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Abstract

The thermal expansivities of 10 compositions from within the anorthite–wollastonite–gehlenite (An–Wo–Geh) compatibility triangle
have been investigated using a combination of calorimetry and dilatometry on the glassy and liquid samples. The volumes at room tem-
perature were derived from densities measured using the Archimedean buoyancy method. For each sample, density was measured at
298 K using glass that had a cooling-heating history of 10–10 K min�1. The thermal expansion coefficient of the glass from 298 K to
the glass transition interval was measured by a dilatometer and the heat capacity was measured using a differential scanning calorimeter
from 298 to 1135 K. The thermal expansion coefficient and the heat flow were determined at a heating rate of 10 K min�1 on glasses
which were previously cooled at 10 K min�1. Supercooled liquid density, molar volume and molar thermal expansivities were indirectly
determined by combining differential scanning calorimetric and dilatometric measurements assuming that the kinetics of enthalpy and
shear relaxation are equivalent. The data obtained on supercooled liquids were compared to high-temperature predictions from the mod-
els of (Lange, R.A., Carmichael, I.S.E., 1987. Densities of Na2O–K2O–CaO–MgO–FeO–Fe2O3–Al2O3–TiO2–SiO2 liquids: New mea-
surements and derived partial molar properties. Geochim. Cosmochim. Acta 51, 2931–2946; Courtial, P., Dingwell, D.B., 1995.
Nonlinear composition dependence of molar volume of melts in the CaO–Al2O3–SiO2 system. Geochim. Cosmochim. Acta 59 (18),
3685–3695; Lange, R.A., 1997. A revised model for the density and thermal expansivity of K2O–Na2O–CaO–MgO–Al2O3–SiO2 liquids
from 700 to 1900 K: extension to crustal magmatic temperatures. Contrib. Mineral. Petrol. 130, 1–11). The best linear fit combines the
supercooled liquid data presented in this study and the high temperature data calculated using the Courtial and Dingwell (1995) model.
This dilatometric/calorimetric method of determining supercooled liquid molar thermal expansivity greatly increases the temperature
range accessible for thermal expansion. It represents a substantial increase in precision and understanding of the thermodynamics of
calcium aluminosilicate melts. This enhanced precision demonstrates clearly the temperature independence of the melt expansions in
the An–Wo–Geh system. This contrasts strongly with observations for neighboring system such as anorthite–diopside and raises the
question of the compositional/structural origins of temperature dependence of thermal expansivity in multicomponent silicate melts.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Knowledge of the thermal expansivity of silicate liquids
is essential for the calculation of melt densities over the
wide range of temperatures relevant for magmatic process-
es (Bottinga et al., 1983). Like other thermodynamic prop-
erties, the density of melts vary significantly with chemical
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composition as well as temperature and pressure. Thus,
accurate data on the thermal expansivity of magmatic
melts may play an important role in construction of PVT
equations of state. Since Bottinga and Weill (1970) first
suggested that the density of melts in two or three compo-
nent systems could be used to determine partial molar vol-
umes of oxide components in silicate liquids, several
models based upon this approach have been proposed in
the Earth science literature (Bottinga and Weill, 1970; Nel-
son and Carmichael, 1979; Bottinga et al., 1982; Lange and
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Carmichael, 1987; Courtial and Dingwell, 1995; Lange,
1997; Courtial and Dingwell, 1999).

Accurate determination of liquid densities and expansiv-
ities have proved difficult owing to experimental limita-
tions. In high-temperature buoyancy-based density
measurements only restricted ranges of temperature are
accessible. This is variably due to the high liquidus temper-
ature or high superliquidus viscosity of the melt. Restricted
temperature ranges result in a large uncertainty in expan-
sivity. An example is provided by the systems Na2O–SiO2

and CaO–Al2O3–SiO2, where, with increasing silica con-
tent, the combination of decreasing accessible temperatures
and decreasing expansivities, results in error of up to sever-
al hundred percent for expansivity (Bockris et al., 1956;
Courtial and Dingwell, 1995; Courtial and Dingwell,
1999). The uncertainties associated with thermal expansion
of silicate liquids have been emphasized in the last few dec-
ades by several authors (e.g., Bockris et al., 1956; Bottinga,
1985; Herzberg, 1987; Lange and Carmichael, 1987; Webb,
1992; Knoche et al., 1992; Knoche et al., 1994; Lange,
1996; Lange, 1997; Gottsmann et al., 1999; Gottsmann
and Dingwell, 2000; Toplis and Richet, 2000; Liu and
Lange, 2001; Tangeman and Lange, 2001; Gottsmann
and Dingwell, 2002; Ghiorso and Kress, 2004).

