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Abstract

Shock wave (Hugoniot) equation of state experiments have been carried out on
molten silicates in the petrologically important system CaMgSi,Og-CaAlsS1,0g via the
projectile impact method. An RF heating technique was developed to heat silicate
sa‘mples contained in pure Mo containers to the necessary high initial temperatures
(up to 1773 KX). Thermocouple techniques, a refractory sample holding system and
optical shutter systems, were developed to allow utilization of a propellant gun
apparatus at impact velocities ranging from 1.0 to 2.5 km sec™' corresponding to
shock pressures of 4 to 40 GPa. The methodology for taking into account the effect

of the Mo container in measuring the equation of state of the molten silicate is expli-

citly derived.

Results on molten diopside (CaMgSi,Og), anorthite (CaAlsSi;Og) and an inter-
mediate composition (36 mole 96 CaAl,SisOg, 64 mole %6 CaMgSi,Og: AngsDigg4) are
presented.i Reduction of the Hugoniot data for these materials to third-order Birch-
Murnaghan isentropes yields 1 atm bulk moduli (IXg) in the range 18-24 GPa which
are in good agreement with bulk moduli recently measured by ultrasonic methods at
1 atm and similar temperatures. The pressure derivatives of bulk modulus (I ) vary
from 5-7. Shock temperature calculations for Ang,sDiggey indicate temperatures of
2400-2600 IX at ~ 25 GPa. The Hugoniot states are believed to lie metastably in the
liquid field on the basis of measured bulk modulus, calculated Hugoniot density of a

solid of the same composition and estimated crystallization times.

The measured equation of state data for molten diopside is used in conjunction
with other thermochemical data to constrain the diopside solidus via the Clausius-

Clapeyron equation at pressures up to 20 GPa. The present data are consistent with
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measured fusion curve data of others to 5 GPa. Above ~ 10 GPa, a marked shallow-
ing of the solidus is predicted as the difference in volume between crystalline and mol-

ten diopside in equilibrium approaches zero.

Comparison of the results for molten diopside with those from the intermediate
composition indicates that the liquids exhibit ideal mixing behavior with respect to
volume to within 429 up to ~ 40 GPa. Gradual changes in coordination of AI** and
Si** from tetrahedral at low pressures to octahedral at high pressures are believed to
occur during compression of these materials. The integrated compressibility as
reflected in the values of INg and K’ is related to the proportion of tetrahedrally
coordinated cations at low pressure, and the volume at ~ 40 GPa is from 100-110%
of that of a mixture of the dense, high-pressure phases MgSiO; (perovskite), CaSiO4

(perovskite), Al,O3 (corundum) and SiO, (stishovite).

Important petrological implications of our results include: (1) basic to ultrabasic
melts become denser than olivine- and pyroxene-rich mantle at pressures of 6-10 GPa,
and (2) there is a maximum depth from which basaltic melt can rise buoyantly within

terrestrial planetary interiors.
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INTRODUCTION

There is a pressing need to obtain information about the high-pressure and
high-temperature physical properties of silicate materials in order to understand the
nature of processes occurring in terrestrial planetary interiors. Experimental determi-
nation of the density as a function of pressure and temperature (i.e., the equation of
strage) has been made for many crystalline earth materials, but the data for molten sil-
icates are sparse and have been limited to relatively low pressures (< 3 GPa). The
alm of this work has been to develop a technique for measuring the density of molten
silicates at high pressures; to carry out experiments on petrologically and geophysi-
cally relevant materials; to use the measured equations of state to constrain processes
occurring in planetary interiors, and to gain some insights into how the structure of

silicate melts change with increasing pressure.

Measurements of the density of molten silicates at high pressures (up to 40 GPa)
were carried out using shock wave techniques. A 40 mm propellant gun was used to
accelerate projectiles to high velocities and to impact silicate samples generating high
pressure shock waves in the samples. These experiments are carried out routinely at
room temperature, but modifications to the apparatus were necessary to do them at
the high temperatures required for molten silicates. These experimental details are
described briefly in Chapter 1 and in detail in Chapter 2. Because the samples are
molten at the time of impact, they are encapsulated in refractory metal (Mo) con-
tainers. Calculation of the sample Hugoniot densities requires a correction for the
effect of the surrounding container. The method by which this is accomplished is

described in Chapter 2.



Preliminary results on a composition which is an analog for natural basalt (36
mole % CaAl,Si,Og, 64 mole %6 CaMgSisOg: AngsDiggy) are reported in Chapter 1,
and the complete data set is presented in Chapter 2. Data for molten anorthite
(CaAl,S1,04) and diopside (CaMgSi,Of) are given in Chapter 3. In Chapter 2, evi-

dence is presented that the shock (Hugoniot) states represent metastable liquids

throughout the pressure range of the experiments.

Reduction of the Hugoniot states to states directly comparable with high pres-
sure states in the earth’s interior is accomplished by constructing Birch-Murnaghan
isentropes from the data. The 1 atm bulk modulus (Kg) derived from this analysis is
then directly comparable with values that have been measured by others at similar

temperatures using ultrasonic techniques.

The analogy of the composition studied in Chapters 1 and 2 with natural
basalts allows some inferences to be made about the behavior of natural melts at high

pressures. Petrological implications of the density of molten Ang3gDiggy are discussed

in Chapter 1.

For materials that melt congruently, the slope of the solidus, given by the
Clausius-Clapeyron equation, can be calculated when the volume and entropy of
fusion are known. The data presented in Chapter 3 give the first determinations of
molten diopside volumes at high pressures, and these have been used in conjunction

with thermochemical data to predict the melting curve of diopside to 20 GPa.

The structure of molten silicates at high pressures has been addressed previously
by spectroscopic techniques and by molecular dynamics simulations. Spectroscopic
studies have been restricted to pressures lower than 8 GPa. The systematic changes

in density with composition over the studied composition range allow some insights to



be gained into the structure of molten silicates at high pressures and the role of coor-

dination changes during compression. This is discussed in Chapter 3.



Chapter 1

Densities of Liquid Silicates at High Pressures®

Abstract

Densities of molten silicates at high pressures (up to ~230 kbar) have
been measured for the first time using shock wave techniques. For a

model basaltic composition (anorthite 36 mole % - diopside 64 mole

%), we derived a bulk modulus, K ~230 kbar and a pressure deriva-
o di . :
tive ~ 4. Some implications of our results are: (1) basic to

ultrabasic melts become denser than olivine- and pyroxene-rich host
mantle at pressures of 60-100 kbar, (2) there is a maximum depth from

which basaltic melt can rise within terrestrial planetary interiors, (3)
the slopes of silicate solidi {-ﬁ, shallow at high pressures, and (4)

enriched mantle reservoirs may have developed by downward segrega-

tion of melt early in earth history.

* Published in Science, 226, 1071-1074, 1984



IK\nowledge of the properties of silicate liquids at high pressures and tempera-
tures is fundamental to our understanding of the differentiation processes that occur
within planetary interiors. The densities of a variety of silicate liquids have been
determined previously at up to 20 kbar in piston cylinder apparatuses using the
falling-sphere technique [1]. Calculation of liquid silicate densities at high pressures
has also been made by estimation of their elastic properties [2,3]. We report here the
first shock wave measurements of silicate liquid densities at high temperatures and
pressures extending by more than an order of magnitude (i.e., to 235 kbar) the max-
imum pressure at which densities of silicate liquids have been determined. Our

motivations for this work were the following:

(1) The rates of melt migration and segregation within partially molten source
regions in planetary interiors depend on the difference in density between the melt
and the coexisting solids. In addition, the sign of the density contrast between melt
and the coexisting residual crystals determines whether melt will migrate upwards or
downwards [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 solidus).
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, consequently, of the melting behavior of planetary 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 properties of silicate melts [4]. Density measurements at high
pressures can be compared with those derived from the simulations to place con-
straints on the interatomic potentials that are critical to the calculations and hence to

refine calculated structural models and transport properties.

The composition that we used for our initial experiments is the 1 atm eutectic
composition in the system anorthite-diopside (AngssDiygs, where the subscripts
represent molar percentages). This composition is used as an analog for natural basalt
and differs from 1t mainly in the absence of iron and alkalis. Ultrasonic measure-
ments [5] at 1 atm and 1400° C yield a bulk modulus of ~230 kbar for this composi-

tion.

The pressure (P) and density (p) of a material in shock wave experiments are
determined from the Rankine-Hugoniot equations [6]. The shock wave is generated in
the molten sample encapsulated in molybdenum by impact of a metal flyer plate that
has been accelerated to high velocity (1-2.5 km/sec) in a 40 mm propellant gun [7]. A
schematic representation of the experimental target, just prior to projectile impact, is
shown in Figure 1. During these experiments, the quantities measured are shock
velocity (U) and particle velocity (u). The 1 atm density (p,) is calculated using par-
tial molar volumes reported by Nelson and Carmichael [10]. The particle velocity is
determined by measurement of projectile velocity and subsequent impedance match

with the sample [9]. The shock velocity is obtained by measuring the time difference

between the entrance and exit of the shock front through the sample [11].



The results are shown in Table 1 and Figure 2. The U-u data can be fit by a
straight line given by U = (2.94 4+ 0.05 km/sec) + (1.29 + 0.06) u. This experimen-

tal fit to the Hugoniot is shown in the inset of Figure 2. From the analysis developed

by Ruoff [13], we calculated an isentropic, 1 atm bulk modulus, I(SO — p{%—} —
P s

226 + 8 kbar and a pressure derivative, K/ = dI{;/dP = 4.15 + 0.24. The bulk
modulus agrees well with the value calculated from the measured ultrasonic velocity
(212 to 243 kbar) [5,14]. For typical mantle minerals K;* is ~1.2-2.1 Mbar, while K/
~4-7 [15].

With increasing pressure, crystalline silicates undergo phase changes leading to
abrupt increases in density as the structure transforms to the closer-packing stable at
elevated pressures. Waff (16] suggested that similar abrupt increases in density would
oceur n silicate liquids as coordination changes such as
VAL — VIAI* and VSit* — VISi™ occurred. However, silicate liquids could achieve
substantial compaction by a continual distortion of the tetrahedral network and/or
gradual coordination changes, rather than by the abrupt coordination changes charac-
teristic of solids. Raman spectroscopy carried out on glasses quenched from jadeite
melts at pressures up to 40 kbar does indeed suggest that the Al(Si)-O-Al(Si) bond
angles in the tetrahedral network decrease continuously and that at this pressure Al
and Si are still essentially entirely in tetrahedral coordination [17]. Recent NMR
results from albite glasses quenched from melts at high pressures suggest that, when
Al™® enters 6-fold coordination in melts, it does so over a wide pressure range [18].
Molecular dynamics simulations have also suggested that structural changes in melts,
especially Si and Al coordination numbers, change gradually and continuously as

pressure increases to several hundred kilobars [4] rather than abruptly over narrow



pressure intervals [19]. Our results are consistent with gradual and continuous struc-
tural changes, since the data can be fit by a single compression curve (a straight line
in U-u space). In addition, the unexpectedly low value of K [2,3] can be rational-

ized by continuous structural changes taking place in the melt with increasing pres-

sure.

The present results have some far-reaching implications for differentiation within

terrestrial planetary interiors by igneous processes:

(1) Using the values of K and K, derived from our experiments [20] we
predict that the densities of volatile-poor, basic to ultrabasic melts of the mantle
would overtake the bulk density of the residual solid at moderate pressures, 60-100
kbar. Basaltic liquid compression curves fall within the hachured band in Figure 2.
The range of 1 atm densities corresponds to that expected for picritic mid-ocean ridge
basalt (2.7 g/cm®) to komatiite (2.8 g/cm®) at their liquidi [21,22]. The liquids
become denser than magnesian olivine and orthopyroxene, which are probable resid-
ual phases, at pressures from 40-70 kbar. Furthermore, the liquids become denser
than the bulk mantle (derived from whole earth seismological models [24]) between 60
and 100 kbar. \WWe propose that the lack of density contrast between melt and coexist-

ing solid over this pressure 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 based on the
requirement of a positive density contrast to drive upward melt migration [2]. For
the 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) ~0.7-0.8), 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

T
{ CIP”‘ } shiah, i Hhe
(4

absence of excess volatiles, is positive for all likely mantle rocks at low pressures. For
congruent melting, the slope of the solidus flattens with increasing pressure as
AV, — O (AV, = Vjiquia=Verystay 18 the volume change of the reaction defining the
solidus). For incongruent melting, melting involving solid solutions, or melting of a
polymineralic assemblage, however, dT/dP may be positive 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 pressures, since a
very dense phase, garnet, is an important participant in likely melting reactions and
since the liquid compositions at peridotite solidi are not well known at high pressures.
If the slopes of the source rock and basalt solidi remain positive and are greater than
the prevailing geothermal gradient, any dense melt percolating downwards will begin
to crystallize and presumably may not move very far. However, if the 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 downward percolating liquids and

also from the decrease in solidi temperatures.

Our analysis implies that the slopes of the solidi of congruently melting silicates

with octahedral Si** (e.g. MgSiO3 perovskite) at high pressures are less than those of
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silicates found n the shallow mantle

(dTh
| dpP

for enstatite at 1 atm is 13° C/kbar [29] }, and that their solidi may indeed

become less steep. Recent shock temperature measurements confirm this; for stisho-
vite at 700 kbar and 4200°C, dT/dP was inferred to be 1.1 + 0.5°C/kbar [30].
Extrapolating our results, we calculate that the density of liquid MgSiO3 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
MgSiO; (perovskite) would have a density of 4.63 g/cm® and 4.10 g/cm® at room tem-
perature and 3000 ° C, respectively [32]. Assuming congruent melting and an entropy
of melting of ~R (8.3 g/mole-atom) [33], dT,/dP = 0.1° C/kbar. With the melting
point estimate of Ohtani [34] for MgSiO3 perovskite of 2900° C at 230 kbar, we can
estimate the melting point at 400 kbar to be ~3500°C. Despite the substantial
extrapolations 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 solidus will be very small. This further implies that the temperature of the

lower mantle is constrained to be <3500° C in the absence of partial melt.

(4) That a silicate liquid may become more dense than its surroundings at high
pressure allows not only for the possibility of retaining magma within planetary inte-
riors, but also for concentrating it at depth by downward segregation. Some implica-
tions of a laterally extensive, dense, magnesian melt layer for the genesis of komatiites
were recently discussed by Nisbet and Walker [22]. Stolper et al. [2] and Ohtani [34]
also discussed 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
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partial melting globally, and that it extended to greater depths than in the present
Earth. Because the likely dominant residual minerals, olivine and orthopyroxene,
would be expected to float in basic melts at pressures greater than ~40-70 kbar,
stable chemical stratification could occur. If basic to ultrabasic melts could flow
downwards in this way, this could lead to the development of a residual olivine-
orthopyroxene-rich (”peridotitic”) layer underlain by a deep clinopyroxene-garnet-rich
("eclogitic”) layer in the upper mantle. Recent fits of elastic models to seismic veloc-
ity models lend credence to the idea of a stratified upper mantle having a lower pro-
portion of olivine below ~220 km than was previously thought [36]. The develop-
ment of such a layer by downward melt migration could have important consequences
for the thermal evolution of the early Earth. It would limit the transport of heat
towards the surface by magmatic activity, it would interfere with convection patterns
that might otherwise develop, and it would allow the segregation of heat-producing

incompatible elements (e.g., I\, U, Th) into a deep layer.

