nealing the films in oxygen and then hydro-
gen for 5 min at 300°C. He reports AR/R, =
5.6% for characteristic fields of about 30 Oe
at room temperature and speculates that the
thermal processing promotes first a mixing

of the NiFe and Ag layers followed by
precipitation of Ag within the NiFe.
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Hydrogen in Stishovite, with Implications for
Mantle Water Content

Alison R. Pawley,* Paul F. McMillan, John R. Holloway

Stishovite, the highest pressure polymorph of silicon dioxide, may be an important mineral
in some regions of the Earth’s mantle. Fourier transform infrared spectroscopy has been
used to determine the hydrogen content of synthetic stishovite. The concentration of
hydrogen depends on the aluminum content of the sample and reaches a maximum of 549
+ 23 hydrogen atoms per 108 silicon atoms for an Al,O, content of 1.51 percent by weight.
Stishovite could be a storage site for water in deep subducting slabs and in regions of the
mantle that are too hot for hydrous minerals to be stable.

The presence of even trace amounts of
water in the Earth’s mantle has a major effect
on its theology, seismicity, phase equilibria,
and melting behavior. Recent studies have
shown that significant amounts of hydrogen
can be contained in nominally anhydrous
upper mantle minerals such as pyroxene,
garnet, and rutile (I-3). In addition,
B-Mg,SiO,, likely a major component of the
transition zone (410 to 660 km deep), has
been synthesized with H in its structure (4).
Stishovite is the highest pressure polymorph
of SiO,. It is abundant in silica-rich regions
of the mantle at depths greater than about
300 km, including subduction zones, which
are sites at which water is returned to the
Earth’s interior. We have investigated
whether H can be incorporated in stishovite
by using polarized Fourier transform infrared
(FTIR) spectroscopy and secondary ion mass
spectrometry (SIMS) to determine H con-
tent and speciation and the site of H incor-
poration in the stishovite structure.

It has been postulated that the manner in
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which H substitutes into stishovite is similar
to the way it substitutes into rutile (TiO,) (3,
5), with which stishovite is isostructural.
Stishovite has a tetragonal structure (Fig.
1A), with Si in sixfold coordination and
chains of edge-sharing octahedra extending
along the 7z axis. Polarized infrared (IR) spec-
troscopy of rutile has shown that the OH-
stretching absorption is strongly pleochroic;
intensity is greatest when the electric vector
of the IR radiation is perpendicular to the ¢
axis of the crystal. This result indicates that
the OH dipole is oriented perpendicular to c.
A neutron diffraction study of H-containing
rutile indicated that the position of the H on
the (001) plane is displaced slightly from the
midpoint of the shared O-O edge of the TiO,
octahedron (3).

We prepared eight samples of stishovite
containing H,O and D,0O at 10 GPa and
1200°C in a Walker-style multianvil device
(6). Samples 1, 3, and 4 (H-stishovite) and
sample 2 (D-stishovite) contain only minor
impurities (Table 1) and are coarse-grained
and prismatic (Fig. 1B). However, the stisho-
vite crystals synthesized from Al-bearing bulk
compositions 5 to 7 (Al-stishovite) contain
more than 1% ALO, by weight; they are
fine-grained and many are twinned (Fig. 1C).

We obtained single crystal IR absorption
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Fig. 1. Stishovite structure and morphology. (A)
Structure: small circles represent silicon atoms
and large circles represent oxygen atoms. (B)
Prismatic crystals typical of stishovite crystallized
in SiO,-H,0/D,0 experiments. The largest crystal
shown is 25 pm wide; the maximum crystal length
in these samples is 1 mm. (C) Twinned crystal
typical of stishovite crystallized in SiO,-Al,O5-H,0
experiments. The longest edge length is 22 pm
and the twin plane is at an angle of 26° to ¢. The
maximum crystal size in these samples is 100 pm.
All samples also contain acicular stishovite up to
100 wm long and thin platelets of coesite up to
200 pm long. Both minerals are more abundant in
the samples with higher H,O content and so are
interpreted to have crystallized from a SiO,-rich
fluid on temperature gquench. In all samples,
stishovite is recognized by its high refractive in-
dex (n, = 1.799 and n, = 1.826) and high bi-
refringence (3 = 0.027).

spectra using micro-FTIR techniques (7). The
unpolarized spectrum of H-stishovite (Fig.
2A) shows a sharp absorption at 3111 cm™!
and two weak absorptions at 3240 and 3311
cm™!; the absorptions are caused by OH-
stretching vibrations. In the polarized spectra
(Fig. 2B), the greatest absorption of the 3111-
cm™! band occurs when the electric vector of
the IR radiation is polarized perpendicular to
¢, and there is no absorbance when it is
polarized parallel to c. Of the minor peaks, the
more intense one at 3311 cm™! is also polar-
ized, whereas the 3240-cm™! feature appears
to have the same intensity for all orientations,
although in many spectra it cannot be distin-
guished from the background noise. The spec-
trum of D-stishovite (Fig. 2C) contains a



sharp peak at 2337 ecm™!, attributed to OD
stretching, and no absorption at 3111 cm™!,
which indicates the absence of OH. Spectra
of Al-stishovite contain a band at 3111 cm™1.
Because of the small size of these crystals, it
was not possible to resolve any absorption
peaks at 3240 and 3311 cm™ 1.

