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Densities of Liquid Silicates at High Pressures

Abstract. Densities of molten silicates at high pressures (up to ~230 kilobars) have
been measured for the first time with shock-wave techniques. For a model basaltic
composition (36 mole percent anorthite and 64 mole percent diopside), a bulk
modulus K of ~230 kilobars and a pressure derivative (dK,/dP) of ~4 were derived.
Some implications of these results are as follows: (i) basic to ultrabasic melts
become denser than olivine- and pyroxene-rich host mantle at pressures of 60 to 100
kilobars; (ii) there is a maximum depth from which basaltic melt can rise within
terrestrial planetary interiors; (iii) the slopes of silicate solidi [(dT,,/dP), where T,, is
the temperature] may become less steep at high pressures; and (iv) enriched mantle
reservoirs may have developed by downward segregation of melt early in Earth

history.

Knowledge of the properties of silicate
liquids at high pressures and tempera-
tures is fundamental to our understand-
ing of the differentiation processes that
occur within planetary interiors. Using
_the falling-sphere technique, Fujii and
Kushiro determined the densities of a
variety of silicate liquids at up to 20 kbar
in a piston cylinder apparatus (/). Liquid
silicate densities at high pressures have
also been calculated by estimation of
their elastic properties (2, 3). We report
here the first shock-wave measurements
of the densities of silicate liquids at high
temperatures and pressures, extending
by more than an order of magnitude (to
235 kbar) the maximum pressure at
which the densities have been deter-
mined. Our motivations for this work
included the following:

1) The rates of melt migration and
segregation within partially molten
source regions in planetary interiors de-
pend on the difference in density be-
tween the melt and the coexisting solids.
In addition, the sign of the density con-
trast between the melt and the coexisting
residual crystals determines whether
melt will migrate upward or downward
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(2). Magma may move from its source by
percolation, in cracks, or as diapirs. In
each of these cases, the density contrast
between melt and solid enters into the
velocity with which the magma moves
and thus places important constraints on
the thermal and chemical evolution of
rising (or sinking) magmas.

2) The slope of the solidus, (dT,/dP),
where T, is temperature and P is pres-
sure, depends upon AV, (the volume
change of the reaction defining the soli-
dus). Thus the pressure dependence of
the density contrast between coexisting
phases along the solidus is an important
factor in the variation of the position of
the solidus with pressure and conse-
quently in the melting behavior of plane-
tary mantles.

3) The structures of silicate melts at
high pressures and temperatures have
been predicted by molecular dynamics
simulations. These simulations also
model the density and transport proper-
ties of silicate melts (4). Density mea-
surements at high pressures can be com-
pared with those derived from the simu-
lations to place constraints on the inter-
atomic potentials that are critical to the

calculations and hence to refine calculat-
ed structural models and transport prop-
erties.

The composition that we used for our
initial experiments is the 1-atm eutectic
composition in the system anorthite-di-
opside (Angie Diges, Where the sub-
scripts represent mole fractions). This
composition is used as an analog for
natural basalt and differs from it mainly
in the absence of iron and alkalis. Ultra-
sonic measurements (5) at 1 atm and
1400°C yield a bulk modulus of ~230
kbar for this composition.

The pressure and density (p) of a mate-
rial in shock-wave experiments are de-
termined from the Rankine-Hugoniot
equations (6). The shock wave is gener-
ated in the molten sample encapsulated
in molybdenum by impact of a metal
flyer plate that has been accelerated to
high velocity (1 to 2.5 km/sec) in a 40-
mm propellant gun (7). A schematic rep-
resentation of the experimental target,
just prior to projectile impact, is shown
in Fig. 1 (8, 9). During these experi-
ments, the quantities measured are
shock velocity (U) and particle velocity
(1). One can calculate the 1-atm density
(po) by using partial molar volumes re-
ported by Nelson and Carmichael (/0).
The particle velocity is determined by
measurement of projectile velocity and
subsequent impedance match with the
sample (9). One obtains the shock veloci-
ty by measuring the time difference be-
tween the entrance and exit of the shock
front through the sample (11, 12).

