities. The reference state was 
hydrostatic, spherically symmetric (flatten- 
ing due to basic state rotation was neglect- 
ed), and independent of time. The pertur- 
bation variables are three-dimensional and 
time-dependent; they were expanded in 
spherical harmonics to represent horizontal 
structure and in Chebyshev polynomials to 
represent radial structure (1 4). 

The inner and outer boundaries of the 
shell were isothermal, stress free, and imper- 
meable. The dimensionless physical param- 
eters were Ta = lo9, R = 50Rc (Rc is the 
critical Rayleigh number for onset of con- 
vection), and Pr = 1 (Pr is the Prandtl 
number, the ratio of viscous to thermal 
diffusivity). The values of Ta and R are not 
characteristic of Jupiter, for which the values 
are much larger, but instead are the largest 
values of these parameters for which numer- 
ical solutions were practical. The value Pr = 
1 may be characteristic of eddy diffusion in 
Jupiter. The ratio of the inner to outer radius 
of the deep shell was 0.35, somewhat larger 
than the ratio of the radius of the silicate 
core of either Jupiter or Saturn to the respec- 
tive planetary radius. The spherical shell was 
heated from below and cooled from above. 
The numerical solution was calculated with 
432 Fourier longitudinal levels, 2,16 Leg- 
endre colatitudinal levels, and 49 Cheby- 
shev radial levels, for a total of nearly 5 
million mesh points. Net drops of at least 
3.5 orders of magnitude in the kinetic and 
thermal variances as functions of degree 1 
and order m of the spherical harmonics and 
the degree of the Chebyshev polynomials 
were obtained. The numerical time step was 
limited by the Courant condition because of 
the fluid velocity in the numerical grid. 

A snapshot of the convective structure 
after 10,000 time steps, starting from ran- 

Fig. 1. Contour plots of radlal velocity Solid contours represent outward radial velocltles and dashed 
contours represent inward motions. The zero contour is solid. (A) Contours plotted on a spherical 
surface at a radlus rir,,, = 0.87 (in a Hammer-Aitoff equal area projection) (B) Contours plotted in an 
equatorla1 plane; 0" longitude is at the top. The direction of the basic rotation is counterclockw~se. (C) 
Contours plotted in a meridional cross section (0" longitude on right, 180" on left). 

Fig. 2. Velocity vectors in 
a 90" section of the 
equatorial plane of the 
same simulation as in 
Fig 1 .  The arrow lengths 
are proportional to the 
veloclty amplitudes. 
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dom initial conditions, is shown in Figs. 1 ' 
and 2. The simulated time is long enough for 
the decay of initial transients and the estab- 
lishment of a statistically representative so- 
lution. Radial velocity contours on a spher- 
ical surface about one-quarter of the shell 
thickness in from the outer boundam show 
narrow north-south convective columns at 
low latitude (Fig. 1A) that represent the 
structure of convection near the outer 
boundary in the equatorial region. The dom- 
inant longitudinal wave number in this outer 
convective layer is m = 40. The convective 
columns near the inner boundam intersect , ~ 

this surface at high latitude. There are fewer 
columns around the inner core than around 
the outer equator. The quasi-layered con- 
vective structure in cylindrical radius can 
also be seen from a snapshot of radial veloc- 
ity in the equatorial plane (Fig. lB), and a 
snapshot of radial velocity in a meridional 
plane depicts the quasi-layered columnar 
structure (Fig. 1C). Figure 2 is a snapshot of 
the velocity vectors in a 90" section of the 
equatorial plane. The convective patterns 
are highly time-dependent; seldom do the 
convective columns complete more than 
one turnover before changing their patterns. 
Fluid is continudly transported from one 
convective column to another. Centers of 
convergence and divergence in this plane 
are indicative of flow out of the plane in the 
north-south direction. The instantaneous 
correlation parallel to the rotation axis of 
the columnar convection was predicted by 
the early analytic studies of convection at 

low R (1, 5, 6). However, for the convec- 
tion described here at high R, the large 
time-dependence and irregularity of the pat- 
terns in planes perpendicular to the rotation 
axis is unlike the well-organized, multilay- 
ered patterns with a uniform drift predicted 
from the analvtic studies. 

