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ABSTRACT
A half-reversal on the melting temperature of high albite (NaAlSi3Og) was

determined at 2.28 GPa (1360-1370°C) and 2.73 GPa (1383-1389°C) in a piston-cylinder
apparatus with NaAlSi;Og glass as the starting material. A detailed thermal gradient
across the sample capsule was mapped, which showed a 3.5 °C gradient across the upper
third of the sample capsule and a 30 °C gradient across the lower two-thirds. A
calibration against the melting curve of NaCl showed a -9 % pressure correction for the
BaCOs/MgO/graphite pressure medium used in these experiments. In addition to the
glass-crystal half-reversal, a crystal-glass half-reversal at 2.73 GPa was obtained (1389-
1399°C) using high albite as the starting material. All run products that quenched to a
glass were analyzed by Fourier-transform infrared spectroscopy and found to contain <
0.045 wt % H,0. The experiments constraints on albite fusion are in excellent agreement
with those of Birch and LeComte (1960) and Boyd and England (1963), but deviate from
those of Boettcher et al. (1982). The new data on the albite fusion curve at high pressure
are compared with the calculated melting reaction based on the best available

thermodynamic data at one bar (Lange, 2003) and various values for the pressure
dependence of liquid compressibility (K, =dK ,/dP, where K, ,= 1/ ;) for
NaAlSi;Og liquid, using the 3".order Birch-Murnaghan equation of state. The phase-
equilibrium data match the fusion curve calculated with a liquid K, value of 10.7 + 0.5.

This allows the density of NaAlSi3;Og liquid to be calculated at 1500°C and 3.0 GPa
(2.546 + 0.004 g/cm’), with an uncertainty that is < 0.2 %. The results of this study
show that the density and compressibility of this viscous and fully polymerized liquid can

be calculated to high pressure (~3 GPa) with a remarkably high precision. Owing to the



absence of any coordination change in NaAlSi3Os liquid in the range up to ~8 GPa,

calculations of its density and compressibility can likely be extended to this pressure.

INTRODUCTION

The congruent melting curves of end-member rock-forming minerals are an
essential source of thermodynamic data, especially for their liquid state. Typically the

one-bar thermodynamic properties of the crystal and liquid are well known, which allows
the pressure dependence of the liquid compressibility (K, = dK r0/dP), where K, ;=
1/ B;,) to be derived. An experimental determination of the melting reaction in P-T

space evaluates the internal consistency of thermodynamic data sets. This study focuses

on the equilibria between crystalline disordered (high) albite (NaAlSi;Os) and liquid of

the same composition.

The equation used to calculate the albite melting curve at temperature and

pressure is:

AH ., +jAc (T)dT - T[AS +IAC +D) Jz—IAVT(P)dP 1)

where T, is the one-bar melting temperature of crystalline albite, AH 7, is the enthalpy
of the liquid minus that of the solid at 7, ASTI is the entropy of the liquid minus that of
the solid at T, AC,(T) is the heat capacity of the liquid minus that of the solid, and

AV, (P) is the volume of the liquid minus that of the solid. Among the thermodynamic
data reqﬁired, the only unknown is the pressure dependence of the liquid compressibility,

K,, which is needed to calculate the albite fusion curve above 1 GPa (Lange, 2003). The



melting of albite is limited to pressures < 3.3 GPa by the albite = jadeite + quartz reaction

(Holland, 1980).

To determine the K 0 of NaAlSi;Os liquid, the third-order Birch-Murnaghan

equation of state (Birch, 1978) is used, which models the volume of silicate liquids to

high pressure (tens of GPa) remarkably well (e.g. Stixrude and Bukowinski, 1990). The

third-order form is:

pe %Kr,o(Rm —RSM)[I—%(4—K(;)(R2/3 __1):’ (2)

whereR =V, /V;,, V7, is the volume at temperature and zero pressure (1 bar), V7 , is
the volume at temperature and pressure, K , is the bulk modulus (K, , =1/ f;,,
where £ , is the isothermal compressibility) at zero pressure, and X, , is the pressure

dependence of the bulk modulus (K, /dP ) at zero pressure.

Lange (2003) discussed the thermodynamic data used to calculate the fusion
curve of albite and, based on a comparison with four previous experimental phase
equilibria studies (Birch and LeComte, 1960; Boyd and England, 1963; Boettcher et al.,
1982; and Nekvasil and Carroll, 1996), estimated that the K 0 of NaAlSi;Og liquid has a
minimum value of 10. However, each expeﬁrhental study lacked one or more key
components essential to a robust determination of the fusion curve: (1) documentation of
dissolved H,O in their quenched glass run products; (2) a detailed thermal gradient and
pressure calibration prior to experiments; and (3) characterization of crystalline starting

material to be sure it was fully disordered, high albite. In order to tightly bracket the K|

value for liquid NaAlSi3;Os, the goal of this study is to locate the fusion curve of albite in



P-T space through a series of piston-cylinder experiments, and address each component

described above.