The results are shown in Table 1 and
Fig. 2. The U-u data can be fit by a
straight line given by

U = (2.94 = 0.05 km/sec) +
(1.29 = 0.06)u

This experimental fit to the Hugoniot is
shown in the inset of Fig. 2. From the
analysis developed by Ruoff (13), we
calculate an isentropic, 1-atm bulk mod-
ulus, K? = p(oP/dp); = 226 = 8 Kkbar,
and a pressure derivative, K{ = dK/dP
=4.15 + 0.24. The value of K? is in
good agreement with the value calculat-
ed from the measured ultrasonic velocity
(212 to 243 kbar) (5, 14). For typical
mantle minerals K° is ~1.2 to 2.1 mbar
and K{ ~4 to 7 (15).

With increasing P, crystalline silicates
undergo phase changes leading to abrupt
increases in p as the structure transforms
to the closer packing stable at elevated
P. Waff (16) suggested that similar
abrupt increases in p would occur in
silicate liquids as coordination changes
such as "VAP* — VIAP* and "VSi*t —
VISi** occurred. However, silicate lig-
uids could achieve substantial compac-
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Table 1. Molten Ang 3¢Dig.¢s Hugoniot data (T, = 1400°C, p, = 2.615 g/cm?).

Measured Calculated

Shot Flyer - - -
No plate lmpaf:l Shoqk Partlgle Hugoniot Hugoniot

. material velocity velocity velocity pressure density

(km/sec) (km/sec) (km/sec) (kbar) (g/cm?)

592 Al 1.05 = 0.02 3.59 = 0.04 0.44 + 0.01 41.0 £ 0.9 2.978 = 0.026
593 Al 1.50 = 0.03 3.65 £ 0.04 0.65 = 0.02 65.0 = 1.4 3.176 = 0.030
605 Al 2.00 = 0.04 4.06 = 0.10 0.88 = 0.02 93.0 £ 2.9 3.33 + 0.04
607 w 1.80 = 0.03 5.20 = 0.05 1.73 £ 0.03 2354 £ 5.0 3.92 =0.05

tion by a continual distortion of the tetra-
hedral network or by gradual coordina-
tion changes rather than by the abrupt
coordination changes characteristic of
solids. Raman spectroscopy carried out
on glasses quenched from jadeite melts
at P up to 40 kbar does indeed suggest
that the Al(Si)-O-Al(Si) bond angles in
the tetrahedral network decrease contin-
uously and that at this P aluminum and
silicon are still essentially entirely in
tetrahedral coordination (/7). Recent nu-
clear magnetic resonance results from
albite glasses quenched from melts at

Fig. 1 (left). (a) Shock
experiment for mol-
ten silicate target.
The silicate sample is
encapsulated between
a molybdenum driver
plate and a molybde-
num cover plate. The
metal capsule is heat- fid
ed by induction (8) £
and acts as a furnace. |
Measurement of the / |
projectile velocity via / {
double-flash (30 nsec) ;

8

7 s |

(Thermo couple

(RF Heating coils

Molybdenum cover plate

7
Z
i

high pressures suggest that, when AlI**

enters sixfold coordination in melts, it
does so over a wide P range (/8). Molec-
ular dynamics simulations have also sug-
gested that structural changes in melts,
and especially silicon and aluminum co-
ordination numbers, change gradually
and continuously as pressure increases
to several hundred kilobars (4) rather
than abruptly over narrow P intervals
(19). Our results are consistent with
gradual and continuous structural
changes, since the data can be fit by a
single compression curve (a straight line

250

in U-u space). In addition, the unexpect-
edly low value of K; (2, 3) can be ratio-
nalized on the basis of continuous struc-
tural changes taking place in the melt
with increasing P.

These results have some far-reaching
implications for differentiation within
terrestrial planetary interiors by igneous
processes.