In summary, initial shock wave experiments on a model basaltic liquid
(Ang 36Dig 4 (molar)) suggest that silicate liquids are far more compressible than their
coexisting solids up to pressures of at least 250 kbar. Implications of this

phenomenon include:

(1) Basic to ultrabasic melts become denser than coexisting olivines and pyrox-

enes at pressures of 60-100 kbar.

(2) The maximum depth from which basic magma could segregate upwards on

the Earth and Venus is ~300 km; for Mars this depth is ~1000 km.

(3) The slope of the solidus (dT,/dP) for congruently melting silicate minerals

is expected to shallow at high pressures.



(4) Enriched and perhaps partially molten reservoirs might exist deep inside the
present Earth, having developed by downward migration of dense magmas during

early Earth history.
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Table 1: Molten Ang ;5 Dijgqy Hugoniot data

Flyer Impact Shock Particle Hugoniot Hugoniot
Shot # Plate Velocity Velocity Velocity Pressure Density
(Measured) (Measured) (Calculated) (Calculated) (Calculated)
km/sec km /sec km /sec GPa g/cc
592 Al 1.05 3.59 0.44 4.10 2.978
+0.02 +0.04 +0.01 +0.09 +0.026
593 Al 1.50 3.65 0.65 6.15 3.176
+0.03 +0.04 +0.02 +0.14 +0.030
605 Al 2.00 4.06 0.88 9.30 3.33
+0.04 +0.10 +0.02 +0.29 4+0.04
607 W 1.80 5.20 1.73 23.54 3.92
+0.03 4+0.05 +0.03 +0.50 +0.05
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Figure Captions

Figure 1: (a) Shock experiment for molten silicate target. Silicate sample is encap-
sulated between a Mo driver plate and Mo cover plate. The metal capsule is heated
via induction (8] and acts as a furnace. Measurement of projectile velocity via double
flash (30 nsec) x-ray shadowgraph (12-30 usec apart) allows determination of the par-
ticle velocity by impedance match with the Mo driver plate [9]. The temperature of
the molten sample, monitored by a Pt-Rh thermocouple, determines the initial den-
sity [10]. The shock velocity is determined by measuring the time difference between
the shock arrival at planes A and B [11]. Shock propagation time through the Mo
cover plate must be subtracted from sample plus cover plate introducing an error of

0.39% in the measured shock velocity. A ceramic shutter covers the expendable mirror

until ~1 sec before host is fired [12].

(b) Double x-ray shadowgraph of projectile during flight towards target.

Figure 2: Density of basic silicate melt compared with that of the Earth’s mantle
and likely liquidus minerals, olivine, pyroxene, and garnet. The hachured band
represents the range of melt densities expected in compression of basaltic composi-
tions from an average mid-ocean ridge basalt (2.7 g/cm®) to komatiite (2.8 g/cm?)
| using the values of K and K derived from our work. Adiabatic compression
curves are shown for the possible liquidus minerals, olivine, orthopyroxene, and garnet
(23]. The stippled band represents the range of density-depth relations in the Earth
derived from two recent seismological whole-Earth models PEM, PREM, and a den-
sity model based on free oscillation data [24]. Depth scales are shown for the major

terrestrial planets and the Earth’s moon [25]; the tick marks on earth scale are at 100
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km intervals. Inset shows dynamic compression data for AngsDiggy (molar) at an
initial temperature of 1400 ° C. 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 K2 = 226 kbar and I/ = 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°. Above 80 kbar the
phase assemblage is uncertain but is probably well approximated by the left-hand
curve to ~150 kbar. The rightmost curve is a maximum possible density estimate
based on an assemblage of high-pressure phase, mixed oxides. Key: an - anorthite; di
- dicp=ide; qtz - quartz; cs - coesite; ky - kyanite; gr - grossular; py - pyrope; st -

stishovite; J) moon; ® Earth; 6 Mars; 9 Venus.
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Chapter 2

The Density of Molten Silicates at High Pressures:
Technique and Results on a Haplobasaltic Composition

ABSTRACT

A technique has been developed which permits measurements of the
shock-wave, pressure-density equation of state of initially molten sili-
cates initially at temperatures of up to 1973 K. A 40 mm propellant
gun apparatus is used to accelerate metal flyer plates to speeds of 2.5
km sec™!; at these speeds tungsten flyer plates drive shock waves with
amplitudes of 35 to 40 GPa (350-400 kbar) into sample assemblies.
Modifications to the standard equation of state experiments that are
described here include: design of a molybdenum sample container to
contain the molten silicate; use of a 10 kW radio frequency induction
heater to heat the sample to temperatures in excess of its melting
point immediately prior to impact; and implementation of shuttering
systems that protect the optical system from impurities emitted from
the hot sample and prevent pre-exposure of the film in the rotating-
mirror, continuously-writing, streak camera. The reduction of
Hugoniot data taking into account the effect of the sample capsule is
described. Data for a haplobasaltic composition (36 mole % anorthite,

64 mole % diopside: Ang3sDiggs) at an initial temperature of 1673 K
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and density, po of 2.607 Mg m™, yield a shock velocity-particle velocity
(Ug-Up) relation given by Ug = 3.06+1.36 Up km sec™ up to values of

Up = 1.7 km sec’!. The zero-pressure, bulk sound speed of 3.06
km sec™! is in good agreement with the ultrasonically measured value
of Rivers and Carmichael (1981) on a similar composition. At higher
pressures (above ~ 25 GPa) the Hugoniot data suggest that the grad-
ual coordination increase of AI** and Si** from 4 to 6-fold coordina-
tion is essentially complete. These high-pressure Hugoniot data are fit
by Ug = 0.85+2.63 Up km sec™'. The high-pressure regime appears
similar to that obtained in initially solid silicates upon shock compres-

sion. Shock temperature calculations yield values of 2400-2600 K at 25

GPa and the states achieved are believed to lie metastably in the

liquid field.

INTRODUCTION

The density of a silicate melt (or indeed, of any substance) is one of its most
fundamental physical properties. Its reciprocal, the specific volume, is a first deriva-
tive of energy with respect to pressure, and if we know its value as a function of pres-
sure and temperature, we have essentially a complete description of its thermo-
dynamic properties (i.e., the equation of state). Knowing the equation of state of a
melt, petrologists can gain insights into solid-liquid phase equilibria critical to under-
standing igneous petrogenesis. The density is also an expression of the liquid’s
integrated microscopic structure; thus, systematic study of density can yield insights

into melt structure. This provides a framework for thinking about the



thermodynamic properties and physical properties (e.g., viscosity, diffusivities) that
play critical roles in petrogenesis. Finally, and perhaps more directly relevant to igne-
ous processes, the density contrast between magmas and crystalline solids plays a cru-
cial role in determining the directions and velocities of magma transport within the
earth and other planets, and thus knowledge of the densities of melts at conditions
relevant to planetary interiors is fundamental to understanding igneous activity and

planetary differentiation.

The systematics of the densities of silicate melts at atmospheric pressure are well
understood (see, for example, Bottinga and Weill, 1970; Nelson and Carmichael, 1979;
Mo et al., 1982; Bottinga et al., 1982), but until recently little was known about melt
densities at elevated pressures. Although there have been calculations and inferences
of rﬁelt density based on measured elastic properties of melts at low pressure (Stolper
et al., 1981; Nisbet and Walker, 1982), on molecular dynamics simulations (Angell
and Kanno, 1976; Angell et al., 1982, 1983; Matsui and Kawamura, 1980; Matsui et
al., 1982), and on analysis of the solidi of congruently melting minerals (Ohtani, 1984;
Bottinga, 1985; Rivers, 1985), there have been few actual measurements of melt den-
sities at elevated pressure. Until recently, the only available measurements were
made with the “falling sphere” technique (Kushiro, 1978, 1980; Fujii and Kushiro,
1977; Scarfe et al., 1979; Sharpe et al., 1983). However, measurements using this
technique have been restricted to less than 3 GPa and the accuracy of densities based

on it has been questioned (Rivers, 1985).

Shock wave techniques are routinely used to provide accurate measurements of
density as a function of pressure along the Hugoniot for solids (see, for example,

McQueen et al., 1967, 1970). Pressures in excess of 400 GPa have been achieved using



these techniques (Al'tshuler, 1965). In this paper, we describe a set of experiments in
which we have used shock wave techniques to study the density of a haplobasaltic sil-
icate liquid at pressures between 4 and 35 GPa. Preliminary results and a discussion
of their implications have been presented elsewhere (Rigden et al., 1984). The focus
of this paper will be on the experimental techniques that we have utilized and, in par-
ticular, on the modifications to the “standard” shock wave techniques developed for
use on cool solids that were necessary in order for us to carry out similar experiments

on molten samples.

In a typical shock wave experiment, a high-pressure pulse is generated in a cool,
solid sample by high velocity impact of a metal plate. Measurement of the velocity of
the high-pressure shock wave and the particle velocity in the sample enables the pres-
sure and density to be calculated via the Rankine-Hugoniot equations. The extraordi-
nary problem that we faced in our experiments was basically this: How do you get the
target hot .enough so that it is molten prior to impact by the projectile and so that
the material whose equation of state is being studied is liquid rather than solid? The
solution that we chose was to encapsulate the material in a metallic container, which
we then heated by induction. This solution created its own set of problems; for
example, how do you hold the capsule? how do you measure the initial temperature?
how do you correct the shock velocity for the presence of the metal capsule? In this
paper, we describe how we dealt with these and other problems unique to high-

temperature shock wave experiments and their data reduction and we present the

data set on the haplobasaltic composition studied.



SAMPLE PREPARATION

Sample Container

In contrast to a standard equation of state experiment where a target samble is
mounted on a metal driver plate, the sample in this experiment, molten at the time of
impact, i1s totally enclosed in a metal container. If the sample is not completely
enclosed, it leaks out of the container upon melting because of surface tension effects.
The sample capsule is constructed of molybdenum (ABL low-carbon, vacuum arc-cast
molybdenum supplied by AMAX Specialty Metals). The melting point of molybde-
num (2890 K) is higher than that of any likely silicate sample, a primary considera-

tion in its choice.

The capsule is sealed by electron beam welding a thin (0.75 mm) molybdenum
cap onto the base, which contains a glass sample (Figure 1). During the welding
process, the molybdenum capsule must be treated carefully to prevent cracking
because the metal is extremely brittle. Initially, the assembly is preheated to red heat
for several minutes. This degasses the join where the weld is made and releases vola-
tiles from pore space in the molybdenum. After welding, the capsule is cooled slowly
under a broad electron beam to anneal the weld. During cooling, an observation of
the weld at 800 to 900 K is made to ensure that it is free from cracks. The welded
target is finally heated to 1673 K in a muffle furnace for about 1 hour under 1 bar of
nitrogen. This step premelts the sample so that it wets the sides of the container and
ensures that the capsule is completely sealed; at this stage the sample will leak out if
any cracks are present in the weld. In addition, it is important that the molten sam-

ple be free of bubbles because the path of the shock wave should be uninterrupted to
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give an accurate estimate of its travel time through the sample. Targets cross-

sectioned after this heating procedure showed a clear, bubble-free glass in the sample

chamber.

Silicate Sample

Several criteria were used to choose the sample material. (1) The sample should
be geologically relevant. (2) Because the presence of bubbles would interfere with
travel of the shock wave through the sample, the viscosity must be low enough that
bubbles will rise buoyantly to the top of the container during the premelting pro-
cedure. If the sample viscosity is <100 Poise, all bubbles >50 micron in diameter
should be unable to remain suspended for longer than ~ 5 minutes. (3) The
molybdenum sample container undergoes oxidation at a rate strongly dependent on
its temperature under the vacuum conditions in the impact tank (~ 100 microns), so
the melting temperature of the silicate sample must be relatively low. Otherwise,
oxides are ejected from the hot molybdenum and deposited on nearby unheated or
cooler surfaces. These deposits can interfere with the optical path to the recording
camera. In addition, the higher the temperature of the sample container, the more

strain is placed on ceramic pieces that hold it in place.

The composition chosen for the experiments described in this paper is that of
the 1 atm eutectic in the system anorthite-diopside. This composition satisfies the
criteria of low melting point (1547 I, Bowen, 1915) and low viscosity (~ 30 poises at
1673 K, calculated using the method of Bottinga and Weill, 1972). The ideal chemi-
cal composition of the sample (64 mole % CaMgSisOg; 36mole % CaAlySisOg) is given

in Table 1. This is a good compositional analog for natural basalt from which it



differs mainly in an absence of iron and alkalis and an excess of calcium. The compo-
sition of average mid-Atlantic ridge basalt (Melson and Thompson, 1971) is also

shown in Table 1 for comparison.

Samples are prepared from spectroscopically pure oxides and CaCO,;. The
powdered oxides (SiO,, MgO, Al,O3 ) and CaCO;, are weighed out in the appropriate
proportions to make 5 g of sample. Grinding the oxides together for 5 hours in an
agate mortar under alcohol produces a homogeneous powder. The starting material is
heated in a platinum crucible in a muffle furnace at 1673 K for several hours to melt
the sample and drive the CO, from the carbonate. Upon removal from the furnace a
clear glass that may have many bubbles is produced. To remove bubbles and any
volatiles contained in the glass, a second melting is undertaken in a vacuum furnace
under air pressure of less than 100 um Hg at 1673 K. This second melting stage is of
about 12 hours’ duration and yields a clear, bubble-free glass. The average composi-
tion from several such runs, measured with the electron microprobe, is shown in
Table 1 and agrees well with the ideal composition. The glass sample is removed
from the platinum crucible by using a diamond core drill. It is then ground to fit into

the molybdenum container and welded as described above.

EXPERIMENTAL METHOD

The pressure and density in the high-pressure shocked state is determined by
application of the Rankine-Hugoniot conservation equations (e.g., Duvall and Fowles,
1963). The initial density p, of the initially molten sample is calculated using partial
molar volumes of the constituent oxides given by Stebbins et al. (1984). Ug and Up

are the shock and particle velocities (km sec™) in the molten silicate; these are
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determined from shock-transit time through the sample and the measured projectile
velocity. Measured quantities for this experiment are sample shock transit time from
which Ug is calculated, projectile velocity from which Up is derived, and the sample

temperature from which pg is determined.

A shock wave i1s generated in the sample by impact of a metal flyer plate embed-
ded in a lexan projectile. The projectile is launched from a 40 mm bore propellant
gun described by Ahrens et al. (1971). The front portion of the sample capsule serves
as the shock driver plate (Figure 1). This target is mounted in a Zircar fibrous

alumina ceramic plate (type ZAL-45) and suspended in the impact tank (Figure 2).

