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Augustine volcano has experienced 6 explosive erup-
tions in historic time and is located in Cook Inlet,
Alaska, approximately 330 km from Anchorage. Most
lavas and tephra range from primitive andesite to
dacite, but minor basalt flows crop out on the island.
The matrix and silicate melt inclusion glasses are more
felsic, however. Volcanic gases collected from the Au-
gustine crater during and immediately after the most
recent eruptions in 1976 and 1986 were strongly en-
riched in HCI (Symonds et al., 1990). The presence
of elevated CI levels in magmatic gases is consistent
with high concentrations of Cl in silicate melt inclu-
sions in plagioclase and pyroxene phenocrysts in ma-
terials erupted from Augustine in 1976 and with the
conclusion that the 1976 magma was saturated in a
Cl-enriched fluid/vapor prior to eruption (Johnston,
1978). To determine the role of Cl and other volatiles in
magmatic and volcanic processes at Augustine volcano,
we have begun a systematic study of silicate melt inclu-
sions in tephra erupted at Augustine in 1986 and also
erupted ~ 1000, ~ 1400, ~ 1700, ~ 2100 years ago.
‘We analyzed glassy silicate melt inclusions in plagio-
clase and pyroxene phenocrysts for major, minor, and
some trace elements (including Cl, S, and F) by elec-
tron microprobe and for HpO and COg by FTIR. Pre-
liminary results show that each of these magmas was
strongly but variably enriched in HyO, S, and Cl. Sul-
fur ranges from 100-700 ppm, and Cl varies from 2000
to more than 8000 ppm. Trends involving Cl, HpO,
S, and major elements in tephra from all 5 of the erup-
tions that we studied are consistent with the exsolution
of aqueous-carbonic, S- and Cl-charged volatile phases
well before eruption. Moreover, the Cl contents of most
melt inclusions are quite high, and the most recently
erupted (e.g., 1976 [Johnston, 1978] and 1986) magmas
were particularly enriched in Cl. In fact, the Cl abun-
dances of some inclusions approach that of the 2000
bar chloride solubility limit for felsic magmas. Thus,
some fractions of the late-stage, dacitic Augustine mag-
mas, erupted in 1976 and 1986, would have exsolved a
S-bearing, hydrosaline chloride liquid with or without
a S- and Cl-bearing, aqueous-carbonic vapor at 2000
bars before eruption. In summary, the geochemistry of
melt inclusions of the eruptive units studied so far indi-
cates that the exsolution of Cl-charged volatile phases
is a common process that preceeds most of Augustine’s
explosive eruptions. (D. Johnston, 1978, Unpublished
Ph.D. Diss., Univ. of Washington) (Symonds et al.,
1990, Bull. Volcanol. 52:355-374)
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Measurement and modeling of the viscosity of fluids
under high pressures is necessary to an understanding
of fluid processes within the Barth and other planets.
Areas of interest include terrestrial vulcanism, the flow
of supercritical fluids which may induce metasomatism
over large regions of Earth’s upper mantle, and the dy-
namics of the fluid envelopes of the larger planets. We
report here the application of rolling ball viscometry to
supercritical fluids within the diamond-anvil cell. Re-
cent results and the accuracies and potentials of the
technique are discussed. For many fluids, viscosity as
a function of pressure seems to follow Doolittle’s em-
pirical equation, roughly justified on the basis of free-
volume theory. However, based on a survey of pub-
lished data it has also been hypothesized that above
twice the critical density the viscosities of simple, su-
percritical fluids are linear functions of pressure to a
very high accuracy. These two functional forms are mu-
tually exclusive and may diverge by an order of mag-
nitude over the pressure-temperature regime of man-
tle fluids. Here we show that over the extended range
of densities and pressures available to the diamond-
anvil cell supercritical fluids are, in fact, better fit by
the Doolittle equation. We show also that the law of
corresponding states may still be of reasonable accu-
racy even at large compressions where the differences
among intermolecular potentials might be supposed to
preclude such scaling.
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The study of amorphous structures provides a basis
for understanding the chemical-physical properties of
glass and liquid materials at extreme conditions. How-
ever, there are only a few experimental reports avail-
able characterizing amorphous silicates at high pres-
sures. The main reason for limited experimental stud-
ies is related to the weak scattering of non-crystalline
silicates in the small pressure chamber of the diamond
anvil cell (DAC) and the associated small accessible 2-
theta range. In this work, we have used a modified DAC
with x-ray transparent cubic BN seats that results in
a maximum momentum transfer above 110 nm 1. The
diffraction patterns were collected in full solid angle us-
ing an on-line imaging plate detector and brilliant, high
energy (37.44 keV) synchrotron x-radiation at GSE-
CARS undulator beamline (APS). For background cor-
rections we recorded x-ray scattering patterns from an
empty cell (without sample, but at the same position
and conditions used for high pressure data collection).