PREVIOUS WORK
Study of Birch and LeComte (1960)

The experiments of Birch and LeComte (1960) were performed in a gas vessel
with argon gas as the pressure medium, thus allowing the pressure to be precisely and
accurately known and minimizing H,O in the system. Seven of their nine experiments
had a starting material of crystalline albite; however, it is unclear if it was low or high
albite. Anovitz and Blencoe (1999) noted that low albite will melt metastably at lower
temperatures than high albite. All seven gave “no-reaction” results, which may be
difficult to interpret. No reaction with a starting material of crystalline albite might mean
that it was in the crystalline stability field at the P-T conditions of the experiment, or it
might have remained crystalline because of sluggish kinetics. Run durations of these
experiments ranged from 0.2 to 5.75 hours. The other two experiments by Birch and
LeComte employed NaAlSizOg glass as the starting material. In these two runs,
crystallization occurred within four and two hours, respectively, which constrains the

melting temperature of albite to be >1210°C at 1.22 GPa, and 21279°C at 1.51 GPa.

Study of Boyd and England (1963)
The experiments of Boyd and England (1963) also provided constraints on the
minimum temperatures for the albite fusion curve. The starting material was NaAlSi;Og

glass, and experiments were conducted with a 1.27 cm piston-cylinder apparatus using



talc/boron nitride as the pressure medium. Experimental run durations ranged from 20-60
minutes. Twent-five degree brackets were determined at nominal pressures of 1.08 GPa
(1225-1250°C), 1.79 GPa (1300-1325°C), 2.51 GPa (1350-1375°C), and 3.23 GPa (1400-
1425°C) to constrain the half-reversal.

Talc/boron nitride (BN) assemblies require a pressure correction and the talc in
the assembly dehydrates at high temperatures. Boyd and England (1963) carried out
pressure calibrations at both room temperature and elevated temperatures. At room
temperature, using bismuth, thallium, and cesium phase transitions, they found the
friction, with the piston advancing, to be 13% of the nominal pressure. At elevated
temperatures they used the quartz-coesite phase transition and determined the pressure
correction to be 8% of the nominal pressure. Boyd and England (1963) noted that the
furnace cells used for the quartz-coesite experiments contained a considerable amount of
porous ceramic. Upon pressurization the porous ceramic collapsed, and the talc extruded
into cracks and chips in the pressure vessel. Thus, the piston was continually advanced in
order to maintain a constant pressure during their experiments.

However, they used a different cell assembly for the albite melting experiments
where the ceramic pore volume was reduced, and noted that piston motion was reduced
extensively after the first 1-2 minutes of their runs. They noted that based on the lack of
piston advancement, their pressure correction was uncertain, and assumed no pressure
correction for their experiments. However, Bohlen et al. (1980) later demonstrated
through a pressure calibration against the melting curve of LiCl, that talc/BN assemblies

require a 6% negative correction.



Talc/boron nitride assemblies also dehydrate at high temperatures, and hydrogen
diffusion into platinum capsules will reduce the melting temperature of albite (Tuttle and
Bowen, 1958). There was no documentation on how much water may have contaminated
the experimental charges of Boyd and England (1963), which will depress the melting
temperature. Therefore, only the experiments where the run products are crystalline can

be used to constrain the minimum melting temperature of albite.

Study of Boettcher et al. (1982)

Boettcher et al. (1982) also determined the fusion curve of albite using a 1.27 cm
diameter (for 3 GPa experiments) and a 2.54 cm diameter piston-cylinder apparatus. The
advantages of their study are that full-reversals were determined and the crystalline
starting material was well characterized. To avoid water contamination, their furnace
assemblies contained no hydrous parts such as talc or pyrophyllite. Instead the
assemblies consisted of KBr, NaCl, silica glass, and BN, which also had the advantage of
having no pressure correction applied to the nominal pressure. The starting materials
were sealed into 1.6 mm diameter platinum capsules which were surrounded by hematite
and sealed into 3 mm platinum tubing to further prevent water contamination.
Experimental runs were 3-24 hours in duration. The results of Boettcher et al. (1982)
place the melting curve of albite 50-70°C lower than the experiments of Birch and
LeComte (1960) and Boyd and England (1963). The likely explanation for lower than
expected results is that water contaminated their samples, despite their best efforts at

keeping their runs dry. None of the samples of Boettcher et al. (1982) were directly



measured for water content, and two lines of evidence suggest water contamination
occurred.

Fine and Stolper (1985) measured 0.20 wt% and 0.49 wt% H,O on two albite
glass samples supplied by A.L Boettcher. Boettcher synthesized the samples in a piston
cylinder at 2.0 GPa for 1 and 3 hours at 1450°C with the same cell assembly and drying
technique as that employed by Boettcher et al. (1982). Additionally, Fine and Stolper
(1985) equilibrated NaAlSi;Os liquid for one hour at 1450°C, and pressures ranging from
1.5 to 3.3 GPa using identical cell assemblies as those of Boettcher et al. (1982). The run
products quenched to glasses with measured values of 0.14 to 0.89 wt% H,O. Given the
longer duration (3-24 hours) of the experiments by Boettcher et al. (1982), water
concentrations may have exceeded those documented by Fine and Stolper (1985).

The second line of evidence is that most of the NaAlSi;Og liquids from the high-
pressure experiments of Boettcher et al. (1982) did not quench to a glass. To determine
whether experiments were in the liquid field, Boettcher et al. (1982) used the distinct
texture of albite crystals in sheaves or radial aggregates, which they identified as quench
crystals from the liquid. This is in contrast to the findings of Birch and LeComte (1960),
Boyd and England (1963), and Nekvasil and Carroll (1996), who all recovered glasses
from their experiments and noted the ease with which albite liquid quenches to a glass.
The presence of dissolved water in albite liquid will dramatically reduce its viscosity

(Dingwell, 1987), which in turn aids nucleation.