Both in industry and in nature, several processes (e.g.,
crystallization, crystal-melt fractionation, fragmentation
of magma) occur at temperatures where a melt phase per-
sists in metastable equilibrium at subsolidus temperatures.
Dilatometry is one of the techniques which can yield
expansivity, and density data, at such temperatures. How-
ever, direct determination of the expansivity of cylindrical
samples just above the glass transition is difficult, since
the sample will collapse under its own gravitational body
forces at temperatures where the viscosity is less than
1011 Pa s (e.g., Tool and Eichlin, 1931; Toplis and Richet,
2000). To predict supercooled liquid expansivites from
dilatometric data on cylindrical samples requires a proce-
dure, which removes the gravitational deformation effect
from the dilatometric traces. The first method was intro-
duced by Webb et al. (1992). Supercooled liquid volumes
and molar thermal expansivities are determined using scan-
ning calorimetric and dilatometric measurements in the
glassy region and at the glass transition. The extraction
of supercooled liquid molar thermal expansivities from
dilatometry/calorimetry is based on an assumed equiva-
lence of the relaxation of volume and enthalpy at the glass
transition. Using this technique, Knoche et al. (1992) first
reported the temperature dependent expansivity of silicate
melt. Recently, Sipp and Richet (2002) have provided com-
pelling evidence in favour of the equivalence of enthalpy,
volume and structural relaxation for a wide range of sili-
cate liquid compositions. However, this procedure has
met some scepticism, given that volume and enthalpy relax-
ation are not necessarily equivalent (Moynihan et al.,
1976).

The existence of this problem led Lange (1996, 1997) to
introduce an alternative method. In this method, the vol-
ume of the sample is determined at the limiting fictive tem-
perature and combined with measurements made on the
same material at superliquidus temperature. However, the
calculation of molar thermal expansivity and molar volume
in this way is critically dependent on precise determination
of the limiting fictive temperature of the glass. In addition,
Lange’s method is based on indirect measurement of
expansivity in the glass transition range and the values were
derived just as a single V–T coordinate.

More recently, Gottsmann et al. (1999) developed a di-
rect method to observe the thermal expansivity of a silicate
melt in the relaxed liquid state. A sample is inserted within
a metal container composed of a hollow cylinder and two
solid cylindrical end pieces, this is then placed inside a dila-
tometer. The change in length of the assembly during the
dilatometric measurement includes contributions from the
liquid volume expansion, as well as two correction terms,
one each for the expansion of the enclosing hollow cylinder
and the end pieces. The reported precision of this method is
about 3.5%.

Most recently, Toplis and Richet (2000) used a dilatom-
etry technique, which was previously developed and de-
scribed by (Sipp, 1998; Sipp and Richet, 2002), to
determine the melt expansivity. In their study the cylindri-
cal glassy samples were annealed isothermally until relaxa-
tion occurred with time at constant temperature. The
annealing temperatures were the temperatures at which
the viscosity of the samples was high enough to support
the rod with which expansivity is measured. The lower part
of the SiO2 rod was in contact with the surface of the mea-
sured sample. A second SiO2 rod was placed on a reference
SiO2 standard and the principle of differential dilatometry
was applied. Despite the narrow temperature range (about
40 K), the melt expansivities were determined with a preci-
sion to within 3% and their results point to temperature
dependent thermal expansivities of silicate liquids.

The results of the methods of Webb et al. (1992); Gotts-
mann et al. (1999) and Toplis and Richet (2000) are all in
excellent agreement.

