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ment of dichloromethane (CH,CL,) per-
formed by Atlas et al. (National Center for
Atmospheric Research), and a measurement
of CO by Sachse ef al. (NASA Langley Re-
search Center) (/7). The CO data were aver-
aged over 1-min intervals to approximate the
spatial range of the other measurements; the
variability was calculated directly from this
set (Table 2). Based on the curve generated
by our data and the empirical variabilities of
these three gases, the predicted values for T
are in reasonable agreement with the accept-
ed values for these compounds. This corrob-
oration adds confidence to our predicted val-
ue for Ty ., because the other data sets were
collected by independent research groups
over sampling intervals and spatial ranges
incongruent with our set.

Considering the more complete latitudinal
coverage in the Southern Hemisphere and the
more remote location of those samples, we
believe the Southern Hemispheric prediction
more closely simulates the assumptions nec-
essary for application of the Junge relation to
spatial variability estimates. The question of
whether the variability has a seasonal signal
could not be addressed by this data set but
may be accessible in the future. A more
complete latitudinal profile including the
Northern Hemisphere might improve this
analysis. Nonetheless, it seems unlikely that
the residence time of CH,Br lies outside the
range 0.7 to 0.9 years.
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Water as a Dense Icelike
Component in Silicate Glasses

P. Richet and A. Polian

Density and Brillouin-scattering measurements of hydrous andesite glasses at
ambient conditions showed that dissolved water has a concentration-indepen-
dent partial molar volume of 12 =+ 0.5 cubic centimeters per mole and a bulk
modulus of 18 *+ 3 gigapascals. Dissolved as hydroxyl ions or as molecular
water, water has volume properties similar to those of ice VII, the densest form
of ice. These properties point to hydrogen bonding as an important factor in
water dissolution, and they indicate that changes of water speciation are driven
by the entropy and not by the volume of the system. Water in a concentration
greater than 1 percent by weight also causes a marked decrease of the shear

modulus of the glass.

Water is an important component of naturally
occurring silicate glasses and melts. As a
light oxide, it influences the density of the
melt, which affects the rate of magma ascent.
The effects of water on volume properties are
generally not well known, however. For
glasses, reported partial molar volumes of
water range from 0 to 22 cm?/mol at room
pressure (1), and elastic properties have not
been investigated. Here, we show that, in
conjunction with density measurements, Bril-
louin scattering can be used to determine the
elastic moduli of hydrous glasses. Because
the elastic moduli are related to the bonding
within a substance, these measurements pro-
vide structural information on water dissolu-
tion and speciation.

Because of the importance of water in
andesitic lavas, we investigated a glass whose
composition was similar to that of andesitic
Montagne Pelée lavas that formed 650 years
before the present in the last pumice eruption
(2). Glasses made from the lavas (ME1311 in
Table 1) would have been opaque, so we
investigated hydrous iron-free glasses that
had been used in viscosity measurements (3).
After synthesis from oxide and carbonate
mixtures, the starting glass (Table 1) was

P. Richet, Laboratoire de Physique des Géomatériaux,
Unité de Recherche Associée CNRS 734, Institut de
Physique du Globe, 4, Place Jussieu, 75252 Paris Ce-
dex 05, France. A. Polian, Laboratoire de Physique des
Milieux Condensés, Unité de Recherche Associée
CNRS 782, Université Paris VI, 4, Place Jussieu, 75252
Paris Cedex 05, France.

hydrated with up to 3.5 weight % H,O at
high pressure and high temperature in an
internally heated vessel. The anhydrous
natural and synthetic materials had the
same viscosity, and analyses of the water
content indicated that water dissolution was
homogeneous in the synthetic glasses (3).

The Brillouin-scattering measurements
(Table 2) were made with a setup similar to
that previously described (4), whereby the
light scattered by the sample from the single-
mode 200-mW beam of an Ar™ laser tuned to
514.5 nm was analyzed by a six-pass tandem
Fabry-Pérot interferometer and was recorded
with a photon-counting multichannel detec-
tor. The longitudinal (V) and shear (V)
sound velocities were determined to within
30 m/s from spectra recorded in about 5 min
with a platelet geometry. These results were
then used to determine (to within 1%) the
index of refraction (n) from experiments that
were performed with a backscattering geom-
etry. The investigated samples were doubly
polished thin sections that were previously
used to record infrared (IR) spectra before
and after viscosity measurements (3).