Study of Nekvasil and Carroll (1996)

The most recent study of the albite melting reaction was performed by Nekvasil
and Carroll (1996). Their experiments were performed in a piston-cylinder apparatus,
with a BN/NaCl pressure medium. A pressure calibration using the anhydrous reaction
Mg-cordierite = sapphirine + quartz showed that no pressure correction is required.
Samples containing crystalline albite as the starting material were held at a pressure of
1.13 GPa and 1400°C for 24 hours to ensure melting had occurred, before rapidly
reducing the temperature to its final value. Experiments were then held for an additional
4 days. Four experiments were performed, and the results are as follows. At 1230 and
1240°C the run products were glass, whereas at 1200 and 1225°C the run products were
crystalline. This constrains a five degree bracket of 1225-1230°C on the minimum
melting temperature of albite, because the H,O in their quenched glasses was not
determined.

The bracket at 1.13 GPa is approximately 25°C higher than that of Boettcher et al.
(1982) at a similar pressure. However, it is within the temperature brackets of Birch and
LeComte (1960) as well as Boyd and England (1963). This study determined the melting

curve at the relatively low pressure of 1.13 GPa, and does not place a tight constraint on

the K, for NaAlSi;Os liquid at higher pressures.

EXPERIMENTAL METHODS

All experiments were carried out in a piston-cylinder apparatus with 1.27 cm
~diameter furnace assemblies and pistons. Figure 1 shows the BaC%-MgO-graphite

furnace assembly. Temperature was measured with Pt/PtooRh;q (type S) thermocouple,



with an error of + 2°C over the temperature range of the experiments. No correction for

the effect of pressure on emf was applied. Pressure was measured with a Heise gauge,

which has an accuracy of = 0.1% of the measured pressure.

Hotspot determination and the thermal gradient across the sample capsule

The location of the hotspot and the thermal gradient across the length of the
sample capsule were mapped out through seven sets of experiments where the
temperature difference between two thermocouples was measured as a function of the
distance from the base plug (Fig. 2). Twelve different setpoint temperatures were used,
which ranged from 300-1400 °C with 100 degree intervals between each temperature.
The nominal pressure ranged from 2.0 to 3.0 GPa. To allow two thermocouples to be
placed a measured distance apart from one another, two holes of the 4-bore alumina tube
were exposed by filing a measured distance from the tip (Fig. 3). For each experiment,
the MgO rod and the MgO tube were cut to allow one of the two thermocouples to be
located 14.1 mm from the base plug. This was always the “reference” thermocouple,
which controlled the setpoint temperature. For each experiment, the pressure was taken
to a nominal 2.0 GPa, the temperature ramp was temporarily halted at 100° intervals
(from 300-1300°C), and the temperatures of the two thermocouples were recorded. At
the highest temperature, (1391°C), the furnace assemblies were subjected to pressures
ranging from 2.0 to 3.0 GPa (nominal), and it was found that pressure had no effect on
the temperature difference measured between the two thermocouples.

A polynomial was fitted to the data from each temperature interval (Fig. 4), which

had R? values ranging from 0.9996 to 1 (Appendix). From the curves, thé hotspot was
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located, and the temperature gradient was mapped across a sample capsule with an
average length of 3.5 mm. (Fig. 5, Fig. 6). The data show that the hotspot shifts
downward from 11.2 mm to 12.65 mm from the base plug with increasing temperature
from 300-1200°C, but remains at 12.7 mm from 1300-1391°C. The temperature range of
the albite experiments discussed below is 1290-1452°C, and therefore the hotspot was
assumed to be located at 12.7 mm for all experiments. The assemblies were fabricated to
allow the top of the capsules to be located at the hotspot. The temperature gradient is
only 3.5°C across the upper third of the capsule, and an additional 30°C across the
remaining two-thirds of the capsule. Therefore, the upper third of each experimental
capsule was used to determine the albite melting curve in P-T space. The thermocouple
was located 12 mm from the base plug, and read a nominal temperature 1.7°C lower than
that at the hotspot. The uncertainty in temperature is estimated to be + 4°C for all

experiments due to errors in calculating the thermal gradient, along with the error in type-

S thermocouple.

Pressure calibration of the BaCOj; assembly

To determine the friction correction for the BaCOs-graphite furnace assembly at
the experimental pressures, a pressure calibration using the melting curve of NaCl was
performed. The starting material was reagent grade NaCl, which was ground dry in a
mortar and pestle. The powder was packed into 3-millimeter diameter Pt capsules and
heated at 450°C for > 2 hours prior to sealing. The MgO in the assembly was heated at
1000°C for > 12 hours prior to the experiments. A Ptg;Rh;3 sphere was placed at one end

of each capsule, which was aligned at the top when placed into the assembly. AtP-T
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conditions in the NaCl crystalline stability field, the sphere remained at the top of the
capsules, whereas at P-T conditions in the liquid stability field, the sphere to fell to the
bottom of the capsules. Experiments were 40 minutes in duration.