1) Using the values of K and K| de-
rived from our experiments (20), we pre-
dict that the density of volatile-poor,
basic to ultrabasic melts of the mantle
would overtake the bulk density of the

-Molybdenum
/’ capsule

200

Projectile

200 150

50 umHg-vacuum

150 T

& Light
source

x-ray  shadowgraph /
(12 to 30 psec apart) b4 L8
allows determination

of the particle veloci-
ty by impedance
match with the mo-
lybdenum driver plate
(9). The temperature
of the molten sample,
monitored by a plati-
num-rhodium thermo-
couple, determines
the initial density
(10). One determines

the shock velocity by measuring the time difference between the
shock arrival at planes A and B (/7). Shock propagation time through
the molybdenum cover plate must be subtracted from sample plus

T
“Vacuum tank

gr+ky+di+qtz

500

gr+ky+cs+di

Pressure (kbar)

100

50

Depth (km)

300

Low-velocity
zone

- 100

25

cover plate, introducing an error of 0.3 percent in the measured shock
velocity. A ceramic shutter covers the expendable mirror until ~1

second before the shot is fired (/2). (b) Double x-ray shadowgraph of the projectile during its flight toward the target.

2.5
Density (g/cm?)

40

Fig. 2 (right). Density of

basic silicate melt compared with that of Earth’s mantle and likely liquidus minerals olivine (ol), orthopyroxene (opx), and garnet (gt). The
hachured band represents the range of melt densities expected in the compression of basaltic compositions from an average mid-ocean ridge
basalt (p, = 2.7 g/cm®) to komatiite (p, = 2.8 g/em®) (21, 22) based on the values of K, and K| derived from our work. Adiabatic compression
curves are shown for three possible liquidus minerals (23). The stippled band represents the range of density-depth relations in Earth derived from
two recent seismological whole-Earth models (PEM and PREM) and a density model based on free oscillation data (24). Depth scales are shown
at the right for the major terrestrial planets and Earth’s moon (25); the tick marks on each scale are at 100-km intervals. The inset shows dynamic
compression data for Ang 3,Dig ¢4 at an initial temperature of 1400°C (p, = 2.615 * 0.025). The dashed line passing through the data points is a
Hugoniot fit to the experimental points. The solid line adjacent to the Hugoniot is calculated from the Birch-Murnaghan equation with K¢ = 226
kbar and K. = 4.15. This curve deviates from the Hugoniot only above ~100 kbar where shock heating becomes important. Adiabatic
compression curves of the expected solid of this bulk composition are also shown for an initial temperature of 1400°C. Above 80 kbar the phase
assemblage is uncertain but is probably well approximated by the lefthand curve to ~150 kbar. The rightmost curve is a maximum possible
density estimate based on an assemblage of high-pressure-phase mixed oxides. Abbreviations: an, anorthite; di, diopside; qtz, quartz; cs, coesite;
Ky, kyanite; gr, grossular; py, pyrope; st, stishovite; ), moon; &, Earth; &, Mars; and ?, Venus.
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residual solid at moderate P, 60 to 100
kbar. Basaltic liquid compression curves
fall within the hachured band in Fig. 2.
The range of 1-atm p values corresponds
to that expected for picritic mid-ocean
ridge basalt (2.7 g/cm®) to komatiite (2.8
g/cm’) at their tquidi (2/-23). The liquids
become denser than magnesian olivine
and orthopyroxene, which are probable
residual phases, at P from 40 to 70 kbar.
Furthermore, the liquids become denser
than the bulk mantle [derived from
whole Earth seismological models (24,
25)] between 60 and 100 kbar. We pro-
pose that the lack of density contrast
between melt and coexisting solid over
this P range could lead to stabilization of
partially molten zones in the region of
the low-velocity zone of the present
Earth (2).

2) There is a maximum depth from
which volatile-poor basaltic magma pro-
duced by partial melting of ultrabasic
mantle material can be derived; the esti-
mate of this depth is based on the re-
quirement of a positive density contrast
to drive upward melt migration (2). For
Earth and Venus, assuming an average
1-atm. basaltic magma density of 2.75