A first series of measurements was made
on samples that were recovered after hydra-
tion at high pressure, which were thus densi-
fied permanently (5). A second series was
made on samples whose densities had relaxed
to the room-pressure values while being heat-
ed during the viscosity measurements (3); as
shown from Archimedean measurements of
the density (p), the latter samples were less
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Table 1. Glass compositions of Montagne Peleé
lavas. ME1311e was measured by x-ray fluores-
cence analysis, and andesite was measured by an
electron microprobe analysis (3). LOI, loss on ig-
nition. Dash represents unavailable data.

ME1311e Andesite
Glass (weight %) (weight %)
sio, 59.20 62.40 £ 0.69
ALO, 18.10 2001 + 0.11
MgO 2,57 322 + 0.05
Ca0 7.15 9.08 + 0.14
Na,0 341 3.52 + 0.07
K,0 0.89 0.93 + 0.05
Tio, 0.52 0.55 + 0.06
Fe,0, 752 0.03 + 0.03
MnO 0.20 0.02 + 0.03
P,O, 0.17 0.12 + 003
Lol 085 -
Total 100.58 99.93

dense than the former (Fig. 1). For the com-
pacted samples, the partial molar volumes
of water and the anhydrous glass are 11.46
(£0.28) and 25.52 (3 %= 0.03) cm3/mol,
respectively. Both of these volumes are
slightly higher for the relaxed samples, but
the volume of water remains consistent
with the value of 12 * 0.5 cm3/mol found
over the investigated compositional range
of silicate glasses (6).

Similar to the full widths at half maximum
of the Brillouin peaks (not included in Table
2), the index of refraction is practically inde-
pendent of the water content. The sound ve-
locities ¥, and ¥ remain practically constant
up to 4 mole percent (mol%) H,O before
slightly decreasing at higher contents (Fig. 2).
One would expect slightly higher velocities
for the compacted samples, but the velocity
differences are within the experimental error
of the measurements. For the water-free glass,
the shear modulus as given by G = pV2? =
34.4 = 0.7 GPa is similar to the 32 GPa previ-
ously reported for a somewhat denser (p = 2.57
g/cm?) andesite glass of unspecified composi-
tion (7). Having the same compositional depen-
dence as the shear velocity, G is initially con-
stant at 35 = 1 GPa before decreasing to about
31 GPa at 3.5 weight % H,O. This decrease
is so strong that extrapolation of this trend
would result in a G value of 0 GPa before
100 mol% H,O was reached:

As determined from Kg = p (V2 —4/3 V),
the bulk modulus (Kg) decreases smoothly from
52.0 = 1.4 GPa for the water-free glass, which
is consistent with the previously reported mod-
ulus of 52.5 = 0.8 GPa, to 48 GPa for samples
with 12 mol% H,O. Because of the small dif-
ference between the isobaric and isochoric heat
capacities of silicate glasses (8), the same slight
differences between the isothermal and adibatic
bulk moduli can be neglected. The relaxed sam-
ples are more compressible than their compact-
ed counterparts.
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Table 2. Water content w,, .; density, p; Brillouin velocities, V;, and V; bulk modulus, Ks; compressibility,
Bs shear modulus, G; index of refraction, n; and fictive temperature T; of the glasses (as given by the

temperature at which the viscosity is 10" Pa - s).