The results of the NaCl melting experiments are shown in Figure 7. Temperature
brackets of seven and five degrees were determined at nominal pressures of 2.0 and 2.5
GPa, respectively. These results were then compared to the calculated melting curve of
NaCl, using the thermodynamic data compiled by Lange (personal communication), and

aK,of 15.5 £ 0.5 for liquid NaCl obtained from a best fit to the melting curves of Clark

(1959), Bohlen (1984), and Urakawa et al. (1999). The experimental results show that
the actual pressure is 9 + 2% lower than the nominal pressure. This matches the data
from McDade et al. (2002) that showed a negative 9 percent correction for a similar 1.27

cm diameter BaCOj; pressure meduim, which is independent of temperature and pressure.

Synthesis and characterization of starting material

The NaAlSi3Og glass used in these experiments was synthesized by Ochs and
Lange (1997). The wet chemical analysis of that glass is given in Figure 8. Crystalline,
albite was synthesized from the NaAlSi;Os glass in a piston-cylinder apparatus. Three 5
mm diameter Pt capsules were packed with glass, and synthesis was performed at 1.82
GPa (A108 and A114) and 2.73 GPa (M130) at temperatures ~75°C below the albite
melting curve. The run products were taken out of the capsules, powdered, and analyzed

by XRD to confirm the material was high albite (Fig. 9).
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The NaAlSi;Os glass to crystalline albite reaction

For the glass to crystalline reaction, NaAlSi;Os glass was mechanically powdered
and packed into 3 mm diameter Pt capsules. The capsules were coned nearly shut, and
placed in a furnace for > 12 hours at 750°C. After heating they were placed in a vacuum
bell jar to cool. The capsules were then immediately coned shut, spot welded, and shaped
into cylinders. The MgO was heated at 1000°C for > 12 hours prior to experiments. The
BaCO; cells were stored in a 150°C furnace before they were needed. Experiments were
raised to roughly 10% below the desired pressure before the temperature was ramped up
to the desired value. Once the final temperature was reached, the pressure was increased
to its desired value. The runs ranged from 40 to 50 minutes, and during their entirety
experienced a constant increase in pressure, even though the oil supply was shut off and
no leaking was visible in the system. In order to keep the pressure stable, the valve on
the lower ram was opened every time the pressure was 0.005 GPa above the desired value
and the pressure was dropped to 0.005 GPa below the desired value. The valve was then
left partially open to slow the pressure increase. This needed to be repeated S or 6 times

over the course of each run. The same pressure conditions occurred during the NaCl

pressure calibration.

The crystalline albite to NaAlSi;Os glass reaction

Before the crystalline to glass half-reversal experiments could be done at the
University of Michigan, the pressure vessel became too cracked and chipped to continue
being used. In an attempt to provide a full reversal on the crystal-liquid reaction, six

experiments with crystalline, high albite as the starting material were carried out in the
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experimental petrology laboratory at the University of Minnesota, under the supervision
of M. M. Hirschmann. A -6% pressure correction was applied to the BaCO3;-MgO-
graphite assembly, which had been previously determined with quartz-coesite
experiments. However the pressure vessel conditions had changed from brand new at the
time of the pressure calibration, to having four cracks down the bore when the crystalline
to glass half-reversal experiments were performed, which may have changed the pressure
correction. The hotspot was assumed to be 13 mm below the base plug, based on of a
two-pyroxene temperature calibration on another piston-cylinder apparatus in the
laboratory. Therefore, the exact errors associated with the pressure and temperature
measurements are unknown. The cell assemblies were prepared as they were for the
experiments at the University of Michigan, with the exception that the starting material
was crystalline, high albite. The runs were pressurized first, and the temperature was
raised to roughly 100 degrees below the final temperature. The pressure was then
increased to its final value, and the temperature ramp was resumed until it reached its
final temperature. The runs were held for 45 minutes, and the pressure remained constant

for the duration of the experiments.

H,O analysis of quenched NaAlSi;Os glass

Run products that quenched to glass were mounted in epoxy, doubly polished, and
analyzed by a Perkin-Elmer Spectrum GX Fourier Transform Infra-red (FTIR)
spectrometer to determine the absorbance of the samples. The water concentrations were
determined with the Beer-Lambert Law equation:

AbS357o=CH20'd'p'83570/18.0152 (3)
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where Abs;syo is the absorbance at 3570 cm™ band, Cipo is the weight fraction of total
water, d is the sample thickness, p is the albite glass density, and 3579 is the molar
absorptivity. A value of 70.00 + 2.0 L/mol-cm was used for the molar absorptivity
(Mandeville et al., 2002). Samples ranged from 0.98-1.02 mm in thickness. It is almost
certain that the density of the quenched NaAlSi;Os glass increased with the pressure of
the piston-cylinder experiments owing to compression. When all else is equal, the effect
of increasing the glass density is to reduce the calculated water concentration from the
Beer-Lambert Law equation. Therefore, maximum water concentrations were calculated
for the glasses quenched from the piston-cylinder experiments by using the density for

NaAlSi;Oq glass synthesized at one bar (2.62 g/cm’; Ochs and Lange, 1997).