Here, we adopt the Webb et al. (1992) method to deter-
mine expansivity and volume of the calcium aluminosili-
cates just above the glass transition temperature. Our
study has focussed on this system because these oxides
are present in all natural volcanic melts and glasses and
the CAS system serves as a model for experimental petrol-
ogy. Horizontal dilatometry has been used to determine the
density and expansivity of glassy samples, which have the
same thermal history (10 K min�1 cooling/heating rate).
Archimedean-based densitometry on separate aliquots of
the samples was used to determine sample density at
room-temperature. The Lange and Carmichael (1987);
Lange (1997) and Courtial and Dingwell (1995) models
have been used to calculate the densities of the investigated
samples at superliquidus temperatures. Combining all these
methods allows us to cover a wide temperature range in or-
der to predict the molar thermal expansivity of the investi-
gated calcium aluminosilicates.



Temperature independent thermal expansivities of CAS melts: A density model 3061
Previous investigations of the compositional dependence
of melt properties in the CaO–Al2O3–SiO2 (CAS) system
have been focused primarily on the metaluminous join
SiO2–CaAl2O4 which is highly polymerised with a nominal
number of non-bridging oxygen equal to zero. In addition,
recent work by Solvang et al. (2004, 2005) and Toplis and
Dingwell (2004) all concentrate on the ‘‘peralkaline’’ field.
The calcium aluminosilicate melts are important for the
glass fibre industry, especially the stone wool industry (they
make up to 80% of both stone wool fibres and E-glass).
Understanding the physico-chemical properties and ther-
modynamics of the calcium aluminosilicate is crucial for
optimizing the production procedures as well as for pre-
dicting fiber quality, fiber drawing ability, bio-solubility,
mechanical strength of fibers and other important
parameters.

The density and expansivity of 10 calcium aluminosili-
cate melts included in the anorthite (An) –wollastonite
Fig. 1. Phase diagram of the CaO–Al2O3–SiO2 (CAS) system (after Osborn an
deals with compositions in the anorthite–wollastonite–gehlenite (An–Wo–Ge
CAS1 and CAS5 are the samples with NBO/T = 1 and the line between CAS
(Wo) –gehlenite (Geh) (CaAl2Si2O8–CaSiO3–Ca2Al2SiO7)
compatibility triangle (Fig. 1) have been investigated over
a large temperature range. This study focuses on the ‘‘per-
alkaline’’ field by studying the compositional dependence
of melt properties along the lines with NBO/T = 0.5 and
1. This allows us to study the effect of composition on
the density and expansivity at a constant degree of poly-
merization and to explore the structural changes along
and between the lines. So far the densities and expansivities
of the melts with compositions in the An–Wo–Geh com-
patibility triangle have not been systematically studied.

2. Experimental

2.1. Sample preparation

Melts were synthesized from SiO2 (Alfa Aesar, 99.9%—
Ign. loss <0.3%), CaCO3 (Merck, 98.5%), and Al2O3
d Muan, 1960; Gentile and Foster, 1963; Ehlers, 1972). The investigation
) compatibility triangle. The compositions are in wt%. The line between
6–CAS9 are the samples with NBO/T = 0.5.



Table 2
Density (g cm�3) of the investigated materials at room temperature
measured on glasses in air and ethanol

Sample Temperature (K) Density (g cm�3)

CAS1 298.05 2.8325 (0.0023)
CAS2 297.65 2.8504 (0.0025)
CAS3 297.65 2.8682 (0.0016)
CAS4 297.35 2.8857 (0.0028)
CAS5 297.55 2.9062 (0.0052)
CAS6 297.75 2.7627 (0.0037)
CAS7 298.05 2.7972 (0.0035)
CAS8 298.05 2.8186 (0.0038)
CAS9 298.15 2.8395 (0.0042)
Wo 298.15 2.9128 (0.0055)

The numbers within parentheses represent the errors based on the
standard deviation of three replicate mass determinations.
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(Merck, 99.9%) mixes (Fig. 1). The powders were dried at
393 K for at least 24 h prior to weighing. They were
ground, mixed and then fused in a platinum crucible for
3 h in a MoSi2 box furnace at 1898 K. The melts were
poured from high temperature onto a stainless steel plate
for cooling. A comparison between the weight of the sam-
ples before and after the melting serves as a check for the
complete volatilization of CO2 from CaCO3 powder.