Heating and Sample Geometry

Heating is accomplished by a water-cooled copper induction coil powered by a 10
kW Lepel Radio Frequency generator (model T-10-3-KC-N-W). The 10 k‘W max-
imum output of the generator is ample to heat the molybdenum sample assembly.
For example, the energy required to heat a typical sample assembly (33g) to 1800 K is
about 15 kJ, or, 1.5 seconds of operation at the peak output of the RF generator.
Radiant losses (by black body radiation) in the vacuum conditions of the experiment
at this temperature amount to approximately 2 kW. Thus, the present apparatus has
ample power to attain and maintain the high temperature necessary for this experi-
ment. To minimize electromagnetic radiative losses of high-frequency (250 to 450
kHz) energy, a coaxial line is utilized from the generator to within 12 cm of the load
coil. A 12:1 stepdown transformer (Model LCT-4) is inserted in the coaxial line
immediately before the line enters the vacuum tank. Without this transformer, the

high voltage leads to arcing across the load coil under the poor vacuum (~ 100
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microns) conditions in the tank. It was necessary to extend the coaxial line to within
12 cm of the coil; approximately 80% of the available RF energy was lost between the

transformer and load coil (a distance of 50 cm) in the absence of the coaxial line.

Within the tank the coaxial line doubles as a support system for the target
assembly and water-cooling system (40 liters/minute flow rate). The target assembly
is attached to the brass termination block of the coaxial line. A hollow-centered pie-
shaped coil is used because of space constraints and to preserve an optical path from
the sample to the recording streak camera. This coil is positioned behind the target
assembly with its center on line with the center of the sample. A Pt-Pt10%Rh ther-
mocouple (0.25 mm thick), pressed into a 1.6 mm diameter, 1.0 mm deep well in the
driver plate just above the sample (Figure 2), monitors the temperature until the gun
is fired. Behind the coil sample assembly, a turning mirror reflects the image of the
sample through a window in the impact tank via a system of lenses and mirrors to a
continuously writing Beckman-Whitley streak camera (model 339). This turning mir-

ror is mounted on a Zircar fibrous alumina ceramic cylinder (type ALC) which is
attached to a leveling table. Under the vacuum conditions in the impact tank (~ 100
microns), molybdenum undergoes rapid oxidation at high temperatures. An alumina
ceramic shutter (Zircar type ZAL-45) covers the mirror until the shot is fired. This
protects the mirror from the radiative heat emitted from the sample and also shields
it from the stream of molybdenum oxides that are deposited on cool surfaces around
the heated sample assembly. The shutter is retracted with a double-acting Bimba
(model SSRD-173-DNR-B) air cylinder operating under a pressure of 1.5 bar approxi-
mately 1 sec before impact of the flyer plate on the driver plate; this allows a clear

optical path to the streak camera. Air lines external to the tank control the air



cylinder.

Measurement of Shock Transit Time

The shock transit time through the sample plus molybdenum cover plate is
measured by observing the sample assembly rear surfaces via the streak camera.
Both the driver plate rear surface and that of the molybdenum cover plate (Figure 1)
are ground and polished with alumina abrasives and polishing powders to a final mir-
ror finish with 0.3 um diamond paste. A xenon flash lamp (Goto et al., 1979), trig-
gered by passage of the projectile past laser I (Figure 3), illuminates the sample. As
the shock wave traverses the polished surfaces, a change in reflectivity is detected by

the streak camera (Fig. 4a). An experimental streak record is shown in Figure 4b.

In a standard equation of state experiment, the streak camera shutter is opened
before the firing circuit of the gun is completed. Completion of the firing circuit
requires that both the camera shutter be held open and the firing key be turned
simultaneously. In this experiment the camera shutter is opened after the firing key
is turned. This is necessary because light from the hot, radiating sample would other-
wise fog the film and obscure the streak record. Although the light intensity from the
radiating sample is far lower than from the single 100 usec duration xenon flash, the
film can be overwritten several thousand times in the 1-2 seconds’ delay between

opening the shutter and turning the firing key. A single sweep of the film in the

streak camera occurs in ~ 250 usec.
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Measurement of the Projectile Velocity

The projectile velocity is measured via two techniques. The first involves
measuring the time taken for the projectile to travel between three lasers that cross
the flight path and are a known distance apart (Figure 3). This measurement is made
in the last 0.70 m of the 20 m projectile travel. As the projectile crosses the first 2
mW He-Ne laser, a voltage increase is detected by a PIN photodiode (Hewlett-
Packard, 5082-4220) in line with the laser. This triggers an electronic counting sys-
tem. Passage of the projectile across the second and third lasers gives time intervals

to within 0.01 usec, which allow the projectile velocity to be calculated within 0.2%

precision at the highest velocities.

The second method of measuring projectile velocity utilizes dual flash x-ray
sources. Two Hewlett-Packard, Field Emission Type 526 Flash x-ray tubes illuminate
a 12 x 24 mm cassette containing Kodak type X-OMAT AR, x-ray film with a
Dupont Quanta 3 x-ray intensifier screen. This occurs within the last 5 cm of projec-
tile travel. A 30 ns duration 30 KV x-ray pulse is triggered when the projectile
crosses the third laser and the second flash x-ray is activated after a time interval
dependent on the expected projectile velocity. Measurement of the separation of the
two images of the projectile on the x-ray film enables determination of the projectile
velocity. The x-ray shadowgraph is also used to check the integrity and orientation
of the projectile/flyer assembly. Figure 5 shows a typical x-ray shadowgraph for the

molten silicate equation of state experiment.
The calculated velocity (Vip, in mm psec?) of the projectile from the x-ray

shadowgraph is given by:

1+6
mp = V(At) | (1)
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where | is the measured distance between images on the film (mm), § is the parallax
(separation for a stationary target in mm), M is the film magnification and At is the
delay time (usec) between firing the two x-ray tubes. For the range of possible pro-
jectile velocities (~ 1 km/sec to 2.5 km/sec) | ranges from about 27 mm to 16 mm.
The error in projectile velocity is limited by the accuracy with which this distance
can be measured and results in an uncertainty of about 2% in the projectile velocity.
This second method of measuring projectile velocity is preferred because it gives a

velocity closest to the target. The first method provides a back-up measure of projec-

tile velocity.

Capsule Equation of State

The shock equation of state of the molybdenum capsule must be known before
the shock and particle velocities for the sample can be calculated. Although the
shock equation of state of molybdenum has been measured starting at room tempera-
ture (Marsh, 1980), there are no experimental data on the high temperature Hugoniot.
We have made a single determination of the shock equation of state of molybdenum
at an initial temperature of 1273 K, with a pure molybdenum target heated using the
induction coil assembly previously described. The result of this experiment is shown
in the P-Up plane in Figure 6. Also shown is a calculation of the Hugoniot of

molybdenum initially at 1273 K.

In calculating this Hugoniot, a Mie-Gruneisen equation of state was assumed.
For two Hugoniot states at constant volume (V) but different initial densities, the

difference in pressure (AP) is given by:

AP = AE~/V, (2)
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where v is Gruneisen’s parameter and AE is the energy difference. Using the expres-
sions for the energy of the two Hugoniot states from the Rankine-Hugoniot equation
for conservation of energy and taking into account the energy difference between an

initial state at room temperature and high temperature, the following expression is

derived.
T
Pco(Voc—V)/2 - Pe(V/4) - [CpdT
By = 0
! (Vor-V)/2 - V/~

Here, the subscripts C and T refer to states initially at room temperature and
high temperature, respectively, and Cp is the specific heat at constant pressure from
Robie et al. (1978). It was first assumed that the Gruneisen parameter is dependent
only on volume such that v = V~,/V,, where 75 = 1.52 is the 1 atm Gruneisen
parameter (McQueen et al., 1970), and V and V, are the final and initial volumes.
This assumption has been found to hold well for porous aluminum, copper and iron
(McQueen et al., 1970). A second calculation was made holding ~ constant; i.e., v =
1.52 for all pressures. Values assumed in the calculation of the high-temperature
Hugoniot are given together with the experimental results in Table 2. The experimen-
tally measured point lies close to the calculated curves at high temperatures. Further
experiments are planned to better constrain the high temperature shock equation of
state of molybdenum. For this work we used the calculated equation of state with

~/V = constant described above.

In a standard equation of state experiment the shock velocity is calculated
directly from the transit time through the sample. Using the measured projectile

velocity, the shock pressure and particle velocity can then be derived by impedance
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match (e.g. Rice et al., 1958). In the present experiment the shock velocity is not
directly calculable from the observed shock transit time because the measured transit
time on the streak record gives the travel time of the shock through the 4mm thick
sample and the 0.75 mm thick molybdenum cover plate. Calculation of the sample
transit time, and, hence, the shock velocity requires knowledge of both the high-
temperature equation of state of the molybdenum driver plate and also the release
isentrope of the sample centered at the Hugoniot state. Both the shock velocity and
particle velocity are derived simultaneously in an iterative procedure and the propa-

gation of errors was calculated following the method of Jackson and Ahrens (1979).

The procedure is as follows. The streak records give a measure of the shock
transit time through the molten silicate sample and molybdenum cover plate. In
order to calculate the Hugoniot state in the sample, the sample shock velocity must
be known. Thus, the total transit time must be corrected for the shock travel time
through the molybdenum cover plate. Because the shock state in the cover plate is
dependent on the state in the sample, it is necessary to make an initial assumption
about the state in the cover plate. It is also necessary to make an assumption about

the release state in the sample.

The first assumption made is that the shock state in the molybdenum cover
plate is the same as that in the molybdenum driver plate. Then the sample velocity

shock Ugg is given by:

dg
Ugg = ———, ' (4)
57 tp-de/Ugp

where dg and d¢ are sample and cap thicknesses, respectively, tr is the total transit

time, and Ugp is the shock velocity in the driver plate. Thus, in Figure 7 we estimate



that the initial shock state in the driver and cap is at point D.

Using Ug, an estimate of the shock state in the sample is given by impedance

match (Figure 7). For driver and flyer plates of the same material the sample particle

velocity is given by:
Ups = Vimp + {x~(x?+4s%)/?}/2 s (5)
x = ¢ + pos Uss/pPop
Y = Pos USSVimp/pODS'

Here Vi, is projectile velocity, pos and pop are the initial sample, and driver

densities and ¢ and s are the coeflicients in the equation
Us = ¢ + Ups, (6)

describing the equation of state of the molybdenum driver plate. This is shown

graphically. in Figure 7 for a Mo flyer and driver giving state S;.

A second assumption is now made to better constrain the shock state in the
molybdenum cover plate. The sample equation of state is approximated by the
straight line of slope pps Ugs and a state in the molybdenum cover calculated from
impedance match (state C; of Figure 7).

~(pop¢ + posUss) + ((popc + posUss)® + 8popsposUssUps)!/?
2pops

Upe = (8)
Using the known molybdenum equation of state, it is now possible to recalculate
the sample shock velocity,

dg

3 S ,
57 b - dg/(c + sUpc)
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and hence make a second estimate of the sample shock state (S,, Figure 7).

After three iterations using this procedure, Ugg and Upg do not change within

the experimental uncertainties.

RESULTS

The results of shock wave experiments on molten AngsgDiggs are given in Table
3 and shown in the particle velocity-shock velocity plane in Figure 8 and in pressure-
density space in Figure 9. Above 25 GPa the trend of gradual compression ceases
and the material apparently becomes considerably stiffer, leading to little increase in
density with increasing pressure. The Ug-Up data in the low-pressure regime can be
fit by a line given by Ug = 3.06+1.36 Up km sec™! with r> = 0.99. In the high-
pressure regime, the fit is given by Ug =0.85+2.63 Up km sec™, r* = 1.00. A sudden
structural rearrangement over a narrow pressure interval would lead to a change in
the slope of the Ug — Up curve. From the goodness of fit to the Ug — Up data in the
low-pressure segment of the data set, we estimate that a structural rearrangement
under shock conditions could not be detected from these data unless it resulted in a
density jump of Z0.15Mg m™ at the high-pressure end of the data. At the lowest

pressure datum a density jump of 20.06Mg m™ could be detected.

At a particular density a Hugoniot or shock state lies at a higher pressure than
an isothermal or isentropic state because of the irreversible energy generated during
the shock process. It is useful in discussing processes occurring in planetary interiors
to refer to isothermal or isentropic states. For metals and crystalline silicates a Mie-
Gruneisen equation of state has been used successfully in reducing Hugoniot data to

isothermal or isentropic states (McQueen et al., 1967; Jeanloz and Ahrens, 1980), and
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we have used it in analyzing our data.

The difference in energy at constant volume between a Hugoniot state and the

state on an i1sotherm or isentrope is given in the Mie-Gruneisen formulation by:

<

Eg-Ers = —(Py-Prgs), (10)

o
where the H subscript refers to energy and pressure states along the Hugoniot
and T and S subscripts refer to energy and pressure along an isotherm or isentrope.

Energy along the Hugoniot is given by the Rankine-Hugoniot equation for con-

servation of energy, namely:
Eg-Eq = (Py+Po)(Vo-Vn)/2. (11)

Here the zero subscripts refer to the initially (usually 1 atmosphere) state which

can be approximated as zero pressure. Energy along an isentrope for a third-order

Birch-Murnaghan equation of state is

9 Xt X 1 X x¢ 1
ES—E():;KSVO{(&H)[T— = +1-) - € ———+—]} (12)

X = (Vo/V)1/3
and

€ = 3(4-K' )/4.

Using the experimental data along the Hugoniot and assuming a Mie-Gruneisen
equation of state we have fit the Birch-Murnaghan parameters, Kg and K' by the
method of least squares. A value of K is assumed and Kg is calculated. The calcu-

lation is repeated over a range of K' values until the deviation between the observed
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and calculated Hugoniot pressures is minimized. The 1 atm Gruneisen parameter is
calculated from thermodynamic quantities and we make, as described earlier, the

assumption that is commonly made for geophysical materials, i.e., v = V~,/V,.