RESULTS

Figures 10, 11, and 15 show the phase-equilibrium results from this study. Ten
and five degree brackets were obtained for the glass to crystal reaction at 2.28 GPa
(1360-1370°C) and 2.73 GPa (1385-1389°C), respectively. The run products had three
distinct textural features (Fig. 12-14), which determined where they were located with
respect to the fusion curve: (1) clear glass, (2) sémi-transparent, and (3) white and
opaque. Samples equilibrated in the liquid stability field quenched to a clear glass (top of
A72, A50, and A60). The top of sample A65 (Fig. 13) also contained clear glass, but
albite crystals were present throughout it. Samples held at P-T conditions slightly below
the fusion curve quenched to a semi-transparent texture (A57, bottoms of A65, A72, and
A50); under a microscope it was seen that very small (30-5 pm) crystals had formed. At

temperatures well below the fusion curve, a white, opaque texture was formed from
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larger (650-100 pm) albite crystals (A52 and A54). Runs A72, A50, and A60 show the
progression of glass to crystal through the thermal gradient, and they show the ease with
which albite quenches to a glass.

Additionally, a 10° bracket was obtained for the crystal to liquid reaction at 2.73
GPa (1389-1399°C) from the experiments at the University of Minnesota (Fig. 10, Fig.
15). The run products had similar textural features as those described above, with the
exception that the quenched glassés contained small (50 x 50 um) crystals. These
samples were analyzed using the SEM at the University of Michigan, and it was seen that
periclase (MgO) is present (Fig. 16). This is likely due to contamination of MgO from
the cell assembly (Fig. 1) when the crystalline albite (synthesized in the piston-cylinder
apparatus) was extracted from the Pt capsules. Analysis by electron dispersive
spectroscopy (EDS) shows that some of the MgO dissolved into the NaAlISi;Og liquid
(Fig. 17b, Fig.17¢), but it was not incorporated into the crystalline albite (Fig. 17a). The
one-bar ternary diagram of Schairer (1957) provides two analogues on the effect that
MgO has on the melting temperature of albite using 2MgO-2A1,03-5S10; (cordierite) and
2MgO-Si0; (forsterite). The effect is a reduction in temperature of ~2°C and ~3°C (with
an error of +3 °C), respectively, when the one-atm melting temperature of albite is
corrected from 1118°C to 1100°C (Boettcher et al., 1982). The presence of MgO in the
samples, coupled with the uncertainty in the pressure correction and thermal gradient,
reduces the reliability of these results when compared to the experiments performed at
the University of Michigan. Nonetheless, inter-laboratory agreement for the albite

melting temperature at 2.7 GPa is within ~5-14°C between the results from the University
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of Minnesota (crystal to liquid), and those from the University of Michigan (glass to
crystal).

Glass run products obtained from both sets of experiments (University of
Michigan and University of Minnesota) were analyzed for water using FTIR

spectroscopy (Fig. 10). Concentrations ranged from 0.006 wt% to 0.045 wt% H,0O (60-

450 ppm).

DISCUSSION
Constraints on the X, of NaAlSi;Os liquid

The experimental results (Fig. 10), which bracket the location of the albite fusion
curve in P-T space, are superimposed on a family of calculated fusion curves in Figure 11
for different K 0 values for NaAlSi;Og liquid, using the 3" order Birch-Murnaghan EOS.
The phase equilibrium constraints at 2.28 and 2.73 GPa tightly constrain the value for the
liquid K, to be 10.7 + 0.5. The uncertainty of + 0.5 units is obtained from the
uncertainties in the temperature brackets (10° at 2.28 GPa and 8° at 2.73 GPa,
respectively) and the uncertainty in the negative pressure correction (9 + 2 %). With this

calculated fusion curve in hand, for a liquid X, of 10.7 + 0.5, a comparison with all

previous work can be made at all experimental pressures.

Comparison with previous work

A comparison between the results of this study (Fig. 10, Fig. 11) and those of
Birch and LeComte (1960) (Fig. 18) resolves the two questions regarding their

experimental data. The first is whether their no-reaction experiments with a starting

17



material of crystalline albite were a result of sluggish kinetics. The second is whether
their crystalline starting material was low or high albite. The present results at
temperatures > 1272°C demonstrate that crystalline albite melts and that albite
crystallizes readily from a glass (or liquid) within 45 minutes or less. Therefore, the “no-
reaction” experiments of Birch and LeComte (1960) conducted at 2.29 and 1.92 GPa
(both at temperatures > 1300°C), which that lasted more than 45 minutes, can be
confidently interpreted as P-T conditions within the crystalline stability field. In addition,
there is no evidence that the results of Birch and LeComte (1960) reflect metastable
melting of low albite at temperatures lower than those for high albite. To the contrary,
the temperature brackets provided by Birch and LeComte (1960) for the albite fusion
curve are among the highest in temperature compared to previous studies and match this
study (where high albite was confirmed). In addition, the excellent agreement between
the results from this study and those from Birch and LeComte (1960), which had
excellent pressure control owing to the gas pressure medium, provides an independent
verification on the pressure calibration of this study.

Our results are also consistent with those of Boyd and England (1963), especially
when the negative 6 % pressure correction fof talc/BN assemblies documented by Bohlen
et al. (1980) are applied to the Boyd and England results. This leads to revised pressures
0f 1.02, 1.68, 2.36, and 3.04 GPa for temperature brackets of 1225-1250°C, 1300-

1325°C, 1350-1375°C, and 1400-1425°C, respectively, that tightly fit the fusion curve
calculated for a liquid K, of 10.7 + 0.5 (Fig. 19). The experiments of Boyd and

England likely had minimal H,O contamination, considering the short run durations (20-
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60 min) of their experiments and the ease with which their NaAISi;Og liquid quenched to

a glass.