The position of a sharp stretching band at
3111 cm™! in the spectrum of H-stishovite
indicates that there is structural OH in this
sample. The strong polarization of the vibra-
tion confirms that the OH is contained in the
stishovite structure and not in fluid inclusions
or as surface contamination. The spectrum of
D-stishovite shows that the band position
results from OH stretching because the ratio
of vibrational frequency of the band in the
H-stishovite spectrum to that of the band in
theé D-stishovite spectrum is 1.33, close to the
ratio of the square root of the reduced masses
of OH and OD (8). At 3111 cm™}, the
frequency of the OH-stretching vibration in
stishovite is lower than has been observed in
any other mineral except MgSiO; perovskite
(9). The difference suggests a high degree of H
bonding (10) and is to be expected when the
close proximity of the oxygen atoms in the
dense stishovite structure is taken into ac-
count. The polarization of the band indicates
that the O—H bond is perpendicular to c, the
same orientation as found for rutile. There-
fore, we propose that the position of the H is
the same as in rutile, just off the shared O-O
edge of the SiO; octahedra (3).

The SIMS analyses suggest that at least
four cations can substitute for Si** in stisho-
vite: H* (D*), Na*, B**, and AP*. The
apparent B content may be attributed to
contamination during sample preparation, in
which case the approximate balance of the Al
with the D plus Na contents of the D-stisho-
vite suggests that in this sample (and in the
H-stishovite) two charge-balanced substitu-
tions control the minor element contents:

Sit* = AP+ + D* (HY)
Sitt = AP+ + Na*

Hydrogen concentrations in the stisho-
vite samples could not be measured by SIMS

(11). Therefore, the H concentration in
H-stishovite was assumed to be the same as
the D concentration in D-stishovite, that is,
45 =+ 29 H per 10° Si atoms. The H content
of Al-stishovite was calculated from the
integrated intensity of the OH-stretching
vibration with the Beer-Lambert equation:

[H]=
A molecular weight of SiO, x 10 1

d p I

(0
where [H] is measured in atoms per 10° Si
atoms, A is the integrated absorbance of the
OH-stretching vibration, d is the thickness of
the sample, p is the density of the mineral,
and [ is the integrated molar absorption coef-
ficient for the vibration. This last value,
which was calculated from Eq. 1 with the
use of A and d data obtained from micro-
FTIR spectroscopy of H-stishovite (Fig. 3A)
and the D concentration obtained from the
SIMS analysis, is 163,000 = 120,000
literrcm™2-mol ! (12). Paterson (13) has ob-
served that for some minerals and glasses, the
integrated absorbance of the OH-stretching
vibration as a function of wave number could
be reasonably well fit by a straight line (Fig.
3C), and Skogby and Rossman (14) also

- found a linear relation for amphibole OH-

stretching vibrations. The integrated absor-
bance of stishovite lies well above the extrap-
olation of Paterson’s calibration. Because of
the structural difference between stishovite
and the lower pressure phases, especially the
Si coordination, some difference in the ab-
sorption coefficient might be expected.

The H content of Al-stishovite, calculated
from A/d measured for three crystals (Fig. 3B),
is 549 + 23 H per 10° Si. This value is more
than 10 times the H concentration in the
H-stishovite (45 = 29 H per 10° Si). How-
ever, the Al content is much higher in this
sample than in the H-stishovite, and so the
ratio of Al to H is also higher—32:1, as
compared to a ratio of only 2:1 in the
H-stishovite. If the two charge-balancing sub-
stitutions accounted for the minor element

Table 1. Compositions of starting materials, and minor element compositions of synthetic stishovite.
Oxide concentrations are given in percent by weight; minor element concentrations are in atomic

parts per million (78).

Bulk compositions

Stishovite compositions

Sample
Si0, ALO; H,0 D B Na Al AlL,O,

1 93 7 72 + 47 35+ 11 97 + 34

2 93 7+ 4529 5210 7559 163 *34

3 83 17

4 80 20

5 89 6 5 1.30 £ 0.15
6 67 4 29 1.58 £ 0.33
7 67 28 5 1.64 +0.19
8 50 42 8 1.53 £ 0.13

*D,0 content.
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concentrations of this sample there would be a
correspondingly high Na content, which
would be detected by electron microprobe
analysis (EMPA). Because no Na was detect-
ed, another reaction must account for the
high Al content. Because of the absence of
any other impurities, this reaction must in-
volve oxygen vacancies:

2Si = 2Al + O,

where O, represents a vacancy on an oxy-
gen site.