The high pressure behavior (compress/decompress) of
amorphous SiOg9 and MgSiOg was studied up to 70
GPa with steps of ~5 GPa at room temperature. The
starting materials were synthesized by a sol-gel tech-
nique, which allows the formation of highly disor-
dered polymer-like three-dimensional matrices where
silicon/magnesium atoms are bonded to oxygen atoms
in an irregular non-crystalline network. For both
SiO5 and MgSiO3, we have observed clear pressure-
induced structural changes rather than isotropic con-
traction. On decompression, reversible structural be-
havior was found for both silicates. The observed struc-
tural changes in the medium-range order of the amor-
phous network and the kinetics of this process in SiOg
and MgSiOg provide a basis for understanding the dy-
namical properties of high-density non-crystalline ma-
terials at extreme conditions.
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Direct magnetic measurements of extremely small

sample volumes at high pressure are difficult, primar-
ily because of interference from the high magnetizations
of the pressure vessels. For this reason, we developed a
“non-magnetic” beryllium-copper, membrane-type dia-
mond cell that houses a system designed to measure the
reversible magnetic susceptibility of micron-sized sam-
ples under pressures in excess of 30 GPa. Our system
employs two unequal pick up coils wound in opposition
around a diamond resulting in a virtually null magnetic
surface. Around these is an inducing coil, mounted in
null mutual inductance. A lock-in amplifier measures
the output of the sensing coil. The cell and detection
system are placed in the confines of an electromagnet.
Thus the pressure of the cell is remotely controlled and
the ac (reversible) susceptibility (Xrev) is measured as
a function of applied field (H), with H varying from -
1.2 T to +1.2 T. Because the integral of Xrev(H)dH is
proportional to the magnetic moment (of the reversible
part of the remanence, or Mrev), we can measure the
reversible hysteresis parameters of ferromagnetic mate-
rials as a function of pressure. Example measurements
and details of the method will be presented.
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High-pressure spectroscopy provides crucial and of-
ten unique information on the properties of Earth
and planetary materials from near-surface conditions
to those of the deepest interiors. Vibrational in-
frared/Raman spectroscopy, for example, provides de-
tailed information on bonding properties of crystals,
glass, and melts, thereby yielding a microscopic de-
scription of thermochemical properties.  The high
brightness of synchrotron infrared radiation is ideally
suited to high pressure investigations in which both
small sample area and a narrow beam are required in
order to generate extremely high pressure with a di-
amond anvil cell. The dedicated high-pressure beam
line U2A on the VUV ring of the National Synchrotron
Light Source, Brookhaven National Laboratory is an
integrated facility for a wide range of microspectro-
scopic studies from ambient to ultrahigh pressures and
at variable temperatures. The beam line has high
IR brightness, particularly at long wavelengths, with
its 40 x 40 mrad aperture. The facility includes a
FT-IR vacuum spectrometer (Bruker IFS 66v/S) along
with a nitrogen purged high-pressure, long working
distance microscopes for high pressure (and variable
temperature) applications, a vacuum microscope sys-
tem for far IR high-pressure absorption measurements
and a commercial, high-magnification infrared micro-
scope for diffraction-limited micro-infrared measure-
ments of samples at ambient and high pressures. Re-
cently, the beamline has been upgraded to further im-
prove the performance in far-IR range. The facility
thus permits systematic high-pressure studies address-
ing a range of problems in Earth and planetary sci-
ence. These studies include high pressure (and vari-
able temperature) studies of planetary gases and ices;
minerals of the Earth’s crust, mantle, and core; geo-
chemical reactions; organic geochemistry; surfaces and
interfaces and whole-rock samples; and extraterrestrial
samples. These investigations complement optical laser
spectroscopy, x-ray diffraction and spectroscopy, and
transport measurements carried out on the same mate-
rials. High-pressure studies of various ices continue,
with new phases being uncovered by these methods.
New far-TR measurements have been carried out to test
proposed pressure-induced phase transformations in ice
at low temperature. These techniques have also been
applied to biological molecules under pressure. Far-
IR spectroscopy measurements down to 20 cm-1 have
been used to characterize the low-frequency dynamics
of model heme Fe-CO compounds, including the long-
sought doming mode in which the iron atom moves out
of the porphyrin plane. New single-crystal CVD dia-
mond has been characterized from the far- to near-IR,
including both as-grown and annealed material. The
method has also been used to examine a variety of nat-
ural diamonds. Examples of recent experiments also
include studies of hydrous mineral, such as gypsum,
OH-clinohumite, and OH-chondrodite.