Figure 13 shows the results of Boettcher et al. (1982) superimposed on the
calculated family of fusion curves in Figure 20. There is no liquid X, value that matches
their results. The results of Boettcher et al. (1982) at 2.5 and 3.0 GPa are ~65 and ~53°C
lower than calculated for the fusion curve with a liquid K, of 10.7. Lange (2003)

provides an equation that allows the amount of water required to suppress the albite
melting temperature a known amount to be calculated. From equation (10) in that paper,
the results of Boettcher et al. (1982) at 2.5 and 3.0 GPa appear to have contained ~0.73
and ~0.95 wt % H,0, which is consistent with the range of H,O estimated for their

samples (equilibrated for 3-24 hours) on the basis of the H,O measurements reported in

Fine and Stolper (1985).
Figure 20 also shows the results of Nekvasil and Carroll (1996) at 1.1 GPa, which

are ~35°C lower than that calculated for the albite fusion curve with 10.7 for the
liquid K, value. This discrepancy may be due to small amounts of H,O (~0.4 wt %)

infiltrating their samples, which is plausible given their long (5 day) experiments.

The density of NaAlSi;Os liquid as a function of pressure

With tight constraints on the value of K 0 for NaAlSi3Og liquid, its molar volume
(or density) can be calculated to high pressure with the third-order Birch-Murnaghan
EOS (eq. 2). The one-bar liquid volume, thermal expansivity and compressibility are

obtained from Lange (1996) and Kress et al. (1988). In Figure 22, the molar volume of

NaAlSi;Og liquid is calculated as a function of pressure at 1500 °C to 3.3 GPa for various

19



liquid K, values. The volume vs. pressure curve for a liquid X, of 10.7 is highlighted

relative to those calculated for K, values of 4, 6, 8, and 12. Also shown is the density of

crystalline albite calculated from the data of Wruck et al. (1991), Fei (1995), and Downs
et al. (1994). The liquid volume remains greater than that for crystalline albite to 3.3
GPa, which is why the fusion curve maintains a positive dT/dP slope. An uncertainty in
the K, value of + 0.5 contributes an error of = 0.2 % to the liquid density at 1500 °C and
3 GPa (2.546 + 0.004 g/cm®). If this calculation is extended to 1500 °C and 8 GPa, the
uncertainty is £ 0.5% % (2.773 £ 0.015 g/em®).

The density of the liquid can also be calculated along the fusion curve at various

P-T conditions. The results of this study allow the percent deviation in liquid density at
3.3 GPa to be calculated for different liquid K, values. These results show that an error

in liquid density of ~3.6 % will lead to an error in the calculated temperature of the fusion

curve of ~105 ° C (Fig. 21).

The compressibility of NaAlSi;Og liquid as a function of pressure
It is of interest to examine not only variation of the density of liquid NaAISi;Og
with pressure for different K' values, but also variation of the compressibility. Its

variation with pressure is calculated from the equation:

1 1 [ty T
/ e VT(P)KaVM @

where (6P /3V), is the derivative of equation 2 with respect volume: |
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aP 3 KTO 7/3 5/3 5/3
Z | =2ZI0 (R RPN 4-K'
jT 4 V ( X )R i

ov 7,0
K
i T,0 (§R8/3 _ZR10/3)(1_§_(4_K|)(R2/3 _1)) (5)
27,3 3 4

The resultant S, vs P curves at 1500°C (Fig. 23) show that for a K , value of 10.7 £ 0.5
at 1500°C there is a pronounced curvature, with S, rapidly decreasing at low pressure.

In contrast, a low K, value of 4 (commonly assumed for magmatic liquids) leads to a

less sharp decrease in 3, with P. At 1500°C, for a K, value of 10.7, the liquid has a

compressibility at one bar (~5.8 x 107 bars™) that is > 320 % greater than that for
crystalline albite (~1.8 x 10° bars™'). By 3 GPa, the difference between the liquid and
crystalline compressibility is only 0.9 x 10 bars™ (~2.3 x 108 bars™ vs. ~1.4x 107 bars™),
and by 8 GPa the difference is only 0.2 x 10%bars? (~1.3x 10 bars™ vs. ~1.1x 10 bars
Y (Fig. 23). These results illustrate that at 1500 °C and one bar, there are mechanisms
of compression available to liquid NaAlSi;Oys that are not accessible to its crystalline
equivalent. Moreover, these mechanisms of compression are rapidly lost with increasing

pressure between 0 and 8 GPa.