The generated mean zonal flow (the 
longitudinally averaged east-west velocity 
relative to the rotating frame of reference) 
has a cylindrical structure throughout the 
deep spherical shell (Fig. 3A). The direc- 
tion of the mean zonal flow alternates sev- 
eral times in cylindrical radius. The cylin- 
drical zones, outside the tangent cylinder to 
the inner boundarv. intersect the outer , - 
spherical surface at roughly the same lati- 
tude in each hemisphere. The banded 
structure persisted in the simulation, al- 
though the three-dimensional convection 
was complicated and time-dependent on 
small scales (Fig. 3B). When representative 
values for b i t e r  were used to scale the - .  
equations, the period of time covered in 
this plot was about 4 days. 

A snapshot of the longitudinally aver- 
aged zonal velocity in the outer surface is 
shown in Fie. 4 in a format similar to that 
generally usGd -for Jupiter (3) and Saturn 
(4). Although the simulated pattern has 
broad eastward flow in the equatorial re- 
gion, with alternating east-west jets in each 
hemisphere, the zonal velocity in the sim- 
ulation has its greatest amplitude at high 
latitude rather than in the equatorial region 
as is seen on Jupiter and Saturn. Also, the 

-7.0 o I .o 
Mean zonal velocity 

Fig. 4. A snapshot of the longitudinally aver- 
aged zonal velocity relative to the basic rotation 
rate at the surface of the spherical shell. The 
zonal velocity is normalized by its maximum 
value. 

amplitude of the axisymmetric zonal veloc- 
ity is an order of magnitude less than that of 
the non-axisymmetric velocity. On Jupiter 
and Saturn, the observed zonal velocity in 
the equatorial region is about five times 
larger than the observed root mean square 
eddy velocities (3). Differences between 
observed and calculated velocities are prob- 
ably due to the restricted values of Ta, R, 
and Pr numbers we used because of the 
limitations of the numerical method and 
the computing resources (1 5). Neverthe- 
less, the model results show that quasi- 
layered columnar thermal convection in a 
deep rapidly rotating spherical shell can 
maintain a banded zonal differential rota- 
tion and thus provide support for the theory 
that the convergence of angular momentum 
flux due to columnar convection is respon- 
sible for the banded zonal flow patterns 
observed on the surfaces of Jupiter and 
Saturn. 
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Water Sources for Subduction Zone Volcanism: 
New Experimental Constraints 

Alison R. Pawley* and John R. Holloway 
Despite its acknowledged importance, the role of water in the genesis of subduction zone 
volcanism is poorly understood. Amphibole dehydration in subducting oceanic crust at a 
single pressure is assumed to generate the water required for melting, but experimental 
constraints on the reaction are limited, and little attention has been paid to reactions 
involving other hydrous minerals. Experiments on an oceanic basalt at pressure-temper- 
ature conditions relevant to subducting slabs demonstrate that amphibole dehydration is 
spread over a depth interval of at least 20 kilometers. Reactions involving other hydrous 
minerals, including mica, epidote, chloritoid, and lawsonite, also release water over a wide 
depth interval, and in some subduction zones these phases may transport water to deep 
levels in the mantle. 