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Synchrotron x-rays have become an extremely com-
pelling tool in studying material properties under high
pressures. In addition to exploring means to reveal
the information of material properties that is not ob-
tainable before, developments using synchrotron x-
rays have also enabled many reformations of tradi-
tional experiments. In this report, we present the re-
sults of stress and strain measurement at high pres-
sures and temperatures using synchrotron x-ray diffrac-
tion and radiograph imaging techniques. For the first
time, rheological properties of both the low pressure
phase (olivine) and the high pressure phase (spinel)
of FepSiOy4 sample are derived from a single exper-
iment. A clear strengthening in the material due
to the phase transformation is observed. The stress
and strain rate data measured at temperatures up to
1075K are used to derive the Periels plasticity flow law
(slzsloexp(—%(l-%)2)) for each phase, and yield an
activation energy and Periels stress of 480+20 kJ/mol
and 6.740.5 GPa for olivine phase and 460£20 kJ/mol
and 6.540.5GPa for spinel phase. Compared with ex-
isting data for San Carlos olivine, a significant weak-
ening by increasing iron content in the structure is re-
vealed. Technical details and data processing for the
experiment will be discussed.
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Essential to the transport and thermodynamic prop-
erties of silicates at high pressure is the full under-
standing of atomic arrangement of system under pres-
sure. Whereas there have been significant progresses
in our understanding of the atomic structures of crys-
talline materials or molecules at high pressure, much
less is known about the structures of amorphous sili-
cates including glasses and melts. This is largely be-
cause conventional X-rays or optical spectroscopy can
only provide limited information of the various aspects
of atomic disorder in densified amorphous silicates. Re-
cent development and advances of 2 dimensional solid
state NMR have offered much improved resolution, al-
lowing us to probe structural details of amorphous sil-
icates (Lee, Fei, Cody, & Mysen, Geophys. Res. Lett.,
2003, 30, 1845; Lee and Stebbins, J. Phys. Chem. B.,
2003, 107, 3141). Here we present recent 2D NMR
(MQMAS) spectra of silicate glasses, quenched from
melts at 6-15 GPa in a multi-anvil apparatus at Geo-
physical Laboratory, which reveals previously unknown
details of melt structures at high pressure. The atomic
structures of model glasses at high pressure are signif-
icantly different from those at ambient pressure and
show evidence of extensive chemical ordering among
highly coordinated network polyhedra, such as [5:6] A1
and [5:6]Si, which affects corresponding macroscopic
properties. New oxygen sites in serious of sodium sili-
cate and aluminosilicate glasses with varying degree of
polymerization at high pressure include [5:6] A1.0-[4]si,
15:6]8i.0-[] i and Na-0-[5:61Si. The fractions of these
sites increase with increasing pressure mainly at the ex-
panse of Na-O-[4]si. The fraction of [5:6]Al in alumi-
nosilicate glasses increases with pressure, but decreases
with increasing degree of polymerization of melts from
(NagO)(.75(Al1203)0.2535i09 to NaAlSizOg at con-
stant pressure. The effect of these structural changes
and chemical ordering to the diffusivity and configura-
tional thermodynamic properties of silicate glasses at
high pressure were also explored using statistical me-
chanical modeling and quantum chemical calculations,
in conjunction with information of the extent of disor-
der from NMR data. These results and methods shed
light on a new opportunity of studying atomic struc-
tures of amorphous solids at high pressure and provide
improved prospects on microscopic origins of melt prop-
erties at the earth’s interior.
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Combined ultrasonic and synchrotron X-radiation
techniques allow us to measure sound velocities, equa-
tion of state (unit cell parameters), and axial strain
(sample length change) simultaneously at high pressure
and temperature. It is feasible in the laboratory to
conduct such measurements on millimeter-sized solids
and liquids to P greater than 10 GPa and T around
1600K using a DIA-type apparatus (SAMS85) installed
at X-17B2, NSLS/BNL, and to P greater than 25 GPa
and T greater than 1500K using the multi-anvil appa-
ratus installed at GSECARS/Advanced Photon Source,
University of Chicago. In this study, we report our
progress in pressure calibration by simultaneously mea-
suring acoustic velocities and P-V-T on pressure stan-
dard material MgO. These measurements not only al-
low redundant determination of elastic properties using
equation of state and acoustic velocities, but also pro-
vide direct determination of sample pressure that can
be compared with the NaCl pressure scale used in cur-
rent high pressure experiments. Such experiments have
been conducted up to 10 GPa and 1273K using hot-
pressed polycrystalline sample. The MgO sample used
in this study has P and S wave velocities within 0.2
percent of previously published data at ambient con-
ditions. Travel times, X-ray images of sample, and X-
ray diffraction spectra were collected in multiple heat-
ing/cooling cycles at various pressures during decom-
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pression. A third-order Birch-Murnaghan equation of
state fit to the P-V data yielded results compatible
with previous static compression data. The pressure
derivatives of the elastic moduli (K and G) determined
without using secondary pressure scale are compatible
with previous acoustic data, but the sample pressures
determined using current data are higher than those de-
termined using equation of state of NaCl. This finding
is consistent with that found in simultaneous velocity
and X-ray diffraction measurements on other materi-
als.