It is required to minimize the sum of squares of the function f;, where

fi = Pcalc_Pobs (13)
Es: = P V:
_ Si Si 1/’7 _ Pi, (14)
VoV,
5— ~ Vil

Here, P; and V; are the observed pressure and volume for each experiment. We

define P5 = Pg;/A and E5{ = Eg;/A, where A=3Kg/2. This simplifies the minim-

o%f?
izatlon of the sum of the squares with respect to A. For 8Al = 0,
P(Es/ -P/ V, Eg' - P’ Vi/v)?
A= Z ] l( Si i 1/7) / E ( Si _ Si 1/'71) (15)
i Vi Vi i Vo-Vi

| == R
The values of the 1 atm thermodynamic quantities o, K and C, for calculation

of ~, were derived from Bottinga and Weill (1970), Rivers and Carmichael (1982) and

Weill et al. (1980). For ~y=0.3, a minimum value of Y f;* is attained for Kg = 24.2

1

GPa and K! = 4.85. Rivers (1985) calculates a value of Kg = 21.6 GPa using meas-
ured ultrasonic velocities for the composition AngsDigs in good agreement with our

results.
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SHOCK TEMPERATURES

Temperatures along the Hugoniot can be estimated once again utilizing the

Mie-Gruneisen equation of state. In this case:

v
Tu-Ts = —— (PuPs), 16

v (16)

where Ty and Tg are temperatures along the Hugoniot and isentrope, respec-

tively, and C, is the specific heat at constant volume. The temperature along the

iIsentrope is given by

v
Tg = T, exp [—J V) dv |, (17)

where T is the initial temperature. For the assumed volume dependence of ~

this reduces to
Tg = T, exp {—A/O [l—l]} (18)
Vo

Shock temperatures have been calculated using this method for pressure range
where the data is fit by a smooth compression curve. At ~ 25 GPa, the temperature
rise is expected to be ~ 900 K. Calculated shock temperatures for AngsgDiggy 1ni-
tially at 1673 K are shown in Figure 10. Also shown is the liquidus temperature for
this composition determined experimentally at low pressures by Presnall et al. (1978).
Over the pressure range of these experiments, the Hugoniot curve is expected to lie
below the melting curve for this composition. Thus, the Hugoniot states would lie in

the stable solid field.



DISCUSSION

Crystals or metastable liquids?

Given that the T-P coordinates of our shocked states lies beneath the solidus
(Figure 9), it is important to establish that crystallization did not occur during the
experiment and that the measured Hugoniot is appropriate for the (metastable) liquid
state. There are three lines of evidence that, taken together, argue strongly against

crystallization along the liquid Hugoniot.

(1) The agreement of the 1 atm bulk modulus calculated from our data with that
measured by ultrasonic techniques on a similar composition by Rivers and Carmichael
(1982) is persuasive evidence that crystallization did not occur and that we are

measuring a relaxed bulk modulus appropriate for Ang3gD1g 64-

The frequencies at which the ultrasonic measurements were made were 5-12
MHz. For molten silicates with viscosities below ~ 100 Poise these workers found no
frequency dependence to the ultrasonic velocities, which is expected when the fre-
quency is much less than 1/7, the characteristic relaxation time in the melt. Rai et al.
(1981) inferred that 7 < 2 nsec for an alkali olivine basalt at 1573 K with n ~ 55
Poise (calculated from Bottinga and Weill, 1972). At 1673 K, n ~ 30 Poise for the

composition used in our experiments. In view of this we would also expect that 7 < 2

ns.

In a shock wave experiment the characteristic time is the rise time 7, of the
shock wave. It is strongly suggested that r < 7, because of the close agreement

between the ultrasonic and shock bulk modulus. The rise time can be estimated from

the following equation:
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. nUp
US APV(ma.x)

T (Jeanloz and Ahrens, 1979), (19)

where APy (may) is the maximum pressure offset between the equilibrium Hugoniot and
the Raleigh line at Py(Up Ug). The values of Up, Ug, and APy at a given Py can be
calculated from the fit to the experimental shock data. The precise value of 7 at a
given shock state is unknown, but effective viscosity is expected to decrease with
increasing pressure (e.g., Jeanloz and Ahrens, 1979; Chhabildas and Asay, 1979). As
an upper bound we have assumed that # = 30 poises at all pressures; this is the
value at 1 atmosphere and 1673 K calculated from Bottinga and Weill (1972). Shock
rise times are expected to be <107 seconds for the present experiments. Hence, it is

expected that 7< 1079 sec.

(2) If it can be shown that the density of molten Ang3gDiggq at a given pressure
along the Hugoniot exceeds that of the crystalline equivalents, it is strong evidence
that crystallization did not occur during the shock process unless reaction between

solids leads to a greater density than a simple mixture.

Ahrens et al. (1977) report considerable success in modeling the Hugoniots of
two terrestrial rocks, Westerley Granite and Centerville Diabase, as a mixture of their
known constituent mineralogies. In order to place constraints on the likely Hugoniot
of crystalline AngsgDiggy, We have examined the results of shock compression of end-
member mineralogies. A theoretical Hugoniot for a mixture of anorthite and diopside
in the appropriate proportions was constructed using the results of Svendsen and
Ahrens (1983) and Boslough et al. (1986). The theoretical Hugoniot is constructed by
summing specific volumes of the Hugoniots of anorthite and diopside at a given pres-

sure:
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1/p(P) = mp;/ppi(P) + man/pan(P), (20)

where mp; and m,, are the mass fractions of diopside and anorthite, respectively
(0.58 and 0.42), and pp; and p,, are the densities at P. The results of this calculation
are shown in Figure 9 compared with the experimental results for molten Ang35Digg4.
The calculated solid Hugoniot is centered at 300 K, whereas the experimental
Hugoniot is centered at 1673 K. Hence, the solid densities at high pressure would be
expected to be even lower than those calculated. Assuming a thermal expansion of
2x10°K™! for the crystalline assemblage, the density at 1673 K would be 2.94 Mg m™!

compared with 3.02 Mg m™

at 300 K. Over most of the pressure range of these
experiments, the measured Hugoniot density of molten Ang3gDigey exceeds that of the
calculated crystalline Hugoniot density. Thus, the high densities observed for the

molten silicate are not likely to be the result of crystallization.

(3) The characteristic time in a shock wave experiment is very short; based on equa-
tion (19), shock rise times can be estimated to be on the order of < 1 ns for this
material (Figure 11). From the theory of transformation kinetics we shall attempt to
constrain the likelihood of crystallization under the conditions of our experiments, i.e.,

on a timescale of < 1 ns.

Time-temperature-transformation (TTT) curves for a variety of silicate materi-
als have been measured experimentally by Uhlmann and his co-workers (for example,
Uhlmann and Klein, 1976; Uhlmann et al., 1981; Cranmer et al., 1981). These curves
express the time required at a given temperature to produce particular volume frac-
tion crystallized. The range of measured curves for lunar glasses is shown in Figure
11. Also shown is the curve for anorthite glass. All curves have a characteristic

shape with a minimum time (the nose, Tyosg) at a temperature that is ~0.77Tg,
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where Tg is the melting temperature. Using a simplified model developed by
Uhlmann et al, (1979, 1981) we have also calculated the location of the nose of the
TTT curve for molten Ang3sDiggs at 1 atm. At times less than this the material can-
not crystallize at any temperature. This time for the composition we have studied

falls within the range of lunar glass curves taken from the literature.

In order to ascertain whether crystallization will occur under shock conditions
we have estimated the direction in which 7yogg Is expected to move with increasing
pressure. If 7, the characteristic time in a shock wave experiment, is much less than
™~nosg, then there is insufficient time for crystallization to occur on this timescale.
The position of myosg is a function of Tg, the viscosity at Tg and the crystal nuclea-
tion and growth rate. In the absence of experimental data on nucleation and growth
rates at high pressures, we have assumed that these terms do not change from their 1
atm values. The 1 atm values depend primarily on the heat and entropy of fusion.
The liquidus temperature is expected to increase steeply at high pressures. As a max-
imum estimate we have taken Tgp = 2773 K at 20 GPa, the expected melting tem-
perature for forsterite at this pressure from the experimental results of Ohtani and
Kumazawsa (1981). Molecular dynamics simulations for silicates at high pressures
indicate an increase in ion diffusivities and consequent decrease in viscosities of up to
half an order of magnitude at pressures of 10 - 50 GPa in alkali-aluminosilicate melts
(Angell et al., 1982, 1983). At one atmosphere the decrease in viscosity from 0.77Tg to
2135 K (0.77Tg at 20 GPa) is expected to be six orders of magnitude. Assuming a
reduction of seven orders of magnitude in viscosity and Tg = 2773 K leads to a likely
minimum estimate of 7yosg ~ 2 x 107 sec. This is four to five orders of magnitude

greater than the calculated shock rise times and strongly suggests that there is
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insufficient time for crystallization to occur under shock conditions.

In summary, we note that there are three lines of evidence that the measured
Hugoniot states for molten AngagDigeq represent liquid compression states. Firstly,
the calculated 1 atm value of bulk modulus agrees well with the value measured for a
similar composition by Rivers and Carmichael (1982), using ultrasonic methods.
Secondly, comparison of the calculated crystalline Hugoniot for this composition and
the experimental results on the molten silicate show that the molten silicate density
at a given pressure is higher than that of the calculated crystal density arguing
against crystallization. Lastly, comparison of the time available during the shock
wave experiment with the time calculated for crystallization to occur indicates that

the crystallization time is too long by many orders of magnitude.

Microscopic significance of the ‘“‘smooth’ compression of haplobasaltic
liquid

The apparent smooth compression of Ang3sDiges to 25 GPa contrasts with the
behavior of the crystalline equivalent under both dynamic and static high pressure.
Compression of a mixture of crystalline anorthite and diopside would show discon-
tinuous increases in density as phase transformations occur. Under shock conditions
diopside is known to transform to a high pressure phase above 60 GPa (Svendsen and
Ahrens, 1983), i.e., beyond the range of our experiments. Static high pressure experi-
ments in a diamond cell by Liu (1979) show that diopside is stable to at least 20 GPa
at 1300 K. Above that pressure, transformation to a high pressure phase probably
occurred, but this phase was unquenchable and reverted to glass upon pressure

release. Anorthite breaks down to a mixture of garnet, kyanite and silica at 3 GPa
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and 1673 K (Goldsmith, 1980). Under dynamic conditions anorthite exhibits a mixed
phase region between about 10 and 40 GPa (Boslough et al., 1986; Jeanloz and
Ahrens, 1980); above 40 GPa it is present as a high pressure phase assemblage. The
mixed phase region is accompanied by a dramatic change in the slope of the Ug ~ Up

curve over a substantial range in Up (Boslough et al., 1986).

The absence of such discontinuous jumps in density for the molten silicate sug-
gests that compression is occurring by continuous changes in ion coordinations and /or
continual distortion of the tetrahedral alumino-silicate network. Continual changes in
coordination from 4—5—6 have been demonstrated by molecular dynamics simula-
tions on molten alkali-aluminosilicates (Angell et al., 1982,1983). The distortion of
the tetrahedral network probably occurs mostly at relatively low pressures. Ohtani et
al. (1985) see no evidence for the presence of octahedrally coordinated AI** in albite
glasses quenched from different pressures up to 3 GPa but detect its presence at 6
GPa and above. These workers attribute compression below 3 GPa to distortion of
the tetrahedral network. Above 25 GPa the compressibility of the molten silicate
decreases suddenly, suggesting that a high pressure liquid structure has been attained.
It is expected that, once the oxygen atoms in the liquid approach a densely packed
state, a substantial stiffening of the melt will be attained and this may be contribute

to the change above 25 GPa.

CONCLUSIONS

We have carried out shock wave experiments on a molten silicate to determine
its density at elevated pressure. The basalt analog, Ang3gDiggs, undergoes relatively

smooth compression to 25 GPa; above this pressure a marked lowering of the
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compressibility occurs. A Birch-Murnaghan isentrope calculated from the Hugoniot
data up to 25 GPa has a 1 atm bulk modulus, Kg = 24.2 GPa and its pressure
derivative, K! = 4.85. This 1 atm bulk modulus is consistent with the value calcu-
lated by Rivers and Carmichael (1982) using their ultrasonic measurements on a

slightly different composition.

Although calculated shock temperatures lie below those expected for the fusion
curve of this composition over the pressure range of these experiments, crystallization
is not expected to occur. Rather, it is believed that continuous compression of the
melt structure occurs, involving rearrangement of the tetrahedral framework at low
pressures and gradual changes in coordination, with continued increases in pressure

until an arrangement is reached in which Al and Si are nearly entirely in octahedral

coordination.
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Si0,
TiO,
Al O4
FeO
MnO
MgO
CaO
Na,O
K,O
P,0;

Total

1 Analyzed by electron microprobe
2 Average Mid-Atlantic Ridge basalt, Melson and Thompson (1971)

Table 1: Sample and Natural Basalt Compositions

Average of 8
Analyses!
Wt%

50.54+0.5

15.440.8

10.5+1.0
23.940.3

100.3

Ideal Composition
Wt%
50.34

15.38

10.80
23.48

100.00

Average MAR
Basalt?
Wt%

49.21
1.39
15.81
9.18
0.16
8.53
11.14
2.7l
0.26
0.15

100.54
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Table 2: Molybdenum Equation of State Parameters

Parameters used to calculate high temperature Hugoniot

po = 10182 g cm™’
o =207 x10° K1°
o= 1523
¢ = 5.14 km sec?™?
s=122%®
Cp = 34.139 - 4.4926 x 10 T + 3.7012 x 10-°T2 - 1.5722 x 102T 05"

Calculated Hugoniot at 1300 K 8

po = 9.973 gem™
¢ = 5.06 km sec™!
s =124

Measured Hugoniot at 1300 K

Ug = 5.33 + 0.10 km sec 11
Up = 0.219 + 0.003 km sec™* !
Py = 11.63 + 0.25 GPa ’
py = 10.400 + 0.014 g cm™ 7

! measured

> Touloukian et al. (1970)

® McQueen et al. (1970)

* Robie et al. (1978)

> Marsh (1980)

® Calculated as described in text.

7 Calculated from Rankine-Hugoniot equations
% coefficients in the equation Ug = ¢ + Ups



=D -

Table 3: Molten Ang35Dij s Hugoniot Data (T,=1673 K, p;=2.607 Mg m™ 1)

Shot# Flyer Impactg Shock® Particle® Hugoniot;3 Hugoniot3
Plate Velocity Velocity Velocity Pressure Density

(km sec'l) (km sec'l) (km sec'l) (GPa) (Mg m’s)
592 Al 1.05 3.75 0.44 4.3 2.951
+0.03 +0.06 +0.02 +0.2 +0.027
593 Al 1.50 3.79 0.65 6.4 3.141
+0.02 +0.06 +0.01 +0.2 +0.029
605 Al 2.00 4.26 0.87 9.7 3.275
+0.05 +0.15 +0.03 +0.4 +0.041
627 Cu 1.69 4.79 1.22 15.3 3.495
+0.03 +0.06 +0.03 +0.4 +0.030
607 W 1.80 5.38 1.72 24.2 3.832
+0.04 +0.06 +0.05 +0.7 +0.033
654 W 2.04 5.85 1.92 - 29.4 3.882
+0.05 +0.08 +0.06 +0.9 +0.038
628 W 2.22 6.28 2.06 33.9 3.883
+0.05 +0.08 +0.06 +1.0 +0.036

IStebbins et al. (1984)
2 measured
3 calculated



FIGURE CAPTIONS

Figure 1: Schematic cross section through the molybdenum/silicate sample assem-
bly. The base constructed in one piece and a thin (0.75 mm) cap is welded onto the
base using an electron beam welding technique. Surfaces A and B are polished to a
mirror finish. Light reflected from these polished surfaces during the course of the
experiment is detected by a streak camera. A Pt-Pt109%Rh thermocouple is pressed

into the driver plate (surface A) close to the top of the sample.