The high temperature viscosity was measured on the
samples from 1316 to 1849 K at ambient pressure (Solvang
et al., 2004). Then cylindrical bubble free glassy samples,
6 mm in diameter were drilled out from the viscometer cru-
cible. From these cylinders glass samples for differential
scanning calorimetry (DSC), dilatometry and X-ray fluo-
rescence spectroscopy measurements were prepared and
stored in a desiccator until use (Solvang et al., 2004). The
compositions determined by XRF analysis (Philips 1404)
are presented in Table 1. In addition, the composition of
the samples that had been used in the calorimetry and dila-
tometry were measured by electron microprobe (CAME-
CA SX 50) operating under following conditions: 15 kV
acceleration voltage, 10nA beam current, 20 lm defocused
beam diameter, counting time 20 s on the peak and 10 s on
the background. A ZAF correction was undertaken. The
calibration was based on mineral standards. There were
no significant differences between the composition obtained
by XRF and electron microprobe analyses, both with no
change from the nominal compositions (Table 1). During
the various high-temperature stages of study (Solvang
et al., 2004), the melts were kept in air, whereas during
the low temperature experiments (i.e., DSC, dilatometry)
the samples were held in a protective Ar atmosphere. There
was no observable difference between the colour of the
starting and the final products.

2.2. Low temperature densitometry

The room temperature densities of the glass samples
were obtained by employing an Archimedean-based tech-
nique using a METTLER� Toledo balance with ethanol
as the immersion liquid. The measurements were per-
formed on the samples after the second run of dilatometry.
All the samples had the same thermal history, matching
Table 1
Composition of the investigated samples reported as wt% and normalized mo

Sample SiO2 (wt%) Al2O3 (wt%) CaO (wt%) Total SiO2 (

CAS1 47.7 13.5 38.1 99.3 49.44
CAS2 43.4 16.9 39.0 99.3 45.62
CAS3 38.8 20.2 40.4 99.4 41.28
CAS4 34.6 23.2 41.5 99.3 37.31
CAS5 30.3 25.6 43.3 99.2 33.02
CAS6 45.8 23.6 30.1 99.5 49.81
CAS7 40.0 26.8 32.6 99.4 44.09
CAS8 35.4 30.3 33.9 99.6 39.52
CAS9 30.6 33.6 35.0 99.2 34.81
Wo 50.9 0.2 48.1 99.2 49.63

The oxides were measured using XRF and are given in wt%. Data from Solva
cooling and heating rates of 10 K min�1. The weight of
each sample was measured in air and then entirely sub-
mersed in ethanol. Densities of glass samples (qglass) were
calculated using the relationship:

qglass ¼
½qethanolðT Þ � mair�
½mair � methanol�

ð1Þ

where mair and methanol are the weights of the glass sample
in air and submersed in ethanol, respectively. To account
for the temperature-dependence of the density of ethanol
qethanol (T) the temperature of the immersion liquid was
monitored carefully during the measurements. At least
three individual measurements were conducted on the same
piece of sample used to derive a standard error. The accu-
racy (<0.3%) of the room temperature densitometry was
established by replicate measurements of commercially
available standard crystals (i.e., enstatite, diopside, peri-
clase, quartz and sapphire) and comparing them to the den-
sity data published in the literature (Cameron et al., 1973;
Hazen, 1976; Haermon, 1979; Lepage et al., 1980; Sasaki
et al., 1982). Results from room temperature densitometry
are presented in Table 2.

2.3. Calorimetry

The specific heat capacities of the investigated samples
were determined using a differential scanning calorimeter
l% of oxides

mol%) Al2O3 (mol%) CaO (mol%) NBO/T gfw (g mol�1)