Topological mechanisms of compression for liquid NaAlSi;Os

There are two broad mechanisms of compression by which the molar volume of
multi-component silicate liquids may change with increasing pressure. One involves
coordination change (4 vs. 5 vs. 6) of network-forming cations (e.g., Al**, Si*"), whereas

the other is topological and may involve changes in Q" speciation, T-O-T bond angles,
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and network connectivity, such as the occurrence of clusters and/or changes in the size
distribution of rings of tetrahedra. For example, Stixrude and Bukowinski (1990a)
demonstrated that topological variations in network connectivity can exert a strong
influence on melt density. Using Monte-Carlo simulations of tetrahedrally bonded SiO;
liquid at various pressures, they showed that SiO, melt compresses by reducing the
abundance of three-membered rings in favor of larger-sized rings and a broader
distribution of the size of rings. These conclusions are consistent with the strong
variations in density (factor of 2) observed in crystalline frameworks as a systematic
function of ring statistics (Stixrude and Bukowinski, 1990b), where decreasing ring size
leads to lower density. A broader distribution of larger ring sizes allows a more efficient
packing of tetrahedral units. The gradual increase in ring size seen in the simulated
liquids with pressure is achieved only because Si-O bonds are constantly broken and
reformed; therefore, it is a compression mechanism uniquely available to liquids and not
crystals. This may be an important topological mechanism for the compression of fully
polymerized NaAlSi;Og liquid at pressures < 8 GPa, where neither Si** nor AI**

undergoes a coordination change (Lee et al., 2004).

CONCLUSIONS

The phase equilibrium results on the fusion curve of albite presented in this study
closely matches the data of Birch and LeComte (1960) and the pressure corrected data of
Boyd and England (1963). This study demonstrates that well-determined experimental
constraints on the albite melting reaction, when combined with thermodynamic analysis
of the fusion curve, allows the density and compressibility of this viscoué, fully

polymerized liquid to be calculated to high pressure with a remarkably high precision and
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accuracy. A 3™ order Birch-Murnaghan equation of state and a X, value of 10.7 for

liquid NaAlSi3Og can be applied up to ~8 GPa, owing to the absence of any coordination

change and the dominance of topological mechanisms of compression in this liquid

between 0 and 8 GPa.
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Figure 1. BaCO3/MgO/graphite 1.27 cm diameter assembly. The assembly dimensions
are as follows: BaCO; length: 30 mm; graphite furnace length: 30 mm,; solid MgO length:
17.5 mm; MgO disk: 0.5 mm; drilled MgO length: 12 mm; capsule length: ~3.5 mm;
capsule width: ~3 mm. The University of Minnesota assembly dimensions are as
follows: BaCO; length: 32 mm; graphite furnace length: ~31.8 mm; solid MgO length: 19
mm; MgO disk: 1 mm,; drilled MgO length: 12 mm; capsule length: ~3.5 mm; capsule
width: ~3 mm. Separate thermal gradients and pressure corrections were determined for
each assembly.



7.63 mm (A87)

8.15 mm (A88)

9.80 mm (A84)

10.81 mm (A83)

11.87 mm (A82)

12.70 mm (A90)

14.10 mm (A82, A83, A84, A86, A87,
A88, A90)

17.80 mm (A86)

Figure 2. Thermocouple locations used to determine the hotspot and thermal gradient on
the piston-cylinder. All locations are measured prior to experimental conditions. For
experiments A82, A83, A84, A&7, A8, and A90, the drilled MgO was 14.10 mm in
length, while the solid MgO was 15.90 mm in length. The thermocouples located at
14.10 mm controlled the temperature while the second thermocouples measured the
temperature difference relative to 14.10 mm. For experiment A86 the drilled MgO was
17.80 mm in length, while the solid MgO was 12.2 mm in length. The thermocouple
located at 14.10 controlled the temperature, while the thermocouple located at 17.80 mm
measured the temperature difference relative to 14.10 mm.






Experiment Distance From Base Plug, mm __Temperature, C
A87 7.63 1151.5
A88 8.15 1258
A84 9.8 1369
A83 10.81 1387
AS82 11.87 1393
A90 12.7 1398.5
A82, A83, A84, AB6, AB7, A88, A90 14.1 1391
A86 17.8 1304.5
Figure 4. 1391° data from the hotspot experiments.
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E 1250
[
1200
1150 [ ; ; ; , .
8 10 12 14 16 18 20

Distance From Base Plug, mm

Figure 5. A graphical plot of the data from Table 1, showing the polynomial best fit
curve. Open squares (experiments A87 and A88) are left off the best fit curve, and show
the asymmetry in the thermal gradient of the 1.27 cm assembly.



Temperature difference from hotspot, (°C) Distance From Base Plug, mm
-1.7 12
-0.8 12.25
-0.2 12.5
0.0 12.7
-0.2 13
-0.9 13.25
-2.0 135
-34 13.73
-55 14
-7.9 14.25

-10.8 14.5
-13.8 14.73
-17.8 15
-22.1 15.25
-26.7 15.5
-33.0 15.8
-37.5 16

Figure 6. Thermal gradient and hotspot calculated from the polynomial equation T(°C)
=—0.0404x> - 1.863x” + 67.012x + 929.68 (Figure 5). x = distance below the base plug,
mm. The hotspot is calculated at 12.7 mm from the base plug, and the temperature
difference from the hotspot is shown.