g/cm® derived from a mantle where Mg/ -

(Fe + Mg) ~ 0.9 (26), this depth is
about 300 km. For Mars, a much smaller
planet, which may have a more iron-rich
mantle [Mg/(Fe + Mg) ~ 0.7 to 0.8],
this depth would be much greater, about
1000 km (27). Internal pressures within
the moon are not expected to be high
enough to lead to a density crossover for
a primitive basaltic composition (28).
3) A decrease in the density contrast
between liquid and coexisting solids is
expected to lead to a decrease in the
slope of the solidus (dT/dP), which, in
the absence of excess volatiles, is posi-
tive for all likely mantle rocks at low P.
For congruent melting of a single miner-
al, the slope of the solidus flattens with
increasing P as AV, — 0. For incongru-
ent melting, melting involving solid solu-
tions, or melting of a polymineralic as-
semblage, however, dT,,/dP may be pos-
itive even though the melt is denser than
some or all of the residual solid phases.
Thus, care must be taken in using our
results to infer the slope of a peridotite
solidus at high P, since a very dense
phase, garnet, is an important participant
in likely melting reactions and since the
liquid compositions at peridotite solidus
are not well known at high P. If the
slopes of the source rock and basalt
solidi remain positive and are greater
than the prevailing geothermal gradient,
any dense melt percolating downward
will begin to crystallize and presumably
may not move very far. However, if the
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slopes of the solidi do become flat or
negative, there could be an increase in
the amount of melt with increasing
depth, both from concentration of down-
ward-percolating liquids and from the
decrease in solidus temperatures.

Our analysis implies that the slopes of
the solidi of congruently melting silicates
with octahedral Si** (for example,
MgSiO; perovskite) at high pressures are
less than those of silicates found in the
shallow mantle [dT,,/dP for enstatite at 1
atm is 13°C per kilobar (29)] and that
their solidi may indeed become less
steep. Recent shock temperature mea-
surements confirm this; for stishovite at
700 kbar and 4200°C, dT,/dP was in-
ferred to be 1.1° = 0.5 per kilobar (30).
Extrapolating our results, we calculate
that the density of liquid MgSiO; at
3000°C would increase from 2.31 g/cm?®
at 1 atm to 4.08 g/cm’® at 400 kbar (31). At
400 kbar, MgSiOs perovskite would have
a p of 4.63 g/cm® at room temperature
and 4.10 g/cm® at 3000°C (32). If we
assume congruent melting and an entro-
py of melting of ~R (8.3 joule/mole atom
K) (33), dT,/dP = 0.1°C per kilobar.
With the melting-point estimate of Oh-
tani (34) for MgSiO; perovskite of
2900°C at 230 kbar, we can estimate
the melting point at 400 kbar to be
~3500°C. Despite the substantial extrap-
olations required for this calculation, we
suggest that there may be a maximum in
the solidus of perovskite in the vicinity
of 400 kbar and that, at the very least,
the slope of the solidus will be very
small. This further implies that the tem-
perature of the lower mantle is con-
strained to be <3500°C in the absence of
partial melt.

4) That a silicate liquid may become
more dense than its surroundings at high
P allows not only for the possibility of
retaining magma within planetary interi-
ors but also for concentrating it at depth
by downward segregation. Some impli-
cations of a laterally extensive, dense,
magnesian melt layer for the genesis of
komatiites were recently discussed by
Nisbet and Walker (22). Stolper and his
co-workers (2) and Ohtani (34) also dis-
cussed possible implications of dense
melts at depth for komatiite genesis.
During early Earth history when the heat
production from radioactive decay was
presumably higher than today (35), it is
likely that there was a higher degree of
partial melting globally and that it ex-
tended to greater depths than in the
present Earth. Because the likely domi-
nant residual minerals, olivine and ortho-
pyroxene, would be expected to float in
basic melts at pressures greater than ~40
to 70 kbar, stable chemical stratification

could occur. If basic to ultrabasic melts
could flow downward in this way, such a
process could lead to the development of
a residual layer rich in olivine and ortho-
pyroxene (‘‘peridotitic’’ layer) underlain
by a deep layer rich in clinopyroxene and
garnet (‘‘eclogitic’’ layer) in the upper
mantle. Recent fits of elastic models to
seismic velocity models lend credence to
the idea of a stratified upper mantle