8.25 42.31 1.03 61.843
10.47 43.92 1.01 62.709
12.66 46.05 1.00 63.544
14.74 47.95 0.99 64.338
16.44 50.55 1.04 64.943
15.12 35.07 0.50 65.013
17.41 38.50 0.54 65.833
19.93 40.55 0.52 66.808
22.53 42.66 0.50 67.809
0.11 50.25 2.01 58.120

ng et al. (2004, 2005).
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(STA Netzsch 449C). The measurements involve a baseline
measurement (two empty Pt-Rh crucibles, 6 mm in diame-
ter, 0.1 mm wall thickness covered with a lid), sapphire
standard measurement (with one crucible containing the
standard and the other empty) and sample measurement
(with one crucible containing the sample and the other
empty). The glass sample was polished to within 1 lm to
ensure an accurate fit with the bottom of the Pt-crucible
and to reach a mass comparable to that of the sapphire
standard (55.85 mg). Calorimetry was performed under a
constant argon flow. The calorimeter was calibrated within
the temperature range from 293 to 1263 K. The heat capac-
ity (cp) data were calculated using all the heat flow data
(i.e., baseline, standard and sample) sample and standard
weight and the known heat capacity of sapphire standard
was taken from Robie et al. (1979). The precision of the
heat capacities was ±0.7% for the glassy values and ±2%
for the supercooled liquid values. The accuracy of the heat
capacity of the glassy values was ±1%, and for the super-
cooled liquid values ±3%, respectively. Measured heat
capacity of the glasses (in J g�1 K�1) were fitted using a
third order Maier and Kelley (1932) equation
(cp = a + bT + cT�2) (Table 3). Two calorimetric measure-
ments were made for each composition using a heating rate
Table 3
Least squares fit parameters of the heat capacity glass state curves obtained u

Sample a b · 10�4 c

CAS1 0.92762 2.36541 �23900.795
CAS2 1.00398 1.65507 �28139.408
CAS3 0.91464 3.10086 �20569.448
CAS4 0.94667 2.02091 �22136.687
CAS5 0.89349 2.54394 �19570.683
CAS6 0.95467 1.94693 �24772.988
CAS7 0.90165 2.60633 �22492.289
CAS8 0.94113 2.11327 �24194.172
CAS9 0.98702 1.31906 �27306.309
Wo 1.01636 0.59786 �33855.738

Up to three different glass samples from each composition were heated at leas
rate. From these data an average cp was calculated (J g�1 K�1). Regressions wer
composition. The onset of the glass transition area defines the high temperatu

Table 4
Least squares fit parameters for oL/L0 (cm) dilatomeric traces

Samples adil · 10�3 bdil · 10�6 R2

CAS1 �2.777 8.870 0.9988
CAS2 �2.785 8.969 0.9986
CAS3 �2.902 9.183 0.9987
CAS4 �2.940 9.311 0.9970
CAS5 �2.964 9.399 0.9989
CAS6 �2.420 7.422 0.9981
CAS7 �2.521 7.797 0.9986
CAS8 �2.577 7.946 0.9985
CAS9 �2.656 8.168 0.9988
Wo �3.445 10.732 0.9992

Tg temperature peaks obtained by dilatometry and calorimetry.
Linear fit parameters for oL/L0 (cm) as a function of temperature (oL/L0 = ad

DT, which were heated and cooled at 10 K min�1 together with the glass tran
a The upper limit of DT was defined by the onset of the glass transition.
of 10 K min�1. The first run was performed in order to re-
lax the sample, 65–80 K above the glass transition temper-
ature (Tg), and then cool the sample at a known rate of
10 K min�1. The second run was made to determine Tg

and the heat capacity where both cooling and heating rates
were known (Table 4). Tg values, obtained during the sec-
ond run, were taken as the peak of the specific heat capac-
ity curve (Fig. 4). The horizontal line in Fig. 4, at a value of
3R, is a theoretical upper limit to glassy heat capacity at
constant volume (cv), where R is the ideal gas constant.
This line represents theoretical limit for a mole of isolated
simple harmonic oscillators that have only vibrational de-
gree of freedom (i.e., in the solid state). Silicate glasses have
relatively small thermal expansivity, thus cp and cv differ by
less then 1%, so this harmonic limit should also apply to cp

(i.e., heat capacities of the glasses).
The measured calorimetric results were compared with

existing model of Richet (1987). The calculated values are
consistent with measured cp values (within uncertainty of
DSC). The calculated cp of glasses are higher of about
1% (absolute) for all samples except the temperature inter-
val slightly below (�300 K) the onset temperature, where
rapid increases of cp trace can occur. The predicted cp val-
ues are lower (�2–5%) than the measured cp in that temper-
sing a modified Maier–Kelley equation (i.e., cp = a + bT + cT�2)

R2 Standard error DT (K)

0.99866 0.0032 298–1014
0.99857 0.0032 298–1024
0.99757 0.0048 298–1034
0.99822 0.0034 298–1044
0.99647 0.0052 298–1054
0.99727 0.0044 298–1038
0.99870 0.0033 298–1043
0.99714 0.0046 298–1053
0.99858 0.0029 298–1063
0.99901 0.0023 298–1014

t 65 K above their Tg at 10 K min�1 after undergoing cooling at the same
e performed on the average heat capacity curves of the glassy state for each
re end of the glassy state. DT is the temperature range of glassy state.