Experiment  Pressure (nominal), GPa Temperature, °C  Pt/Rh sphere position
AS1 2.0 1123 Top
AS5S 2.0 1131 Top
A53 2.0 1138 Bottom
A49 2.0 1146 Bottom
A48 2.0 1153 Bottom
A48 2.0 1153 Bottom

Al19 2.5 1187 Top

Al21 2.5 1192 Bottom
A120 2.5 1197 Bottom
All18 2.5 1202 Bottom
Al117 2.5 1212 Bottom
All6 2.5 1217 Bottom

Figure 7. Results of NaCl melting experiments used to determine the pressure correction
of the BaCOs/Graphite assembly. Based off the NaCl fusion curve of Lange (2005), the
2.0 nominal GPa experiments determine a pressure correction of -7.8% + 1.3%, and the
2.5 nominal GPa experiments determine a pressure correction of -10.9% + 0.70%. The
pressure correction used for the albite experiments is -9% =+ 2% based on these results.



Oxide Analysed composition Ideal albite (mol%)
Measured (wt%) Normalized (mo1%)

SiO, 68.5 74.99 75.00

AL O, 19.42 12.53 12.50

Na,O 11.76 12.48 12.50

H,0 0.22 X X

Total 99.68 100 100

Figure 8. NaAlSi;Os starting glass composition (Ochs and Lange, 1997)
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Figure 9. XRD peaks of crystalline synthesis products. Solid lines represent the location
of the albite peaks. Experiments M130, A108, and A114 had the same peaks.
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Figure 11. NaAlSi;Os glass to crystalline experiments, along with the melting curve of

albite with a K, value of 10.7 = 0.5 using the third-order Birch-Murnaghan equation of

state (Birch, 1978). Dashed lines represent albite fusion curves with K, values of 12, 8,

6, and 4, respectively. The phase equilibrium point of Modreski (Boettcher et al., 1982)
is shown for comparison. Open triangles represent experiments in the stability field of
crystalline albite, wheras closed triangles represent experiments that were in the

NaAlSi30g liquid field. Errors in temperature and pressure are smaller than the symbols.
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Figure 15. Crystalline high albite to glass experiments, along with the melting curve of

albite with a K, value of 10.7 + 0.5 using the Birch-Murnaghan equation of state (Birch,

1978). Dashed lines represent albite fusion curves with K, values of 12, 8, 6, and 4,

respectively. The phase equilibrium point of Modreski is shown for comparison
(Boettcher et al. 1982). Open triangles represent experiments in the crystalline albite
stability field, wheras closed triangles represent experiments that were in the NaAlSi;Og

liquid field. Errors in temperature and pressure are smaller than the symbols.
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Figure 17. EDS peaks of crystalline albite (a) vs. NaAlSi;Os glass (b and c), from run
products at the University of Minnesota. Peaks b and ¢ show that MgO is present in the
. liquid.
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Figure 18. The experiments of Birch and LeComte (1960), along with the melting curve
of albite with a K, of 10.7 = 0.5. Dashed lines represent albite fusion curves with X,
values of 12, 8, 6, and 4, respectively. The phase equilibrium point of Modreski is shown
for comparison (Boettcher et al. 1982). Open squares represent experiments in the

crystalline albite stability field, wheras closed squares represent experiments that were in

the NaAlSi;Og liquid field. Errors in temperature and pressure are smaller than the

symbols.
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Figure 19. The pressure adjusted experiments of Boyd and England (1963), along with

the melting curve of albite with a K, of 10.7 & 0.5. Dashed lines represent albite fusion
curves with K, values of 12, 8, 6, and 4, respectively. The phase equilibrium point of

Modreski is shown for comparison (Boettcher et al. 1982). Open circles represent
experiments in the crystalline albite stability field, wheras closed circles represent
experiments that were in the NaAlSi3Og liquid field. Errors in temperature and pressure

are smaller than the symbols.
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Figure 20. The experiments of Boettcher et al. (1982) (triangles) and Nekvasil and
Carroll (1996) (diamonds), along with the melting curve of albite with a K, of 10.7 +

0.5. Dashed lines represent albite fusion curves with K, values of 12, 8, 6, and 4,

respectively. The phase equilibrium point of Modreski is shown for comparison
(Boettcher et al. 1982). Closed symbols represent experiments in the crystalline albite
stability field, wheras open symbols represent experiments that were in the NaAlSi;Og

liquid field. Errors in temperature and pressure are smaller than the symbols.
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Figure 21. A plot of the various K, values, and the calculated densities at 3.3 GPa and
temperature. The solid line represents the density at 3.3 GPa and 1417°C (K’=10.7 + 0.5).
The dashed lines represent K values of 4, 6, 8, and 12 (as in previous plots), with the
difference in density reported from the temperatures (1327, 1362, 1389, and 1429°C,
respectively) calculated from the thermodynamic data from Lange (2003), and the third-

order Birch-Murnaghan equation of state for the respective K’ values at 3.3 GPa.
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Figure 22. A comparison between the volume of liquid vs. crystalline NaAlISi3Og as a
function of pressure, using the thermodynamic data from Lange (2003) and the third-

order Birch-Murnaghan equation of state. The dark solid line represents the volume of

liquid NaAlSi;Og with the K, value of this study, while dotted lines represent the volume

of liquid NaAlSi;Og with K(') values of 12, 8, 6, and 4. The solid gray line is the volume
of crystalline albite at 1500°C.
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Figure 23. A plot of Br for liquid NaAlSi3Os as a function of pressure for various X
values. For a K, of 10.7, there is a pronounced curvature in the By function with pressure,

with a substantial drop in B at low pressure. In contrast, lower K, values decrease more

steadily and less sharply over the same pressure interval.
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