Figure 2: Photograph of a sample assembly in the impact tank. The brass termina-
tion block of the copper coaxial cable is used to hold the ceramic target plate. The
sample assembly is aligned with the barrel of the gun (visible at far right). The
copper heating coil, sheathed thermocouple and turning mirror mounted on a ceramic
pedestal are visible behind the sample. A ceramic shutter activated by a compressed

air cylinder protects the mirror until just before the shot is fired.

Figure 3: Schematic downward-looking cross-sectional view of some important
features of the molten silicate equation of state experiment. Three lasers (I, II, and
[II) across the barrel are used to initiate trigger signals to x-ray source and xenon
flash lamp. The double flash x-ray sources form a dual image of the projectile
enroute to the target on x-ray film; this is used to calculate the projectile velocity and

also shows whether target movement has occurred during heating. A second estimate
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of projectile velocity is made by recording travel times between lasers I, II and III. A
turning mirror mounted on a ceramic pedestal behind the target is protected during
sample heating by a ceramic shutter; this is withdrawn immediately prior to firing the
gun. The xenon flash lamp illuminates the target; light is focussed onto the target
and reflected from the polished rear surfaces of the sample assembly via the turning

mirror, a 305 mm - f 2.5 Kodak Aero-Ektar objective lens and field mirror to the

streak camera.

Figure 4: Streak record from molten silicate shock wave experiment.

(a) Cutaway view of the sample. Before passage of the shock wave through the
reflective surfaces, light is reflected continuously from the rear of the sample. A
change of reflectivity as the shock wave exits the metal driver plate (at the same time
entering the sample) is detected by the streak camera. A similar change occurs as the
shock wave exits the sample assembly. An idealized streak record is superimposed on

the sample cutaway view.

(b) An actual streak record from a typical experiment (Shot # 607). The time (t;~t,)
represents the transit time of the shock wave through the silicate sample and

molybdenum cover plate.

Figure 5: X-ray shadowgraph of typical molten silicate equation of state experi-
ment used to measure projectile velocity (Shot # 592). The shadowgraph shows a

double exposure of the projectile carrying a metal flyer plate during its flight towards
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the sample. The target assembly can also be seen. Shadow images of the sample,

coil, mirror, and thermocouple are visible to the left of the projectile.

Figure 6: Result of shock wave equation of state experiment on molybdenum ini-
tially at 1273K. Two calculated Hugoniot curves (see text) centered at 1273 I are also
shown assuming v = 1.52 and «v/V = const, 7y = 1.52. The experimental point can
be fit by the calculated curve barely within experimental error. The effect of the
differing assumptions about ~ is minor. The Hugoniot for molybdenum centered at

room temperature is also shown (equation of state parameters are from Marsh, 1980).

Figure 7: Method for data reduction of molten silicate equation of state experi-
ments. The solid curves represent the direct and reflection Hugoniots of molybdenum
at high temperature. Pressures at a given volume are calculated via equation (3) in
the text and particle and shock velocities derived via the Rankine-Hugoniot equation.
In this figure a molybdenum flyer plate is assumed. The initial estimate of shock
velocity in the molten silicate (equation 4) allows an impedance match solution of the
sample shock state (dashed line intersection with Mo reflection Hugoniot, state S;).
Assuming the release state in the sample lies along this straight line “sample
reflection Hugoniot,” an estimate of the shock state in the Mo cap is made by
impedance match (Equation 8). Subsequent estimates of sample shock velocity yield-

-

dot lines and do not change within the experimental uncertainties.
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Figure 8: Results of equation of state experiments on molten silicate shown in the
shock velocity - particle velocity plane with linear fits to the low- and high- pressure
data. Below ~ 25 GPa: Ug = 3.06 4+ 1.36 Up km sec™}, r> = 0.99. At pressures

higher than ~ 25 GPa: Ug = 0.85 + 2.63 Up kmsec™?, r? = 1.00.

Figure 9: Results of equation of state experiments on molten silicate shown in the
pressure density plane. Best fit Hugoniot and Birch-Murnaghan isentrope are shown
for the data up to 25 GPa. The isentrope is centered at 1673 K with Kg = 24.2 GPa
and K’ = 4.85. The dashed curve is a calculated solid (Ty=300 K) Hugoniot based

on the experimentally determined Hugoniots for diopside and anorthite.

Figure 10: Calculated shock temperatures for AngsgDiggs With Ty = 1673 K. The
liquidus temperature for this composition is also shown up to 2 GPa (after Presnall et
al., 1978). The two shock temperature curves are calculated assuming v = 0.3 con-

stant and v/V = constant, v, = 0.3.

Figure 11: Comparison of estimated shock rise times with critical cooling time for
glass formation from the theory of transformation kinetics. Stippled field encom-
passes time-temperature-transformation (TTT) curves for formation of lunar glasses
taken from the literature (Uhlmann and Klein, 1976; Uhlmann et al., 1981). Also

shown is a TTT curve for anorthite glass (Cranmer et al., 1981). The value of myosg



(1 atm) for AngasDigey Was calculated using the simplified model of Uhlmann et al.,
1979. The value of 7yosg (20 GPa) represents a likely minimum estimate as described
in the text. Shock rise times are calculated as described in the text for 3P < n < 30
P. Shock temperatures at different pressures are derived from Fig. 9. Shock rise
times are more than 5 orders of magnitude less than the critical cooling time for glass

formation at 20 GPa, suggesting that crystallization is not expected to occur under

shock conditions.
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Figure 2
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Chapter 3

High Pressure Equation of State of Molten
Anorthite (CaAl,Si,05) and Diopside (CaMgSi,Og)

ABSTRACT

We have measured the Hugoniot equation of state of molten diopside
and molten anorthite. The diopside data are described by a straight
line fit to the shock velocity-particle velocity results of
Ug = 3.30 + 1.44 Up km sec™!, and our preferred fit to the anorthite
data is given by Ug = 2.86 + 1.42 Up km sec™’. Reduction of our
shock wave data to a third-order Birch-Murnaghan isentrope using a
Mie-Gruneisen equation of state gives Kg = 22.4 GPa and K! = 6.9
for diopside. For anorthite we calculate Kg = 17.9 GPa and K/ =
5.3. Our equation of state data for molten diopside can be used to
constrain the diopside solidus at high pressures. We expect a marked
shallowing of the solidus above ~ 10 GPa but in the absence of data
on the variation of heat capacity and thermal expansion at elevated
pressures are unable to specify solidus temperatures. Comparison of
these data with those of Rigden et al. (1986) for a composition inter-

mediate between anorthite and diopside suggests that these liquids mix
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ideally with respect to volume up to ~ 40 GPa. Changes in coordina-
tion of Al and Si from tetrahedral at low pressures to octahedral at
high pressures are believed to occur gradually within the resolution of
our data. Although 1 atm bulk moduli for a wide compositional range
of silicate melts are similar, the variation in integrated compression to
high pressures as reflected in both K and K’ is primarily related to

the proportion of tetrahedrally (AI**, Si**) Fe®") coordinated cations

in the melt at 1 atm.

INTRODUCTION

Clinopyroxene and plagioclase are important constituents of igneous rocks found
at the earth’s surface. In normative terms they comprise about 509 of common
basaltic rocks. Thus, the properties of these endmember components and their mix-
ing behaviors can be expected to provide ﬁseful insights into those factors influencing
the petrogenesis of basic to ultrabasic magmas deep within the earth and other
planets. The density of magma at depth may have an especially strong influence on
petrogenesis because this controls not only the rate of magma migration, and hence
the opportunity for fractionation and for interaction with country rocks, but also the

direction in which magmas will move (Walker et al., 1978; Stolper et al., 1981).

The comparison between the behavior of diopsidic liquid, which contains no
alumina, and anorthitic liquid, which is rich in alumina, may provide insight into the
structural role played by aluminum in silicate melts. In particular, the expected
change from tetrahedral to octahedral coordination of AI** by oxygen (e.g., Waff,

1975) at significantly lower pressures than the equivalent change for Si** (Angell et



al., 1982, 1983; Matsui et al., 1982) might manifest itself in higher low-pressure

compressibilities of Al-rich melts and different density systematics with increasing

pressure.

The density of a substance is a direct reflection of its molecular structure,
integrated over macroscopic dimensions. By studying the variations in density of
individual liquid compositions at constant pressure, it may be possible to infer aspects
of melt structure. At pressures of several tens of GPa, the volumes of crystalline
materials of geological interest can be modelled as if they were ideal mixtures of dense
oxides (e.g. McQueen et al, 1967; Boslough et al., 1986), implying that their
molecular-level structures are simply related to such oxides. A key question address-
able with knowledge of liquid silicate equations of state is whether melts display an

analogous correlation with closely packed volumes and structures.

In this paper we report the results of shock wave equation of state experiments
for molten diopside between 8.5 and 39 GPa and for molten anorthite between 9 and
35 GPa. These data are compared with previous results on a composition intermedi-
ate between these two end-members, the 1 atm anorthite-diopside eutectic (36 mole
% CaAl,Si,Og, 64 mole % CaMgSi,Oq: Rigden et al., 1984; 1986). Using the experi-
mental results on the equation of state of molten anorthite and diopside we are able
to: (1) place constraints on the solidus of diopside to high pressures; (2) investigate
the degree of ideal mixing in molten silicates at high pressures; and (3) consider how

changes in ion coordination affect the integrated compressibility for molten silicates.



EXPERIMENTAL TECHNIQUE

Samples of diopsidic glass were prepared from MgO, CaCO; and SiO,. These
components were weighed out in appropriate proportions to make 5 g of sample and
ground together in an agate mortar under alcohol for 5 hours. This mixture was
placed in a Pt crucible and heated from 1173 K to 1723 K over two hours in a muffle
furnace to decarbonate and melt the sample. The resultant glass was heated again to
1773 K under a vacuum of ~100 pm for 24 hours. The glass was quenched by
removing from the furnace and was immediately placed in a box furnace to anneal for
several days at 923 K. Homogeneous, bubble-free anorthite glass (Boslough et al.,
1986) was obtained from Corning Glass Co. (Corning, N.Y.). The composition,
Angg sAby 4Org 4, is close to that of pure anorthite. Average microprobe analyses of

both compositions are given in Table 1 for comparison with the theoretical composi-

tions.

Discs of both samples were cored from the prepared glasses and electron-beam
welded into molybdenum capsules as described by Rigden et al. (1986). The
diopside-bearing capsules were heated to 1723 K in a muffle furnace under a nitrogen
atmosphere to check the integrity of the weld. Because of the high melting point of
anorthite (1826 K), this procedure was not possible with the anorthite-bearing cap-
sules. Anorthite-bearing capsules were preheated to 1926 K in the vacuum tank of
the 40 mm gun prior to firing the gun, cooled to <673 K and observed on a screen
mounted outside the impact tank. In this step we were able to check whether the
sample had leaked, indicating a faulty weld, and whether the sample had moved in its
ceramic holder, a concern because of the high temperatures required for this experi-

ment. Test samples that were removed from the vacuum chamber after this step and



cross-sectioned contained clear, bubble-free glass.

Shock wave experiments to measure the density of molten diopside and anorth-
ite at high pressures were carried out in a 40 mm propellant gun using the techniques
of Rigden et al. (1986). Silicate samples contained in molybdenum capsules were
suspended in the impact tank of the 40 mm gun and heated by induction under a
vacuum of ~100 um to temperatures ~100 K above their melting points. High pres-
sures are generated in the sample by impact of a metallic flyer plate travelling at
velocities of up to 2.5 km/sec. Measurement of the projectile velocity and the veloc-
ity of the shock wave that is generated in the sample allows determination of the
pressure-density state in the sample by application of the Rankine-Hugoniot conserva-

tion equations (Rigden et al., 1986).

RESULTS

The results of shock wave equation of state experiments on 5 samples of molten
diopside and 6 samples of molten anorthite are given in Tables 2 and 3 and shown in
Figures 1-4. Also shown in Figures 3 and 4 are data from crystalline anorthosite
(McQueen et al., 1967), anorthite glass (Boslough et al., 1986) and crystalline diopside
(Ahrens et al., 1966; Svendson and Ahrens, 1983). Both sets of data are plotted in
the shock velocity - particle velocity (Us—Up) plane in Figures 1 and 2. The diopside
data are fit by a straight line given by Ug = 3.30 + 1.44 Up km sec™ with r> = 0.99.
Two fits of the anorthite data are shown. The first, Ug = 2.86 + 1.42 Up km sec™,

r> = 0.99, does not include the highest pressure point. When all the data are fit, the

resultant line is given by Ug = 2.85 + 1.27 Up km sec’}, r* = 0.98.
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The Hugoniot density-pressure (p — P) curves (Figures 3 and 4) calculated from
the straight line Ug — Up fits to the experimental data (Figures 1 and 2) appear com-
patible with gradual compression without large jumps in density. By comparison, the
crystalline anorthite Hugoniot shows a mixed phase region above ~10 GPa. Crys-
talline diopside does not show any phase changes along the Hugoniot in the pressure
range of our experiments and is considerably less compressible than molten diopside

as shown by the steepness of its compression curve.

Using the experimental data along the Hugoniot and assuming a Mie-Gruneisen
equation of state we have fit the isentropic bulk modulus, Kg, and its pressure deriva-
tive, K’ , to a third-order Birch-Murnaghan equation of state by the method of least
squares previously described by Rigden et al. (1986). Input parameters in calculating
Kg and K’ are the Hugoniot pressures and densities (Tables 2 and 3), the initial den-
sity, pg, and the Gruneisen parameter, 4. The Gruneisen parameter is calculated from
the 1 atm thermodynamic quantities: ap, the isobaric coefficient of thermal expansion;
V, the molar volume; Kg, the adiabatic bulk modulus; and Cp, the isobaric heat capa-
city. It is assumed, in common with Rigden et al. (1986) that 4V is constant. The
values of input parameters and best-fit values of Kg and K’ are given in Table 4.
The calculated fit to the data is slightly better for anorthite when the five lowest
pressure data are used alone (R.M.S. = 0.4 GPa compared with RM.S. = 0.5 GPa
for the complete data set). Both fits to the data are shown in Figure 4. For both
diopside and anorthite, the values of bulk modulus calculated from our experimental
data are in good agreement with the values calculated from measured ultrasonic
velocities at 1 atm (Table 4). The values of Kg and K’ for diopside are similar to

those derived by Bottinga (1985) by analysis of the fusion curve of diopside
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(Kg = 24.2 GPa, K! = 5.3).

DISCUSSION

Calculation of the solidus of diopside

One simple application of the equation of state of a melt with the same composi-
tion as an end member mineral is to the calculation of the solidus of that mineral at
high pressures, providing that the mineral melts congruently. Such a calculation
would not be very informative in the case of anorthite because it melts congruently
only at low pressures and is not stable at all above a few GPa (e.g., Goldsmith, 1980).
Diopside, although not precisely congruent in its melting behavior, is an ideal candi-
date for such a calculation because it is stable to high temperatures and to pressures
of ~ 20 GPa or more (Liu, 1979) and its solidus has been measured up to 5 GPa in

several independent studies (Boyd and England, 1963; Williams and Kennedy, 1969;

Boettcher et al., 1982).