W0 p v, v, Kq 1078 G p T,
(weight %) (g/cm?3) (km/s) (km/s) (GPa) (Pa=") (GPa) ()
Compacted samples
1.0 2.505 6.23 3.70 515 1.94 343 1.533 -
2.7 2.487 6.12 3.59 50.4 1.98 321 1.558 -
35 2.459 5.99 3.49 48.2 2.07 30.0 1.570 -
Relaxed samples
0 2.513 6.24 3.70 52.0 1.92 344 1.541 1017
03 2.507 6.25 3.73 514 1.94 34.9 1.538 955
1.0 2.497 6.23 3.75 50.1 2.00 35.1 1.535 870
2.7 2.465 6.06 3.55 49.1 2.04 311 1.564 757
35 2.437 6.09 3.62 478 2.09 319 1.551 735

Water may dissolve in silicate glasses as
hydroxyl ions (OH™) and molecular water.
For initial water contents less than about 3
weight %, the water predominately dissolves
as OH™. For water contents of 3 to 4 weight
%, the water dissolves as about equal
amounts of OH™ and H,0. Above 4 weight
%, water mainly dissolves as H,O (9, 10). As
determined from IR spectroscopy, water spe-
ciation in the present andesite samples con-
forms to these trends (3). Because the con-
centration of molecular water becomes sig-
nificant above 1 weight % H,0, it is tempting
to relate the decrease in G observed beyond
this content with the rapidly increasing con-
centration of molecular water.

Changing speciation has little effect on
the volume and K of the water component,
which indicates that the volume change of the
reaction O~ + H,0 = 20H~ (where O, is
a bridging oxygen of the silicate framework)
is small at room pressure and remains small
at pressure. This small volume change rules
out any frequency dependence of the elastic

T T T T T

V (cm3/mol)

0 5 10 15 20
mol % H,0

Fig. 1. Molar volume (V) of compacted (open
squares) and relaxed (solid squares) hydrous
andesite glasses. The water molar fractions
have been calculated for the pseudobinary
H,O-andesite glass system on the basis of mo-
lar masses of 18.015 and 64.345 g for water
and for the silicate end-member, respectively.
For the silicate end-member, this basis corre-
sponds to the usual total of 1 mol of oxide
components. All of these samples were not
available for the prevent Brillouin-scattering
study.

moduli caused by possibly sluggish specia-
tion reactions and also agrees with the fact
that, at constant water content, few differenc-
es in water speciation are apparent from the
IR spectra of our compacted and relaxed
andesite glasses. Other support for small vol-
ume changes comes from the same speciation
that was observed for two series of calcium
aluminosilicate glasses that were prepared at
0.1 and 1.5 to 2.0 GPa and had densities
differing by about 8% (10). Contrasting with
this weak pressure dependence, the propor-
tion of OH™ has been reported to increase
with increasing temperature at the expense of
H,O (11). At least up to the glass transition,
the changes in water speciation appear to be
essentially driven by the entropy.

Within the framework of the Adam-Gibbs
configurational entropy theory of relaxation
processes (12), the viscosity of silicate melts
can be modeled quantitatively (/3). As a
temperature-induced process, water speciation
should be relevant for the viscosity of hydrous
melts. Mixing of OH™ and H,O would, in
effect, enhance the non-Arrhenian temperature
dependence of the viscosity, which is deter-
mined by increases in configurational entropy.
In addition, the 1-bar viscosity of andesite melts
as measured above the glass transition joins
smoothly with viscosities determined above the
liquidus at high pressure (3). Because the vis-
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Fig. 2. V, and V; of compacted (open squares)
and relaked (solld squares) hydrous andesite
glasses. Error bars in Figs. 2 through 4 indicate
errors from water analyses and sound velocities.
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cosity at constant temperature should depend to
some extent on the relative abundances of OH™
and H,0, this observation is consistent with a
lack of pressure effects on water speciation up
to superliquidus temperatures.

As determined from Fig. 3, the partial
molar Ky of dissolved water is 18 * 3 GPa,
which is lower than the K values of geolog-
ically relevant silicate glasses, which range
from 30 to 80 GPa (7). From obsidian to
andesite and basalt compositions, for in-
stance, Ky increases from 38 to 52 and 63
GPa, respectively, a trend that also correlates
with the progressive disruption of the open
network that is characteristic of silica-rich
compositions. If our results for an andesite
composition are representative of silicate
glasses, the decreasing polymerization of the
host silicate phase by water will enhance
compressibility.