Our results demonstrate that although the
H content of stishovite is limited by the Al
content, the Al content can increase at a
greater rate than the H content. Thus, in the
absence of H, stishovite could contain Al, but
in the complete absence of Al it may not
contain any H. Aluminum is present in all
mantle rock compositions, including subduc-
tion zones, and so mantle stishovite may
contain as much H as does our synthetic
Al-stishovite. The results of high-pressure ex-
periments on a mid-ocean ridge basalt com-
position (15) indicate that in a subduction
zone stishovite begins to crystallize in the
basaltic portion of the descending slab at a
depth of about 310 km. The stishovite in-
creases in abundance with increasing depth as
the coexisting clinopyroxene dissolves in the
garnet structure, until at about 440 km the
rock consists of 90% garnet and 10% stisho-

3111

0 S~

50 3300 3250 3200 3150 3100 3050 3000
C

e

0.0 L
3500 3000 2500 2000 1500
Wave number (cm™)

Fig. 2. Infrared absorption spectra of single
crystals of H- and D-containing stishovite. (A)
Unpolarized spectrum of H-stishovite. (B) Po-
larized spectra of H-stishovite. Upper trace,
electric vector is perpendicular to c; lower
trace, electric vector is parallel to c. (C) Unpo-
larized spectrum of D-stishovite.
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vite by volume. Studies of natural samples
suggest that mantle clinopyroxene may be
able to incorporate an order of magnitude
more hydrogen in its structure than can man-
tle garnet (I, 2) and stishovite. Water can
dissolve in slab clinopyroxene from the dehy-
dration of hydrous minerals, which may be
stable to depths of at least 100 km (16).
When the hydrous pyroxene breaks down,
some of the released water is incorporated in
the crystallizing stishovite. In the transition
zone, the gamet exsolves CaSiO; perovskite
and eventually disappears (15). However, the
stishovite, and its incorporated hydrogen,

-

Integrated absorbance (cm™1)
O N N~ o ® 000 u

0.000 0.001 0.002 0.003
Sample thickness (cm)

“c

L Stishovite @

58 %

L

e
(4]

L~

| Amphiboles.Kam

Asiica glass
ol 4 e Garnet
3800 3600 3400 3200, 3000
Wave number (cm1)
Fig. 3. Integrated absorbance of the IR band at
3111 cm~" as a function of sample thickness in
(A) polarized spectra of H-stishovite and (B) un-
polarized Al-stishovite spectra. Lines represent
the linear regression fits to the data, constrained
to pass through the origin. The absence of sys-
tematic deviations of the data away from these
lines suggests that they represent equilibrium
values of H concentration. Before its use in Eq. 1,
A/d for Al-stishovite must be multiplied by 2 to
account for the fact that the Al-stishovite spectra
are unpolarized (13); A/d = 545 + 183 cm~2 for
(A) and 3201 + 133 cm=2 for (B). (C) Integrated
molar absorption coefficients of OH-stretching
bands in various minerals and glasses as a func-
tion of wave number, recalculated for all OH
groups oriented parallel to the electric vector of
the radiation (/ for stishovite has been multiplied
by 2) (13). The solid line is the calibration of
Paterson (13) for various minerals, glasses, and
forms of water, including the silica glass and
quartz points shown. The amphibole data are a
least squares fit to eight data points (74); the
garnet data are from (2).

e
o

Integrated molar absorption
coefficient (104 cm-2mol)
n
(=]

4]

1026

may remain stable if the slab sinks into the
lower mantle.

The stability of stishovite is not limited to
subduction zone conditions. Our OH-bearing
samples were synthesized at 1200°C, more
than 100° higher than the highest probable
thermal stability of dense hydrous magnesium
silicates at 10 GPa (17). Therefore, stishovite
could store water in hot regions of the mantle
as well as in cold subduction zones where
these silicates might be stable.
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A Two-Tiered Approach to Long-Range
Climate Forecasting

L. Bengtsson, U. Schlese, E. Roeckner, M. Latif, T. P. Barnett,*
N. Graham

Long-range global climate forecasts were made by use of a model for predicting a tropical
Pacific sea-surface temperature (SST) in tandem with an atmospheric general circulation
model. The SST is predicted first at long lead times into the future. These ocean forecasts are
then used to force the atmospheric model and so produce climate forecasts at lead times of
the SST forecasts. Prediction of seven large climatic events of the 1970s to 1990s by this
technique are in good agreement with observations over many regions of the globe.

Useful climate predictions have heretofore
been made largely by empirical techniques.
The physical processes responsible for any
forecast skill that these methods may exhibit
are often not clear. Furthermore, these meth-
ods are impossible to apply over the data-
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sparse regions that make up most of the
planetary surface.

In this report, we describe the develop-
ment and partial testing of a long-range cli-
mate forecast method that is largely based on
physical principles and that appears to have
predictive skill over large areas of the world.
The first phase of the two-part technique uses
a simplified coupled ocean-atmosphere model
to forecast, two seasons in advance, tropical
Pacific SSTs during the northern winter, that
is, essentially El Nifio—Southern Oscillation
(ENSO) events, which are known to affect