Because molten diopside is more compressible than crystalline diopside (Figure
3), the difference in volume between liquid and solid, AV, at high pressure is expected
to decrease. In Figure 3 we show the molten diopside results compared with shock
wave results on crystalline diopside. In this pressure range (up to 40 GPa) these crys-
talline data are consistent with the static compression results of Levien et al. (1979).
Crystalline diopside will be more compressible at high temperatures but will also have
a lower initial density. Using the data tabulated in Table 5 we estimate that
AV — 0 at ~ 20 GPa for the 1673 K isotherms. If AV — 0 along the solidus, then

the slope of the solidus, dT/dP, will become flat and the melting temperature will



level off.

The calculation of the solidus of diopside is, in principle, very simple to carry

out. At any point on the fusion curve:

P, T, Ty P
AVR+ [ A ﬂ] dP + jz_\.[i\i] dT
dTM . Avfusion . 0,To opP T To,P JT P 1
dP  ASpgon Tr0 P Ty ’ (1)
AS? + fal%] aT+ [ a|Z] ap
To,0 P 0, Ty T

where AV and AS are the volume and entropy of fusion at 1 atm. and T, (1665K),
and the integrands A(9V/dP)r, A(OV/dT)p, A(dS/0T)p and A(JS/OP)r represent
the additional terms required to describe the volume and entropy of fusion at higher

temperatures and pressures. In estimating these terms we employ the following ther-

modynamic relations,

[%]T=_3Tv, (1a)
[%]T=_[%)P=—apv, and (1b)
#,-%

where ap is the isobaric coefficient of thermal expansion, Bt is the isothermal
compressibility and Cp is the isobaric heat capacity. The values of all parameters
used in calculating the fusion curve of diopside are given in Table 5. Recent compila-
tions of heat capacity, entropy of fusion, and volume of molten silicates have been
made by two separate groups (Richet and Bottinga, 1984; Bottinga et al., 1982; Bot-

tinga et al., 1983, and Stebbins et al., 1984). These results were used in conjunction
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with our equation of state for molten diopside to estimate the position of the solidus
of diopside.

We emphasize that although the calculation of the solidus is in principle very
simple, in practice it is highly dependent on the input parameters. Although a large
and growing data base on the thermodynamic properties of molten and crystalline sil-
icates, including diopside, has become available in recent years, the uncertainties in
their values, particularly as functions of temperature and pressure, translate into sub-
stantial uncertainties in the calculated position of the diopside solidus. This is
demonstrated in Figure 5 in which we compare several calculations of the diopside
solidus with experimental determinations to 5 GPa. All of the calculated curves
emanate from the same 1 atm “melting point”, taken as the solidus of diopside, 1664

K (Kushiro, 1972), and all employ the same equation of state for the melt.

In Figure 5a the input parameters that result in the wide range of calculated
solidi differ only in the choice of the 1 atm volume of diopside liquid. As pointed out
by Rivers (1985), the small differences between the measured values of Dane (1941)
and Licko and Danek (1982) and the calculated values from the compilations of Bot-
tinga et al. (1983) and Stebbins et al. (1984) translate into dramatic differences in
the calculated fusion curves at pressures greater than 5 GPa. The fact that the liquid
produced at the solidus at 1 atm differs in composition from pure diopside and the
unknown degree to which this persists at high pressures contributes to the uncertain-

ties in the uncompressed liquid volume.

In Figure 5b, we demonstrate the importance of precise values for the Cp func-
tion of the liquid phase in this type of calculation. The 1 atm values of Stebbins et

al. (1983) and Bottinga (1985) are not very different, but the effects of this small
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difference add up when the solidus is extrapolated over a large range as we have done

in Figure 5.

An equally important uncertainty in these calculations arises from the unknown

effect of pressure on ap for the liquid and solid. In particular, we must know the
variation of L\(QPV] with pressure in order to carry out this calculation as this

parameter enters into both the numerator and denominator of (1) through (1b). This

parameter varies with pressure according to:

5 sV Sar
—(apV) = ap=—= + V=, 2

From the 1 atm compressibilities we can estimate 6V/6P and, using the relation

ba/6P = -6p/6T, we can estimate da/6P. For both molten and crystalline diopside

6—(;—(0113\/) is small compared with apV, but the initial slope calculated at 1 atm and

1673 K is about three times as great for the liquid as for the crystal suggesting that
AapV decreases with increasing pressure. Maximum and minimum estimates of the
slope of the solidus at any pressure can be made by assuming that AapV is either

equal to its 1 atm value or equal to zero. These two extremes are compared in Figure

5c¢ for several different estimates of AapV.

[t is expected that the real value lies between the two extremes illustrated in
Figure 5c. The first assumption (AapV = 1 atm value) will be more valid at low
pressures, whereas the second (AapV = 0) would be more valid at high pressures.

We have attempted to take this into account in the calculation illustrated in Figure

5d. Using the relation for E%—(ap\/) given above, we have calculated this value for

both molten and solid diopside at 1 atm, reducing AapV as a function of pressure



until AapV = 0. For the calculated values of 5—(;—(011:\/) this occurs at ~ 9 GPa. At

higher pressures we assume AapV = 0. This calculation gives excellent agreement
with the experimental data on the diopside solidus up to 5 GPa and the curve

becomes quite shallow at pressures above 10 GPa.

Despite the sensitivity of the calculated solidus to the thermodynamic properties
of the melt and solid phases, Figure 5 demonstrates that over the range of pressures
at which the solidus has been determined experimentally, essentially all choices of
these properties predict solidus positions compatible with experimental determina-
tions. We thus conclude that our shock wave equation of state for diopside liquid is
consistent with available phase equilibrium data. It is equally clear, however, that
above 5 GPa, although the solidus most certainly flattens out (ie., AV — 0) as
predicted by Herzberg (1984) and Rigden et al. (1984), and recently observed for
natural peridotite at about 10 GPa (Takahashi and Scarfe, 1985), the existence or
precise position of a maximum on the diopside solidus cannot be predicted with
confidence from our data in the absence of more reliable information on liquid compo-
sitions along the solidus, on the 1 atm volume of the melt, and on the ap function of
diopsidic melt and solid. Perhaps the best way to proceed would be to use our data
in conjunction with an experimental determination of the diopside solidus to con-

strain values of these uncertain parameters.

Mixing properties of anorthite-diopside liquids

One of the most striking and important features of silicate liquids in the compo-
sition range of interest to geologists is that they mix essentially ideally; that is, the

molar volume of a liquid intermediate in composition between two other liquids is
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equal to the average of their molar volumes, weighted according to the proportions in
which they are mixed. This simple behavior of molar volume has great practical
significance because it permits the accurate calculation of melt densities as a function
of composition (Bottinga and Weill, 1970; Nelson and Carmichael, 1979; Bottinga et
al., 1982, 1983; Stebbins et al., 1984); indeed, it is on this basis that the 1 atm densi-
ties used in reducing our shock wave data were obtained. This feature also provides
a basic structural insight: the local environments occupied by a particular cation in
silicate melts are not greatly influenced by melt composition. In those cases where
deviations from ideal behaviour are detected (e.g., Bottinga et al., 1983), inferences

about variations in molecular level structures with composition may be drawn.

In Figure 6 we show the change in normalized volume, V/V,, with pressure for
anorthite, Ang3sDiggeq and diopside along 1673 K isotherms calculated from our shock
wave data (using the 5 point fit to the anorthite data) and that of Rigden et al
(1986). The intermediate composition has a compressibility intermediate between its
end members. In order to test how closely we can match the volumes of Ang35Dij 64
by ideal mixing of anorthite and diopside, we have calculated this volume at pressures
up to 40 GPa from the volumes of the end members and compared this with the
volumes calculated from the data of Rigden et al. (1984, 1986). The deviation from
ideal mixing (Figure 7) is shown to be < 2% up to 40 GPa and < 1% up to 20 GPa.
We consider this to be an impressive result, given that the deviations from ideal mix-
ing for a wide range of aluminosilicate melt compositions at 1 atm are also on the
order of 1% (Bottinga and Weill, 1970; Nelson and Carmichael, 1979; Bottinga et al,,
1983) and the compressions involved between 1 atm and 40 GPa are between 35 and

42%. If this can be shown to hold for a wider range of compositions at high
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pressures, it will permit the precise calculation of melt densities at elevated pressures
in a simple fashion. Such a scheme for calculation of melt densities would contribute
significantly to efforts to model the evolution of melts evolving at pressures on the
order of tens of GPa. Although not likely to be important in the evolution of ‘com-
mon, modern igneous rocks, petrogenesis at these pressures may have been important
early in the history of the earth (e.g., Stolper et al., 1981; Herzberg, 1984; Rigden et
al.,, 1984) and in the development of komatiites (Nisbet and Walker, 1982; Herzberg,

1983; Ohtani, 1984).

The approximately linear mixing behavior of volumes in the system anorthite-
diopside suggests that at a particular pressure, local environments for each cation are,
over this composition range, essentially unchanged on mixing. This is particularly
significant with regard to aluminum because it implies that at a particular pressure
the proportions of A+ and Si** in tetrahedral and octahedral coordination with oxy-
gen are similar in anorthite and in the anorthite-diopside mixture we studied. The
rate of conversion of tetrahedrally to octahedrally coordinated AI’" with increasing

pressure thus appears, based on our limited data, to be independent of composition in

this system.

AP** and Si** coordination changes

There appears to be little disagreement that aluminum changes from dominantly
tetrahedral coordination in melts at 1 atm to octahedral coordination at ‘“high” pres-
sures. Just what is meant by ‘“high” pressures and the pressure range over which this
transformation takes place are, however, controversial. Boettcher and his co-workers

(Boettcher et al., 1982, 1984) have maintained that aspects of the phase equilibria of
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aluminosilicate systems, especially the compositional changes in feldspar-silica eutec-
tics with increasing pressure, the slopes of univariant reactions involving liquid and
aluminosilicates in P-T space, and the appearance near the liquidus of crystalline
phases with octahedrally coordinated aluminum, indicate that substantial conversion
of AP from tetrahedral to octahedral coordination occurs in the vicinity of 1-2 GPa.
Spectroscopic studies of glasses quenched from melts in this pressure range, including
melts saturated with crystalline phases containing octahedrally coordinated AI** have
failed to detect octahedral AP* in the glasses (Sharma et al., 1979; Taylor and
Brown, 1979a, Hamilton et al, 1986). Glasses quenched from 6-8 GPa do appear to
contain octahedral aluminum (Ohtani et al,, 1985) and molecular dynamics calcula-
tions support the suggestion that the coordination change in AI** occurs gradually

and predominantly at lower pressures than for Si** (Angell et al., 1982, 1983).

Our results, although not definitive, support the hypothesis that Al coordination
changes are gradual, unless they are completed at pressures lower than the lowest we
have studied in our experiments. The smooth compression curves obtained for all of
the compositions we have studied and the similarity in shape of the p — P curves for
all of our compositions independent of their Al content suggest this. Although we
cannot rule out abrupt density changes in pressure intervals between our data points,
conversion of all of the Al from tetrahedral to octahedral coordination would result in
density jumps of ~ 0.2 M gm™ and ~ 0.1 M gm™ in the anorthite and anorthite-
diopside compositions. These changes should be ultimately detectable via our experi-

ments if they occur over narrow pressure intervals.

The smooth compression curves that we have observed for the three composi-

tions that we have studied are also consistent with a gradual transformation of Si
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from tetrahedral to octahedral coordination over a pressure interval of several tens of
GPa. Density increases of ~0.6 - 0.9 M gm™ would be expected to accompany this
structural change in the compositions we have studied; these would be difficult to

miss in our data if they occurred over narrow pressure intervals.

Structures of silicate melts at high pressures and the compositional depen-
dence of the elastic properties of silicate melts

Based on the results presented in this paper and in Rigden et al. (1986), the 1
atm bulk moduli of liquids in the system anorthite-diopside are only weakly depen-
dent on composition, varying from 18-22 GPa for anorthite, to 24 GPa for the 1 atm
eutectic composition, to 22-23 GPa for pure diopside at 1673 K. Similar values (21,
22 and 24 GPa) were obtained by Rivers (1985) by ultrasonic measurements. This
lack of variation in compressibility with composition is rather surprising. It is widely
believed, based on analogy with their crystalline equivalents and on a variety of spec-
troscopic investigations (Taylor and Brown, 1979b; Sharma and Yoder, 1978; Sharma
et al., 1983; Binsted et al., 1985), that the structures of molten anorthite and diop-
side are very different. Anorthite liquid is thought to be an essentially fully polymer-
ized network of silicate and aluminate tetrahedra, probably with four-membered
rather than six-membered rings, and diopside melt is thought to be less polymerized,
with network-breaking components in roughly close-packed arrangements between sil-
icate polymers (e.g., Gaskell, 1982). We would therefore have expected that molten
anorthite would be significantly more compressible than molten diopside, since its

tetrahedral framework would be more capable of distortions via bending of the T-O-T

(tetrahedral-oxygen-tetrahedral) angles and since the more open tetrahedral
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framework would be expected to be more compressible than the more compact diop-
sidic structure. This line of reasoning appears to be correct in the case of the crys-
tals: the bulk modulus of crystalline anorthite at room temperature is 92 GPa
(Liebermann and Ringwood, 1976), whereas that for crystalline diopside is 113 GPa
(Levien et al., 1979): a difference of 20 GPa compared to a difference of only ~ 3
GPa in the case of the melts. This line of reasoning also correctly anticipates the very

low bulk modulus of silica glass (and presumably melt).

Why is anorthitic melt not significantly more compressible than diopsidic melt?
Perhaps substantial Mg®* is tetrahedrally coordinated by oxygens (Angell and Kadi-
yala, 1986) and the structure of diopside liquid is not that different from that of mol-
ten' anorthite. Unless significant Fe®* can also be tetrahedrally coordinated by oxy-
gens, this does not help to explain the fact that molten fayalite at 1673 K also has a
bulk modulus of 21.5 GPa (Rivers, 1985). We would surely have expected that this
presumably substantially depolymerized structure would have been more incompressi-
ble than anorthite or diopside melt! This is the case for crystalline fayalite, the bulk

modulus of which (138 GPa, Sumino, 1979) is tens of GPa higher than those of crys-

talline anorthite and diopside.

We do not want to give the incorrect impression that bulk moduli of silicate
melts are all the same. Addition of the oxides of the large alkali cations leads to
significant decreases in the bulk moduli of silicate melts and silica-rich compositions
are more compressible than the intermediate compositions we have mentioned above

(Rivers, 1985). Nevertheless, the simple notion, so successful in the case of crystalline
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materials, that degree of polymerization correlates in some simple way with compres-

sibility, appears incorrect for molten silicates.