. having a lower proportion of olivine be-

low ~220 km than was previously
thought (36). The development of such a
zone by downward melt migration could
have important consequences for the
thermal evolution of the early Earth. It
would limit the transport of heat toward
the surface by magmatic activity, would
interfere with convection patterns that
might otherwise develop, and would al-
low the segregation of heat-producing
incompatible elements (for example, po-
tassium, uranium, and thorium) into a
deep layer.
SALLY M. RIGDEN
THOMAS J. AHRENS
EDpWARD M. STOLPER
Division of Geological and
Planetary Sciences, California Institute
of Technology, Pasadena 91125
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A Reassessment of Biogenic Controls

Abstract. Fluxes of biogenic carbonates moving out of the euphotic zone and into
deeper undersaturated waters of the North Pacific were estimated with free-drifting
sediment traps. Short-duration (1 to 1.5 day) sampling between 100 and 2200 meters
points to a major involvement in the oceanic carbonate system by a class of
organisms which had been relegated to a secondary role—aragonitic pteropods.
Pteropod fluxes through the base of the euphotic zone are almost large enough to
balance the alkalinity budget for the Pacific Ocean. Dissolution experiments with
freshly collected materials shed considerable light on a mystery surrounding these
labile organisms: although plankton collections from net tows almost always contain
large numbers of pteropods, these organisms are never a major component of
biogenic materials in long-duration sediment trap collections. Their low abundance
in long-duration collections results from dissolution subsequent to collection. Short-
duration sampling showed significant increases in the ratio of calcitic foraminifera to
aragonitic pteropods in undersaturated waters, indicating the more stable mineral-
ogic form, calcite, was preserved relative to aragonite. Approximately 90 percent of
the aragonite flux is remineralized in the upper 2.2 kilometers of the water column.

The oceans constitute a substantial
reservoir for anthropogenic CO, (/). The
behavior of this reservoir, including its
internal physical and chemical process-
es, is expected to significantly influence
the rate of atmospheric CO, buildup and
thereby the earth’s future climate (2, 3).
In light of this expectation, the marine
CO, system has been extensively inves-
tigated. Field and laboratory investiga-
tions (4-7) have provided a detailed pic-
ture of the oceanic distributions of total
CO,, dissolved carbonate ions, and the
saturation state of particulate carbon-
ates. Nevertheless, important facets of
the marine CO, system remain poorly
understood. Little is known about the
rate of removal of CO, from the surface
ocean via biogenic particulate carbon-
ates and about the delivery rates of these
materials to the undersaturated deep
ocean.

For the Pacific Ocean, which consti-
tutes approximately one-third of the
earth’s total area, there is an extreme
paucity of carbonate flux data. Published
data include information obtained at a
single station in the central Pacific (8, 9),
and at another station in the western
North Pacific (/0). With an unusually
shallow carbonate saturation horizon
(/1) and an alkalinity anomaly in inter-
mediate and deep water attributable to
the dissolution of biogenic carbonates

(12), particulate carbonates take on spe-
cial importance in the Pacific Ocean.

The feature that makes carbonate flux-
es in the Pacific of special interest also
complicates the interpretation of flux
measurements. Dissolution of sediment-
ing aragonite particulates in the water
column begins at relatively shallow
depths (/1) and generally proceeds rapid-
ly below 100 m (/3). As a consequence,
long-duration sediment-trap  deploy-
ments can seriously underestimate the
mass fluxes of labile carbonates. In order
to minimize this problem, our free-drift-
ing sediment traps were deployed for
less than 40 hours. This sampling period,
quite brief compared to the deployment
times in earlier investigations (8-10),
permitted the deployment of numerous
sediment traps along an extensive sec-
tion of the western Pacific (Fig. 1).

The vertical fluxes of particulate mat-
ter were estimated with free-drifting sed-
iment traps (cross sectional area, 0.66
m?) patterned after the cone design of
Soutar er al. (14). In our system, trapped
materials are concentrated in a Teflon
receptacle (2.5 c¢cm in diameter) at the
bottom of the trap’s cone (/5). Prior to
retrieval, the Teflon cup and its contents
were isolated from further inputs by a
double-ball valve seal activated by an
electronic release.

The total particle flux was determined

SCIENCE, VOL. 226