The partial molar volume of water in
glasses (12 * 0.5 cm®mol) is similar to
12.3 *+ 0.3 cm3®/mol, which is the ambient
volume of ice VII (/4), the- densest poly-
morph of ice near room temperature. We
might expect structural differences between
water dissolved in silicate glasses, as either
OH™ or H,O, and ice VII, which is made up
of a three-dimensional open network of H,O
tetrahedra with a body-centered cubic oxygen
sublattice. The K of dissolved water is also

54 2

K, (GPa)

mol % H,0

Fig. 3. K values of compacted (open squares)
and relaxed (solid squares) hydrous andesite
glasses. The solid line is a linear fit to the data
for the relaxed samples, and the dashed line
shows the values that are determined from this
fit for the compacted glasses by assuming a
value of 4 for K’, which is the 1-bar derivative
of K. and a mean pressure of vitrification of 1.5
kbar.
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Fig. 4. G values of compacted (open squares)
and relaxed (solid squares) hydrous andesite
glasses.
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close to that of ice VII, namely, 23.9 = 0.9
GPa (14). This high compressibility of ice
VII stems from a shortening of the weaker
hydrogen bonds. Even though the existence
of OH™ and H,O in glasses is well estab-
lished, relatively little is known about their
bonding to the host silicate phase. The fact
that the compressibility of dissolved water is
high and is independent of concentration sug-
gests that a shortening of hydrogen bonds
should also be a major compression mecha-
nism for OH™ and H,O. This shortening
would also account for the decrease in shear
modulus with water concentration (Fig. 4)
and would point to a clustering of OH™.

Similarities between the effects of water
and alkali oxides have been revealed by
viscosity (/5) or electrical conductivity
measurements (/6). Water in glasses has a
molar volume between those of Li,O (9.3
cm?®mol) and Na,O (18.3 cm3/mol) (17),
but it is a component about two or three
times more compressible than these alkali
oxides (/8). This property is additional ev-
idence for compressible bonds between
OH™ and H,O and the silicate network,
which are nonexistent for alkali oxides; it
also agrees with the similarity in hydrogen
bonding characteristics between OH™ and
H,O species in silicate glasses as revealed
by NMR spectroscopy (/9).
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Evidence for Large Earthquakes
in Metropolitan Los Angeles

Charles M. Rubin,* Scott C. Lindvall, Thomas K. Rockwell

The Sierra Madre fault, along the southern flank of the San Gabriel Mountains
in the Los Angeles region, has failed in magnitude 7.2 to 7.6 events at least twice
in the past 15,000 years. Restoration of slip on the fault indicated a minimum
of about 4.0 meters of slip from the most recent earthquake and suggests a total
cumulative slip of about 10.5 meters for the past two prehistoric earthquakes.
Large surface displacements and strong ground motions resulting from greater
than magnitude 7 earthquakes within the Los Angeles region are not yet
considered in most seismic hazard and risk assessments.

The potential for damage from earthquakes
along reverse faults in the Los Angeles region
has been illustrated by the 1971 San Fer-
nando, 1987 Whittier Narrows, 1991 Sierra
Madre, and 1994 Northridge earthquakes (/-
3). These earthquakes have sparked questions
regarding the maximum magnitude of earth-
quakes on reverse faults in the greater Los
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Angeles region (4-8) and, in particular, the
central Transverse Ranges (3, 9-14). Al-
though large events on reverse faults could
affect millions of people, most earthquake
hazard assessments in southern California
have traditionally focused on the San An-
dreas fault and adjacent strike-slip faults (135,
16). Geodetic studies indicate that the Los
Angeles basin from the Jet Propulsion Labo-
ratory to the Palos Verdes Peninsula is short-
ening by 5 (10) to 7.9 mm year™! (12), partly
along reverse faults. One problem in making
an assessment has been that paleoseismic
data on these reverse faults are sparse. Here,
we present paleoseismic data from the Sierra
Madre fault, one of the major reverse faults in

17 JULY 1998 VOL 281 SCIENCE www.sciencemag.org