Moreover, although the 1 atm bulk moduli of melts along the join anorthite-
diopside and molten fayalite are similar, the pressure derivative of the bulk modulus,
" | shows variations with composition. It varies from 4-5 for anorthite melt to 7 for
diopside melt based on our data, to 10 - 14 for molten fayalite based on Rivers’s
(1985) fit of the data on the solidus of Ohtani (1979) using different measurements of

initial volume by Shiraishi et al. (1978) and Mo et al. (1982).

We are thus faced with the following paradox: For crystalline materials in the
composition range of interest, the 1 atm bulk modulus varies with composition by
tens of GPa and in a way that is consistent with our intuitive notion that the degree
of close-packing of oxygen atoms in the crystal structure ought to lead to high
compressibility, and the pressure derivative of the bulk modulus shows little variation
away from a value of about 4. For molten materials, the 1 atm bulk modulus shows
only minor variation with composition (a few GPa), but the pressure derivative of

bulk modulus apparently varies by a factor of 2 or more.

Accepting the existence of the paradox stated above, at least part of the answer
lies in the incorrectness of the assumption that molten anorthite, diopside, and olivine
differ dramatically in their degree of packing. As shown in Tables 7 and 8, the
volumes per mole of oxygen atoms in molten anorthite, diopside and fayalite are
essentially identical at 1673 K: 13.5-13.7 m®mole™ X 107%. Perhaps even more surpris-

ing than the fact that they are all so similar, is that molten anorthite is actually



more closely packed than the pyroxene liquid.

This observation, when coupled with the similarity in 1 atm bulk moduli of
these liquids, leads us to propose the following: Molten anorthite, diopside, and
olivine can be viewed as loose packings of oxygen atoms with cations in the inter-
stices. On average, the packing of the oxygen atoms is similar over this range of com-
positions. An increase in pressure results in a gradual collapse of this loose packing.
The precise nature of the increased packing efficiency cannot be specified at this time;
it could involve reducing the number of holes or defects in the structure or an actual
change in the packing geometry. Of primary importance is that the effect is approxi-
mately independent of melt composition over this composition range and is princi-

pally a function of the arrangement of oxygen atoms.

This view is certainly oversimplified. In detail, we note that volume per oxygen
is a function of melt composition (Table 8); based on the data summarized in Steb-
bins et al. (1984), the volume per oxygen atom of molten forsterite is about 8% lower
than that for molten fayalite. However, we also note that the 1 atm bulk moduli of
these two melts are expected to be about 22-25 GPa (Rivers, 1985), again, not too
different from those that we have discussed above. Addition of larger cations, partic-
ularly the alkalies and the large alkaline earths, leads to higher volumes. However,
addition of alkalies, while increasing the volume per oxygen of the melts, also leads to
significantly lower 1 atm bulk moduli. As shown in Figure 8, this effect is systematic
based on the data of Rivers (1985). The change in the volume per oxygen with pres-

sure is roughly independent of the size of the cation below a certain partial molar
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volume per oxygen (~ 30 m®mole™ X 107%); above this critical value of partial molar
volume, the change in the volume per oxygen with pressure increases regularly with
cation size. This suggests to us that when the smaller cations are present, although
they influence the compressibility, oxygen-oxygen interactions still dominate the
compression of the melt. However, the larger alkali cations spring the oxygens apart
to such an extent that in the environment of these cations, oxygen packing is not the
dominant factor. Cation-oxygen bonds, which are very springy for the large alkali
atoms (i.e., they have low field strength), dominate the compression in these cases,

and compressibilities increase dramatically as these alkalies are added to the melt.

The view we have proposed here for the compression of silicate melts differs
from the standard view for solids that changes in the arrangement of coordination
polyhedra, and in the cation-oxygen bond lengths in these polyhedra are the principal
controls on compressibility (e.g., Hazen and Finger, 1982). We do not believe, how-
ever, that these concepts, applied to the melts we have studied, would readily account
for the approximate constancy of the pressure derivative of volume for the wide range
of components, including both tetrahedrally and octahedrally coordinated cations,
that is illustrated in Figure 8. Our view also implies that the oxygen atoms are
“larger’” than the cations in the melt, consistent with the approach taken by Pauling

(1960), but not with that of Prewitt (1977).

We should clarify what is implied by our statement that the oxygen atoms in
the melt are “loosely packed.” Fayalite liquid is about 15% less dense than solid fay-

alite. The olivine structure is based on a hexagonal close-packing of oxygen atoms
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(Kamb, 1968a). Bernal (1959, 1964) concluded that random close-packing of identical
spheres results in a structure about 15% less dense than crystalline close-packing.
Thus, the fact that the oxygen packing for liquid fayalite is approximately 15% more
open than that of the close-packed solid suggests that the liquid structure of fayalite
is essentially a random close-packing of oxygen atoms with cations filling the inter-
stices. The implication is that the anorthitic and diopsidic melts, with their similar

volumes per oxygen atom, are based on similar random packings of oxygens.

Having rationalized, if not explained, the small variations in 1 atm bulk modulus
of liquids in the system anorthite-diopside and for molten fayalite, we are left with
the puzzling fact that the pressure derivative of bulk modulus shows substantial vari-
ations with composition. If the only mechanism operating on the compression of mol-
ten silicates was the gradual rearrangement of oxygen atoms in similar dense pack-

ings, we would not expect a large change in the pressure derivative from composition

to composition.

First, it is useful to clarify what is done in deriving K’ from shock wave data.
We arbitrarily assumed that the equation of state of the melts we have studied can
be fit by a third-order Birch-Murnaghan equation of state. On average, over the pres-

sure range that we have explored, this fits the data adequately (Figures 3 and 4 and

Rigden et al., 1984, 1986).

The compression behaviour of the silicate melts studied here is considered as
physically representing two responses. The first is simply the pressing of oxygens

(and cations) together. This would correspond to measuring compressibility at
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infinitely high frequency, so that no structural relaxation can occur. We would
expect, based on data for crystalline silicates and oxides (Anderson et al., 1968) in
which the pressing together of atoms is the major mode of compression, that a Birch-
Murnaghan equation of state, with a roughly constant and low value of K/ (~ 4-5),
would adequately describe this unrelaxed component of compression in melts. This
component of the compressibility is expected to be similar to that of crystalline sili-
cates at the same temperature; to the extent that the melt contains defects and holes,
the unrelaxed compressibility would be greater than that of the solids. This effect

might account for up to a factor of two greater compressibility of melts than solids

(e.g., Kamb, 1968b).

The second mode of compression in silicate melts, which probably accounts for
most of the increase in density that we have observed up to the high pressures that
we have explored in our shock wave experiments, is due to relaxation phenomena in
the melts. In this we include the unspecified gradual changes in oxygen packing dis-
cussed above, warping of the polyhedral framework, and coordination changes in the
melts. The most important coordination changes will be conversion of cations that
are dominantly in tetrahedral coordination at low pressure (e.g., Fed3* ART, Si**) to
mostly octahedral coordination at high pressures, although substitution of cations
into anion positions, as occurs in the perovskite structure and has also been inferred

by Ross and Rogers (1985) for molten alkali halides, may also become important at

the highest pressures.
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It would be surprising if the effects of relaxation phenomena could be as simply
described in terms of a general equation of state as could the simple pressing together
of the atoms. These changes probably occur over a finite range of pressures rather
than continuously over all pressures as does simple interatomic compression. For
example, it is likely that a relaxation phenomenon is responsible for the anomalously
high compressibility of silica glass at low pressure. It is well known that the compres-
sion of silica glass cannot be described adequately by a single, simple equation of
state. At low pressures, bulk modulus is low and K' is actually negative (Bridgman
and Simon, 1953; Peselnick et al., 1967; Schroeder et al, 1981). But once the frame-
work has distorted, and the volume of the glass is fully compressed by changing of
Si-O-Si bond angles (Bridgman and Simon, 1953; Gaskell, 1966), K' becomes positive
(Schroeder et al., 1981), and compression can be described principally in terms of

pressing together of atoms.

As we discussed above, the fact that we do not see evidence of abrupt increases
in density suggests to us that coordination changes take place gradually with increas-
ing pressure. Nevertheless, it would be surprising if AI** and Si** converted to
octahedral coordination at the same rate with increasing pressure. We would expect
that as, in the solids, AI** would convert to octahedral coordination at lower pres-
sures than would Si**. As in the case of the distortions in the polyhedral framework
discussed above, the more abruptly that these changes take place, the more imperfect
would be our application of a single Birch-Murnaghan equation to the data. The
important point to emphasize is that the K and K/ values that we have derived from

our data are averaged over the entire pressure interval that we have studied
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experimentally.

Suppose that we have two melt compositions that, at 1 atm, have essentially
identical bulk moduli. Can we anticipate which melt, averaged over several hundred
kilobars, will have the higher value of K’ ? Presuming that most of the difference in
compression between the two melts over this pressure range will reflect differences in
the concentration of cations that will convert from tetrahedral to octahedral coordi-
nation, the more aluminous and silica-rich composition would experience more
compression over this pressure interval, and hence its bulk modulus averaged over
this pressure interval would be lower (i.e., it would be more compressible). Hence, the
rate of increase in K with pressure for the more Al-Si-rich melt will be lower over the
pressure interval in which these coordination changes occur, and its value of K' aver-
aged over this pressure interval will be lower. We would thus expect, as is indeed
observed, that K’ increases for melts in the order anorthite, Ang3gDigg4, diopside,

olivine. This effect is illustrated schematically in Figure 9.

Thus, given the approximate constancy of 1 atm bulk moduli for these molten
silicates, it is not surprising that K’ averaged over the pressure interval in which
coordination changes take place would vary systematically with melt composition in
precisely the fashion that we have observed. It is possible, given our data and this
concept, to estimate the magnitude of K’ | providing that K at 1 atm is known. In

order to do so, however, we must first examine an interesting regularity in our data.

If we compare the 1 atm partial molar volumes of oxide components in silicate

melts to the molar volumes of the solid, dense oxides (Figure 10), we see that for
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essentially all of the oxides other than those dominantly in tetrahedral coordination
(Si*, AR Fe3+), they are similar, plus or minus about 10 percent. In other words,
these “network-breaking” components are already in a roughly close-packed arrange-
ment at 1 atm and no great increases in their packing efficiency with increasing pres-
sure, other than those due to simple compression, are expected. This regularity sug-
gests to us that at sufficiently high pressures, where essentially all of the Si and Al
are octahedrally coordinated, the partial molar volumes of SiO, and Al,O3 in melt
will be similar to the molar volumes of stishovite and corundum. Under these condi-
tions, the molar volume of the melt should approach that of a mixture of dense oxides
of the same composition, just as has been observed for multicomponent crystalline sil-
icates at high pressures (e.g., McQueen et al., 1967; Al'tschuler and Sharipdzhanov,

1971; Svendson and Ahrens, 1983; Boslough et al., 1986). Table 7 (Column 6) shows
that, at 40 GPa, this expectation is realized in our experiments: the volumes of the
three melt compositions that we have studied are, based on a best-fit Birch-
Murnaghan equation of state, within 10 percent of those of the equivalent mixture of
dense oxides. In addition, the parameters derived from the full anorthite data set
yleld a volume essentially equal to the calculated dense oxide mixture at 40 GPa. A
possible explanation is that crystallization along the Hugoniot occurred at the highest

pressure point facilitated by a close approach in structure between liquid and solid at

this high pressure.

There is other evidence for the approach of melt densities to those of dense

oxides at pressures of several hundred kilobars. Lyzenga et al. (1982) concluded, based
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on shock wave experiments in which they melted stishovite, that the molar volume of
molten SiO, at 70 GPa is about 3 percent greater than that of SiO, in crystalline
stishovite. The recent experiments of Jeanloz and Heinz (1984), in which they have
determined the solidus of a magnesian silicate perovskite between 30 and 60 GPa,

suggest that the liquid and solid volumes are essentially identical over this pressure

range.

We are now in a position to estimate the value of ' for silicate melts averaged
over the 0-40 GPa pressure range for a wide range of compositions. Given (a) the 1
atm molar volume, obtainable precisely from either the compilation of Bottinga et al.
(1983) or Stebbins et al. (1984); (b) the 1 atm bulk modulus of the melt, which can
be calculated using the algorithm given in Rivers (1985); and (c) the assumption that
the volume of the melt at ~ 40 GPa is 5-10 percent greater than than of the
equivalent mixture of dense high pressure phases, then the value of K' consistent
with a third-order Birch-Murnaghan equation of state and these values of K, V(1
atm), and V(40 GPa) can be readily derived. The results of such a calculation for

several melt compositions are listed in Table 8.

The values of K' calculated in this way for molten anorthite, the anorthite-
diopside eutectic melt, and molten diopside are similar to those we have determined
experimentally. The values for forsterite and fayalite are significantly higher; the
value for fayalite is consistent with the value needed to account for its solidus
(Rivers, 1985). The calculated values of K’ for the pyroxene liquids, enstatite and

ferrosilite, are similar to our experimentally determined value for diopsidic melt.
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We have generalized our limited data a long way in concluding that all melts
will bear the same relation - approximately 5-10 percent less dense - to dense
high-pressure phases at 40 GPa. Nevertheless, this simple approach does appear to
exp‘lain, to a remarkably precise degree, the high values of K’ implied for fayalite
melt by the completely independent calculation from the solidus (Rivers, 1985). It
also suggests a simple rule of thumb that, if substantiated by further experiments,
would be extremely valuable in thinking about the densities of melts at high pres-
sures. The volumes per oxygen at 40 GPa of stishovite and corundum are significantly
lower than the other common oxides (e.g., at 1673 K, these volumes are about 6.5 and
7.8 m®mole™ X 1078 respectively, compared with values of 9.5-13 m®mole™! x 1078
for MgO, CaO, and FeO and 28-43 m®mole™? X 107 for Na,O and K,O *). Therefore,
the ultimate high pressure volumes of melts rich in silica and alumina will be lower
than those of melts poor in these constituents. Given that 1 atm volumes and bulk
moduli of common silicate compositions are similar, this suggests that silica- and
alumina-rich melts will have low values of K' relative to more basic melts. This
effect is in essence the reason for the high K’ values shown in Table 8 for the olivines
and the explanation for the lower K’ values of anorthite and the pyroxenes, and is

illustrated schematically in Figure 9.

* Note the trend with decreasing cationic charge.
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CONCLUSIONS

(1) Shock wave equation of state measurements on molten diopside and anorthite
complement the existing data on a composition intermediate these two end-members
and enable inferences to be made about the differences in compressibility between
these compositions. For molten diopside we calculate a best-fit Kg = 22.4 GPa and
K' = 6.9 at 1773 K compared with the ultrasonically determined value of Kg = 24.4
GPa at 1758 K (Rivers, 1985). Two different fits to the anorthite results at 1923 K
were calculated. For the entire data set Kg = 22.0 GPa and K’ = 4.1. When the
highest pressure point was omitted from the fit, the RMS was reduced slightly, giving
Kg = 17.9 GPa, K! = 5.3. Rivers (1985) gives Kg = 20.6 GPa at 1833 K based on

ultrasonic measurements.