W a t e r  plays an important role in subduc- 
tion zones. It is incorporated in basaltic 
oceanic crust by hydrothermal alteration at 
mid-ocean ridges, and during subduction it 
is released in a series of mineral reactions 
that transform the hydrated basalt to eclo- 
gite. Some of this water moves upward and 
hydrates the mantle wedge overlying the 
slab. The consistent location of volcanic 
fronts 100 to 150 km above the slab (1, 2) 
has been interpreted to be a consequence of 
dehydration-melting involving amphibole 
in this hydrated mantle ( 2 4 ) .  The water 
may also allow the slab to melt directly if 
temperatures are high enough and will en- 
hance mineral reactions at otherwise kinet- 
ically unfavorable low temperatures. Some 
water may be retained to great depth in 
high-pressure hydrous minerals and nomi- 
nally anhydrous minerals. 
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Despite the obvious importance of hy- 
drous minerals in subduction zones, the 
pressure-temperature conditions at which 
dehydration reactions occur in the slab are 
uncertain. Studies of the wet melting of 
natural basaltic rocks (5, 6) and perido- 
titic rocks (7, 8) have shown that amphib- 
ole is the most important hydrous phase at 
high pressures and temperatures in these 
compositions and indicate that it is stable 
to higher pressures in peridotitic mantle 
wedge than in subducted basaltic oceanic 
crust: -30 kbar (7) versus -27 kbar (5, 
6). However, in these earlier studies am- 
phibole stability was not investigated at 
temperatures below the wet solidus, which 
are particularly relevant for subduction 
zones, and only the final disappearance of 
the amphibole was documented so that the 
pressure-temperature interval over which 
amphibole dehydration occurs is uncer- 
tain. We therefore investigated the sub- 
solidus stability of amphibole in a natural 
oceanic basalt, assumed to be typical of 
slab basalt. 

Although amphibole is certainly the 

principal hydrous phase in subducting oce- 
anic crust. the need for data on other 
hydrous minerals (for example, chlorite, 
epidote, chloritoid, and pumpellyite) has 
been recognized (9). Dehydration of these 
phases in the slab at a greater depth than 
amphibole dehydration might produce the 
fluid involved in the petrogenesis of back- 
arc basin volcanics (1 0). Therefore, we also 
investigated the stability of other hydrous 
phases in basalt at temperatures close to the 
solidus and near the high-pressure limit of 
amphibole stability. In addition, to deter- 
mine whether any hydrous minerals might 
remain stable within the basaltic Dart of the 
slab to much greater depth, we conducted 
two experiments at -75 kbar and 1000°C 
using a basaltic composition and a basanitic 
composition. The basanitic composition 
was used to determine whether high con- 
centrations of K and Ti affect the stability 
of hvdrous minerals. 

We performed most of the experiments 
at pressures of 20 to 30 kbar and tempera- 
tures of 650 to 725°C using piston-cylinder 
apparatus (I 1). These conditions were se- 
lected to span the expected range of pres- 
sure and temperature in subducting slabs 
after passing through blueschist- and eclo- 
gite-facies metamorphic zones (1 2). The 
starting composition (Table 1) was de- 
signed to approximate that of subducted 
oceanic crust. It consisted of mid-ocean 
ridge basalt (MORB) with seeds of garnet, 
omphacitic pyroxene, epidote, sodic am- 
phibole, and phengitic mica to facilitate 
reaction at low temperatures (13). For the 
two experiments at 75 kbar we used a 
multianvil apparatus (1 4). The basaltic 
starting material contained MORB glass, 
sodic amphibole, lawsonite, quartz, and 
muscovite. The MORB was replaced by 
kaersutite amphibole in the basanitic com- 
~osit ion (15). 
A 

Run products were ' examined under a 
petrographic microscope and with powder 
x-ray diffraction. We used Fourier transform 
infrared spectroscopy (FTIR) to identify 
hydrous phases and for quantifying modal 
variations. For standards, we used hydroxyl- 
stretching freauencies obtained from natu- " .  
ral samples, as well as published spectra of 
natural and synthetic samples (16). Com- 
positions of some run products were deter- 
mined by electron microprobe analysis 
(EMPA). 

All run products (Table 1 and Fig. I ) ,  
including those produced at 75 kbar and 
1000°C, contained garnet, clinopyroxene, 
and a silica polymorph, either quartz or 
coesite. Hydrous minerals were produced 
in all of the experiments at 5 3 0  kbar. 
Amphibole was the most abundant phase 
at 20 kbar, decreased in abundance to 25 
kbar. and was absent at 30 kbar: mica and 
epidbte were present in all of these exper- 
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