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Shock effects in meteorites provide a record of ma-
jor impact events on meteorite parent bodies. Shock
veins in chondrites, which result from local melting dur-
ing shock loading, are the location of all high-pressure
minerals. Shock veins contain igneous assemblages,
produced by the crystallization of shock-induced melt,
and metamorphic assemblages, produced by solid-state
transformation in entrained host-rock clasts and wall
rock. The mineralogy, distribution of high-pressure
minerals and microstructures in shock veins provide
a record of crystallization pressures and quench histo-
ries that can be used to constrain shock pressures and
pulse duration. Here we report mineralogical and mi-
crostructural studies of shock-induced melt veins in L
chondrites that provide insight into the impact history
of the L-chondrite parent body. Eight L6 chondrites
were investigated using FESEM and TEM and Raman
spectroscopy: RC 106 (S6), Tenham (S6), Umbarger
(S4-86), Roy (S3-S5), Ramsdorf (S4), Kunashak (S4),
Nakhon Pathon (S4) and La Lande (S4). Igneous melt-
vein assemblages, combined with published phase equi-
librium data (Agee et al. 1996), indicate crystallization
pressures from less than 2.5 GPa for Kunashack and La-
Lande to approximately 25 GPa for Tenham. Because
shock veins quench primarily by thermal conduction,
crystallization starts at vein edges and progresses in-
ward. Variation in the igneous assemblage across shock
veins, combined with thermal modelling, provides con-
straints on quench times and pressure variation during
quench. Most samples appear to have crystallized prior
to shock release, whereas Kunashack and LaLande ap-
parently crystallized after pressure release. RC 106 and
Tenham (both S6), which have thick melt veins with
uniform igneous emblages, crystallized under equi-
librium shock pressures of approximately 22-25 GPa
during shock events that lasted at least 500 ms and
50ms, respectively. The fact that S6 samples do not
appear to have crystallized at a pressures greater than
about 25 GPa, suggest that the impacts that produced
shock veins in chondrites had low relative impact ve-
locities.
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We present preliminary experimental data on the
decompression of majoritic garnet primarily synthe-
sized from a mineral mix of garnet peridotite bulk
chemistry showing exsolution from majoritic garnet of
olivine (Ol) in the form of oriented plates and pyrox-
enes as interstitial blebs. Experiments conducted at
14GPa/1673K demonstrate that all enstatite (En) and
about 85% of diopside (Di) were dissolved into garnet
yielding run products of approximately 40% Ol + 55%
Grt + 5% Di. Garnet was found to be supersilicic with
Si=3.17-3.31 p.f.u. Repeat of such experiments fol-
lowed immediately by re-annealing at 13 and 12 GPa
yielded exsolution of both Di and OIl. Olivine exsolved
as micron-size plates nucleated within garnet on low-
angle boundaries. In contrast, diopside exsolved abun-
dantly as tiny blebs at garnet grain boundaries, exhibit-
ing no typical exsolution microstructures. Similarly,
in specimens annealed at 5 GPa after previous equili-
bration at 8GPa/1673K, En exsolved as small blebs at
garnet boundaries. Under conditions similar to the lat-
ter experiments, interstitial blebs of natural enstatite
also occur at garnet grain boundaries (Van Roermund
et al., 2001) in Norwegian deep-seated (>200 km) sub-
duction zone grt-peridotite. Our experiments show that
Ol as well as En and Di may exsolve during decom-
pression of majoritic garnets in the course of Grt peri-
dotite exhumation. Examples of preservation of py-
roxene exsolution lamellae in former majoritic garnets
come from both xenoliths in kimberlites (Haggerty and
Sautter, 1990; Sautter et al., 1991) as well as from
very large garnets in subduction-zone peridotites (van
Roermund and Drury, 1998). However, many other gar-
net peridotites from subduction zones contain Di, En,
and/or Ol along grain boundaries within larger poly-
crystalline garnets and within embayments at the mar-
gins of smaller amoeboid garnets (e.g. Dobrzhinetskaya
et al, 1996, Green and Dobrzhinetskaya, 2003). Such
garnets also may contain rounded non-oriented inclu-
sions of each of these minerals, or all three together,
consistent with the results of majoritic garnet decom-
pression presented above.
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Water is the most abundant volatile component on
the Barth’s surface, and it has been supplied to the
Earth’s interiors by subducted slab. Water influences
the physical properties and melting temperature of
minerals. Olivine is the most abundant mineral in the
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