(2) From the equation of state of molten diopside we can place constraints on the
dT/dP slope of the fusion curve at high pressures. We expect that the slope will be
quite shallow at pressures above 10 GPa, but in the absence of data on the change of
ap with pressure, no precise determination of temperatures can be made. Our best fit

to the experimental solidus data uses a model for A(apV) that decreases linearly with

pressure.

(3) The volume of the intermediate Ang3sDig ¢4 melt composition can be calculated to
within +2% based on ideal mixing of the molten anorthite and diopside components
at pressures up t;) 40 GPa (the limit of our experimental data) despite the fact that
volumes increase 35-429% over this pressure range. If this can be shown to hold over a

range of compositions, it will be extremely useful in calculations of the densities of



melts at elevated pressures.

(4) Our results support the hypothesis that changes in coordination of APt and Si**
from tetrahedral at low pressures to octahedral at high pressures occur gradually
within the resolution of the shock wave experiments. The expected density ch.anges
of coordination changes over a small pressure interval would be expected to show up

in our Hugoniot density measurements. This would be particularly dramatic for Si.

(5) Bulk moduli for molten silicates are remarkably similar for a wide range of com-
positions of petrological interest, based on both our experimental data and from
ultrasonic measurements of Rivers (1985). We propose that this results from the
similar packing of oxygen atoms in silicate liquids at atmospheric pressure and that
the degree of compression at higher pressures is primarily related to the ability of the
structure to collapse by coordination changes of AI** and Si** from tetrahedral to
octahedral. For identical values of bulk modulus this would be reflected in the higher
values of K' for less compressible (AI**, Si**, Fe3* - poor) melts. At ~ 40 GPa
melts are proposed to achieve ~ 1.0-1.1 times the volume of dense high-pressure

phases at this pressure.

(6) Estimates of K' for molten silicates, assuming that their volumes are 5-10%
greater than crystalline dense phases at 40 GPa, have been made using 1 atm bulk
moduli calculated from Rivers (1985). The olivine liquids, fayalite and forsterite, have
K’ ~ 10, and pyroxene liquids, enstatite, and ferrosilite have K/ ~ 7 - 8, similar to
diopside. Our estimate of K' for fayalite is consistent with the value calculated by

Rivers (1985) from an analysis of its fusion curve up to the 7 GPa triple point of
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Ohtani (1979).
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Table 1: Sample Analyses and Theoretical Compositions

Diopside
Sample!
Si0, 55.71
Al,O3 -
MgO 16.93
CaO 26.07
Total 98.71

Ideal

55.49

18.62
25.89

100.00

Sample
43.48
36.36

0.0
20.73

100.57

'Average of 5 electron microprobe analyses: Analyst, R. Heuser

Anorthite

Ideal
43.20
36.64
0.0
20.16

100.00
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Table 2: Molten Diopside Hugoniot Data

(T, = 1773 K, p, = 2.613 Mg m™)

Shot # Flyer Impact Shock Particle Hugoniot Hugoniot
Plate Velocity Velocity Velocity Pressure Density
km sec™! km sec™! km sec™! GPa Mg m™
660 Cu 1.03 4.45 0.73 8.5 3.128
+0.03 +0.04 +0.02 +0.3 +0.027
656 Cu 1.50 4.76 1.08 13.3 3.378
+0.03 +0.06 +0.03 +0.3 +0.029
630 Cu 2.00 5.28 1.43 19.7 3.589
+0.04 +0.07 +0.03 +0.5 +0.031
658 w 2.12 6.19 1.98 31.8 3.840
+0.04 +0.08 +0.05 +0.8 +0.035
659 W 2.42 6.54 2.24 38.0 3.976
+0.04 +0.11 +0.05 +1.0 +0.048
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Table 3: Molten Anorthite Shock Data
(T, = 1923 K, p, = 2.545 Mg m™)

Shot # Flyer Impact Shock Particle Hugoniot Hugoniot
Plate Velocity Velocity Velocity Pressure Density

km sec™! km sec™! km sec™! GPa Mg m™

666 Cu 1.24 3.95 0.91 9.2 3.310
+0.03 +0.04 +0.03 +0.3 +0.029

673 Cu 1.30 3.93 0.96 9.6 3.368
+0.02 +0.04 +0.02 +0.2 +0.034

664 Cu 1.52 4.36 1.11 12.4 3.417
+0.03 +0.08 +0.03 +0.4 +0.036

665 Cu 1.80 4.63 1.32 15.5 3.560
: +0.03 40.05 40.03 +0.3 +0.031
663 \4% 2.03 5.40 1.95 26.8 3.990
+0.04 +0.13 40.05 +0.8 +0.064

672 \W 2.49 5.76 2.37 34.9 4.328

+0.03 +0.08 +0.03 +0.7 +0.052



# points
K

RMS

K

Table 4: Input parameters and output
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for equation of state calculation

Diopside
1773
2.613!

6.0x107 2

360!

%)

o
'lO
NN

6.9

'Stebbins et al. (1984)

“Dane (1941), Licko and Danek (1982)

17.9

0.4

5.3

Anorthite
1923
2.550!
3.8x107 2

418!

0.5

4.1

K
Mg m™
K

J(mole-K)™!

GPa
GPa
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Table 5: Parameters used for calculation of fusion curve of diopside

Crystalline Diopside Molten Diopside

Ts 1664! 1664 K

Vo 69.11° a) 81.09° m®mole™ X 107°
b) 82.34* m®mole™? X 107°
c) 82.95° m®mole™? x 107°

ASY 82.88° J(mole-IK)™

Ky 90.77 21.98 GPa

K/ 4.5 6.98

o 32 x 10°9 a) 6.0x10°% K

b) 6.5x107°* K
c) 7.3x10° 10 K

d, a) 328.19 +1.888x 10> T 334.571 J(mole-K)™
-2.5192 x 103TY/? - 1.443 x 10572 12
b) 243.9 + 1.069 x 107°T 1 < R J(mole-K)™

'Kushiro (1972)

Calculated using room temperature volume of Robie et al. (1978)
*Dane (1941)

Stebbins et al. (1984)

®Licko and Danek (1982)

8Stebbins et al. (1983)

"Calculated using bulk modulus of Levien and Prewitt (1981) and dK/dT of Bottinga
(1985)

8Calculated from shock data on molten diopside and thermodynamic parameters to
yield K1 at 1664K.

Finger and Ohashi (1976), Skinner (1966)

%Bottinga et al. (1983)

Richet and Bottinga (1984)

2Bottinga (1985)

BRivers (1985)
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Table 6: Data used to calculate high-pressure,
high-temperature volumes of high pressure phases

Phase Kr(300 K) dK/dP  dK/dT V(300 K) o da/dT
GPa GPaK™' m®mole’x10® K-x10° K-x10®
MgSiO,(pv)? 260" 42 -0.02734 24.46° 2.557 Wil
CaSiO4(pv)? 2278 42 -0.0273 28.138 3.27 il
Al,O,4 252.7° 4.3% -0.017° 25.58° 1.627 1.17
SiOy(st)® 31610 4101 0,035 14.00%3 1.711 1.0t
FeSiO4(pv)? 2601° 42 -0.0271° 25.49° 2.518 1.7

! Yagi et al. (1982)

2 Jeanloz and Thompson (1983)

% Jones (1979).

* Beattie and Samara (1971)

% Yagi et al. (1978).

% Knittle et al. (1986).

" Touloukian et al. (1970)

8 Ringwood and Major (1971), Reid and Ringwood (1975), Liebermann et al. (1977)
® Hankey and Schuele (1970), Gieske and Barsch (1968)

10 Weidner et al. (1982)

1 Bass et al. (1981)

12 Manghnani (1969), Wang and Simmons (1973), Chang and Graham (1975)
13 Sinclair and Ringwood (1978)

1 Tto et al. (1974)

15 Assumed to be the same as MgSiO;(pv)

2 perovskite structure

b stishovite



- 119 -

Table 7: Volume/oxygen of molten silicates and
high-pressure phases at 1673 K

1 atm 40 GPa
Composition vl v 2 V2 /v v v dp Yy e
m3mole 1x1078 m3mole x1078

CaMgSi,04 13.73 9.28 1.48 8.86 8.02 1.10
DigafAngsg 13.63 9.10 1.50 8.28 7.89 1.05

13.51 8.86 1.53 7.90% 7.71 1.03
CaAIQSiQOg

13.51 8.86 1.53 7.674 7.71 0.99

! Volume per mole of oxygens in the melt
2 Volume per mole of oxygens in a densely packed solid
3 Calculated using K, K’ from 5 point fit to shock data

* Calculated using K, K' from fit to full data set
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Table 8: Parameters used to constrain K/

for various

molten silicates assuming VIP/V™ (40 GPa) ~ 1.1

Composition K! V2 (1 atm)®*® VI (40 GPa)* V™ (40 GPa) K'°®
GPa m3mole’x107® m®molex107° m®mole~!x107°
Fe,SiO, 20.5 13.53 8.48 9.33 11
Mg,SiO, 24.9 12.67 8.02 8.82 9.6
MgSiO, 21.8 12.90 7.49 8.24 6.6
FeSiO4 17.6 13.47 7.80 8.58 8
CaMgSi,0 23.8 13.73 8.02 8.82 6.2
Ang 36Dig g4 22.3 13.63 7.89 8.68 6.3
CaAl,Si,0g 20.5 13.51 7.70 8.47 6.3

! Calculated using coefficients of Rivers (1985) at 1673 K
2 Stebbins et al. (1984)
3 Volume per mole of oxygens in melt

* Volume per mole of oxygens in densely packed solid

5 value to give V®/VEP (40 GPa) ~1.1
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FIGURE CAPTIONS:

Figure 1: Shock wave data for molten diopside (T, = 1773 K, py = 2.613 Mg m™)
in the shock velocity-particle velocity plane. Best straight-line fit to the data are
given by Ug = 3.30 + 1.44 Up km sec™}, 1> = 0.99. The solid circle at Up = 0 is the

measured ultrasonic velocity at 1 atm and 1758 I (Rivers, 1985).

Figure 2: Shock wave data for molten anorthite (Ty = 1923 K, py = 2.545 Mg m™)

shown in the shock velocity-particle velocity plane. The solid line is a straight line fit

to the five lowest velocity data and is given by Ug = 2.68 + 1.42 Up km™}; r? = 0.99.

The dot-dash straight line fit which includes all six data is given by Ug = 2.85 4+ 1.27
1

Up km sec™}, r? = 0.98. The solid circle at Up = 0 is the measured ultrasonic veloc-

ity at 1 atm and 1833 K (Rivers, 1985).

Figure 3: Shock wave data for molten diopside (Tq = 1773 K) in the pressure-
density plane. The heavy solid line is the best fit to the data and the dashed line is
the best-fit Birch-Murnaghan isentrope with Kg = 22.4 GPa, K! = 6.9. Also shown

are data for crystalline diopside. Solid circles are from Svendsen and Ahrens (1983)

and crosses are from Ahrens et al. (1966).



Figure 4: Shock wave data for molten anorthite (To = 1923 K) in the pressure-
density plane. The heavy solid line is the best-fit to the five lowest pressure data and
the dashed line is the best fit a Birch-Murnaghan isentrope with Kg = 17.9 GPa, K/

= 5.3. The best fit Hugoniot to the complete data set is given by the dash-dot line;
the accompanying isentrope has Kg = 22.0 GPa, K! = 4.1. Also shown are shock
wave data for anorthite glass (crosses: Boslough et al., 1986) and anorthsite (open

circles: McQueen et al., 1967).

Figure 5: Calculation of the fusion curve of diopside. The heavy curve labelled W-
K is from experimental determinations of Williams and Kennedy (1969). Heat capa-
city and liquid volumes used in the calculations are from Rivers (1985) and Stebbins
et al. (1984) and the thermal expansion of the melt is from Dane (1941) and Licko

and Danek (1982) unless otherwise specified. All input data are listed in Table 5.

a) Effect of different initial liquid volumes (Vpgp: Licko and Danek, 1982; Vg: Steb-

bins et al., 1984; Vp: Dane, 1941).

b) Effect of different heat capacity functions (ACpg: Bottinga, 1985; ACpg: Rivers,
1985).

c) Result of changing thermal expansion of molten diopside (B-a: Bottinga et al.,
1983; S—a: Stebbins et al., 1984; (D,L&D-a: Dane, 1941; Licko and Danek, 1982). The
curve labelled Aa = 0 is calculated assuming that the thermal expansions of molten

and crystalline diopside are the same; it is expected that this is a good approximation

at high pressures.



d) Calculation assumes a thermal expansion that changes as a function of pressure as
described in the text. Experimental data (open symbols are above the liquidus; closed
symbols are below the liquidus) are also shown; circles: Boyd and England (1963),
squares: Boettcher et al. (1982), Williams and Kennedy (1969), W-K¢: data of Willi-

ams and Kennedy (1969) corrected for effect of pressure on thermocouple emf.

Figure 6: Variation of normalized volume (V/V: ratio of volume at high pressure
to that at 1 atm) of molten anorthite, diopside and AngsgDiggq With pressure along
1673 K isotherms calculated from our shock wave data. The volume, and hence

compressibility of Ang3sDigg4, is intermediate between anorthite and diopside.

Figure 7: Percent deviation of measured volume of AngssDiggs (from shock wave
data; Rigden et al., 1986) from volume calculated as an ideal mixture of molten
anorthite and diopside (this work) at 1673 K as a function of pressure. At 40 GPa

the deviation is ~ 2% and is < 1% below 20 GPa.

Figure 8: Variation of the change in partial molar volume/oxygen with pressure

ov,"m

8_Fl” Rivers, 1985 | for silicate melts with partial molar volume of oxide. com-

av;m
op

ponents (Vo;™). Below Vo ;™ ~ 30 m®mole™ X 107, [ ] is essentially indepen-

dent of Vo™ Above this value it increases in a regular fashion. This suggests that



oxygen-oxygen interactions dominate the compressibility of the melt for small cations
and it is only when the cations increase beyond a certain size that they begin to play

a part in the compressibility. This is strikingly illustrated for the alkali oxides.

Figure 9: Illustration of effect of different K’ for melts with identical K and V. A
higher value of K' leads to less compression. Melt A has a lower proportion of Al
and Si than melt B. Both melts attain a volume approximately 10% greater than that
of a high-pressure phase mixture at ~ 40 GPa. The magnitude of K’ for materials
with similar K is believed to be related to the potential for compression as reflected in
the relative proportions of tetrahedral AI** and Si** in the melt structure at low

pressures.

Figure 10: Variation of the ratio of partial molar volume in silicate melt and
volume of densely packed oxide (V,®/V,*4) with V,°¢ at 1673 K and 1 atm.
Except for those cations believed to be dominantly in tetrahedral coordination in
melts at low pressures (Fe*, AI3* and Si**), V,™/V,° is similar over a wide range

of volume, suggesting a roughly close-packed arrangement. The stippled region shows

a +10% variation about V;™/V%ide — 10.
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