DTa (K) T dil
g (K) T cal

g (K)

298.5–1014.5 1068 1071
297.7–1024.5 1081 1082
297.7–1034.5 1092 1092
297.4–1044.5 1103 1103
297.6–1054.5 1113 1113
297.8–1038.6 1093 1096
298.1–1043.5 1103 1106
298.1–1053.5 1110 1111
298.2–1063.3 1120 1120
298.2–1014.4 1065 1064

il + bdilT (K)), for the investigated glasses across the temperature interval
sition temperatures obtained by dilatometry ðT dil

g Þ and calorimetry ðT cal
g Þ.
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ature range. An example of the predicted and measured cp

of the glass is shown on pseudo-wollastonite, CAS6 and
CAS9 samples in (Fig. 4).

2.4. Dilatometry

Cylindrical, bubble-free glass samples (6 mm in diameter
and 17 mm in length) were used for dilatometric investiga-
tions, the ends of which were grounded and polished to
within 1 lm to ensure plane parallel surfaces. The measure-
ments were performed using a Netzsch� DIL 402C dila-
tometer with a horizontal alumina-push rod. The sample
assembly is supported on an alumina base connected to a
measuring head. The push rod sits horizontally and is in
contact with the side of the sample assembly and is also
manufactured from alumina. The relative length change
of the sample and alumina rod is monitored by a linear var-
iable displacement transducer (LVDT), which is calibrated
against a standard single crystal of sapphire. The reference
expansivity data are taken from the National Bureau of
Standards. The precision of the expansivity is <±0.1%,
the accuracy is <±0.2% for temperatures up to 1263 K.
All experiments were conducted under an inert gas (Ar,
the purity of Ar gas was 5.0, i.e., 99.99999%) atmosphere
using a constant argon flow.

For each composition, two runs were made using heat-
ing and cooling rates of 10 K min�1. The sample was
heated to approximately 70 K above Tg, which corre-
sponds to the dilatometric softening point. As with the
DSC measurement the role of the first run was to relax
the sample and then cool it at a known rate
(10 K min�1). Tg and the molar thermal expansion were
found based on the results of the second run where both
the cooling and heating rates were known. Tg was taken
as the inflection point of the relative length change
(oL/L0) curve during the second run (Fig. 2). The inflec-
tion point corresponds to the peak point of the linear
thermal expansion coefficient alpha (alinear) curve as well
Fig. 2. dL/L0 curves of investigated samples obtained from scanning
dilatometry.
as to the peak point of the oV/oT curve as shown in
Figs. 3a and b and 5. The alinear is defined as the frac-
tional increase in length (linear dimension) per unit rise
in temperature. Horizontal dilatometry provide oL/L0

(where oL is the increment of the change in length at a
given temperature, T, and L0 is an initial length, in cm,
of the sample), as a function of temperature. The linear
thermal expansion coefficient can be calculated from
these dilatometric data as the relative length change of
the sample per Kelvin. It is difficult to measure the rela-
tive volume expansion, therefore the linear thermal
expansion coefficient is calculated as the relative change
in the length across temperature interval (oT):

alinear ¼
1

L0

oL
oT

: ð2Þ

The volume thermal expansion coefficient (avolume) is 3
times alinear(= 1/L0 (oL/oT)) as glasses are isotropic, the lin-
ear and volume thermal expansion coefficients can be
determined from one thermal expansion measurement.
The thermal expansion coefficient strongly depends on
the composition and temperature. The thermal expansion
coefficient above the glass transition is 3–5 times larger
than the one below the glass transition. The initial length
and radius (r) of each sample was measured, in cm, using
a micrometer, together with their mass (m) after first dila-
tometric measurement (i.e., after heating and cooling at
known rate, 10 K min�1) at room temperature (Troom).
Using this data the length of the sample (L (T)) at temper-
ature T can then be calculated by:

LðT Þ ¼ oLþ L0 ð3Þ
and the volume (V (T), cm3) of the sample at temperature,
T, by:

V ðT Þ ¼ LðT ÞAðT Þ ð4Þ
where A (T) = pr2 (cross-section area of the cylindrical
sample with radius, r, at temperature, T). Density (q,
g cm�3) of the sample at temperature, T, is then calculated
by:

q ¼ m
V ðT Þ ð5Þ

where m is the initial mass of our sample (g).
Molar volume (V ðT Þmol, cm3 mol�1) at temperature, T, can

be expressed as:

V ðT Þmol ¼ V ðT Þ gfw
m

ð6Þ

where gfw is gram formula weight calculated from the
composition.

The change in the molar volume of the glass with tem-
perature is calculated at constant pressure using the molar
thermal expansion coefficient ðaðT ÞmolÞ, which can be deter-
mined using:

aðT Þmol ¼
1

V ðT Þmol glass

oV glass

oT
ð7Þ



Fig. 3. Comparison of the variation of linear thermal expansion a coefficient curves as a function of temperature obtained using scanning dilatometry
during the second run at a heating rate of 10 K min�1 for (a) samples with NBO/T = 1 (CAS1–CAS5) and (b) samples with NBO/T = 0.5 (CAS6–CAS9
and pseudo-wollastonite.
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where V ðT Þmol glass is the molar volume of the glass at temper-

ature, T, and
oV glass

oT is the molar thermal expansivity of the

glass. The temperature dependence of the aðT Þmol can be ex-
pressed empirically:

aðT Þmol ¼ a0 þ a1T ð8Þ
where a0 and a1 are the empirical parameters. Eq. (8) as-
sumes a linear dependency and is only a first approxima-
tion and not intended as a perfect description of the
data. To obtain the temperature dependence of the molar
volume of the glass, Eq. (7) is integrated between tempera-
ture, T, and 298 K using Eq. (8), one obtains Eq. (9):

V ðT Þmol glass ¼ V ð298Þ
mol glass exp a0ðT � 298Þ þ 1

2
a1ðT 2 � 2982Þ

� �
ð9Þ

where V ð298Þ
glass is the molar volume of the glass at room-

temperature.

2.5. Combining dilatometric/calorimetric methods

Direct observation of thermal expansivity in super-
cooled liquids is impossible because of viscous deformation
(the sharp drop in the dilatometric trace above the peak
value shown in Fig. 5). In this study, the molar volume
of the supercooled liquid and the molar thermal expansion
of each sample across the glass transition region were cal-
culated based on an assumed equivalence of the relaxation
of volume and enthalpy at the glass transition region (i.e.,
Webb et al., 1992). The derivative properties (e.g., heat
capacity, molar thermal expansivity) are used to recon-
struct the temperature derivative of fictive temperature
(Tf). Tf is defined as the contribution of the structural
relaxation process to the property of interest (H or V) ex-
pressed in temperature units and may be considered as a
measure of the order parameter associated with the struc-
tural relaxation process (Moynihan et al., 1976). To recon-
struct the temperature derivative of Tf of any property in
the glass transition interval (e.g., enthalpy, volume) the
properties are normalized with respect to the temperature
derivative of the liquid and glass. This normalized temper-
ature derivative (equal to dTf/dT) has a value of zero for
the glass (i.e., Tf is constant) and 1 for the equilibrium li-
quid (i.e., Tf equals T). The normalized calorimetric trace
is used to extend the dilatometric data of the glass into
the supercooled liquid temperature range and to determine
the molar thermal expansivity of the supercooled liquid
across the glass transition region. Our assumption of equiv-
alent relaxation behaviour and relaxation times for differ-
ent properties has been employed and is validated by the
consistency between our results and results obtained using
the methods of Gottsmann and Dingwell (2000) and Toplis
and Richet (2000). The observation that the peak tempera-
ture values from the calorimetric data coincide with the
molar thermal expansivity calculated from dilatometric
measurements dictates that insignificant viscous deforma-
tion is recorded by the dilatometer at the temperature up
to the peak temperature value (Fig. 5). The derivative prop-
erties, P, (e.g., heat capacity, molar expansivity) are used to
reconstruct the temperature derivative of Tf by:

dT f

dT

����
T

¼
oP
oT

� �
� oP

oT

� �
g

h i���
T

oP
oT

� �
e
� oP

oT

� �
g

h i���
T f

ð10Þ

where the subscripts e and g represent the liquid (equilibri-
um) and the glassy values of the property, respectively
(Moynihan et al., 1976). In the present study, the enthalpy
H and volume V are used as the macroscopic properties.
Given the equality of the relaxation times of volume and
enthalpy, Eq. (10) can be rewritten as:

dT f

dT

����
T

¼
cðT Þp � cðT Þpg

c
ðT f Þ
pe � c

ðT f Þ
pg

¼
oV ðT Þ

oT �
oV ðT Þg

oT

����
T

oV ðT Þe
oT �

oV ðT Þg

oT

����
T f

ð11Þ

for heat capacity, cp, and molar thermal expansivity,
oV/oT. The behaviour of Tf in the glass transition region



Fig. 5. The method of normalization of calorimetric and dilatometric
traces illustrated for the pseudo-wollastonite sample. Tg is the glass
transition temperature and Tsc is the temperature of the supercooled
liquid.
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can be generalized to all properties with identical relaxation
times for which sufficient glassy and liquid data exist. The
relaxed value of the molar thermal expansivity can now be
calculated from Eq. (11).

The molar volume at the supercooled liquid temperature
ðV T sc

molÞ just above the glass transition temperature was cal-
culated using:

V T sc
mol ¼ V ð298Þ

glass þ
Z T sc

T room

oV
oT

oT ð12Þ

where V ð298Þ
glass is molar volume of the sample at Troom. Tsc is

the supercooled liquid temperature obtained by calorimetry
and is the temperature at which stable cp was first achieved,
indicating the liquid was relaxed (Fig. 4). The molar volume
at the supercooled liquid temperature ðV T sc

molÞ is equal to the
molar volume of the glass at T roomðV ð298Þ

glass Þ and the area be-
tween the oV/oT curve and inserted zero line at temperature
range between Troom and Tsc. This volume increase was cal-
culated in step by step manner (i.e., 0.2 K).
Fig. 4. Variation of heat capacity during heating across the glass transition. An examples for pseudo-wollastonite, CAS6 and CAS9. The glass transition
temperature (Tg) is defined as the temperature at which the peak in heat capacity (cp) in the glass transition occurs. The heat capacity of the glass was fitted
using a third order Maier–Kelley equation, cp = a + bT + cT�2 (Maier and Kelley, 1932) The heat capacity of the supercooled liquid (cp at Tsc) is taken as
a last few points on the cp curve, where the cp is constant. The horizontal line, at a value of 3R, is a theoretical upper limit to glassy heat capacities. Bold
grey curve shows the calculated cp of the glass by Richet (1987).
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An example comparing normalized relaxation in the
dilatometric and calorimetric traces is illustrated in Fig. 5
for the pseudo-wollastonite composition.

2.6. Partial molar volumes

The compositional dependence of the liquid molar vol-
ume is, in general, expressed by:

V liquidðT Þ ¼
X

X iV iðT Þ ð13Þ

where Vliquid is the measured liquid molar volume, Xi the
mole fraction of oxide, i, and Vi the partial molar volume
of the oxide, i. This equation is valid if the molar volume
has a linear variation with temperature. Courtial and Ding-
well (1995) demonstrate that the molar volume exhibits
non-ideal behaviour in the CaO–Al2O3–SiO2 system,
implying at least one excess term. Eq. (13) thus needs to
be rewritten:

V liquidðT Þ ¼
X

X iV iðT Þ þ XS ð14Þ

where XS is the excess volume term corresponding to the
possible interactions between SiO2 and CaO, SiO2 and
Al2O3, CaO and Al2O3. An excess volume term between
SiO2 and CaO ðXSSiO2CaOÞ was identified and defined as:

XSSiO2CaO ¼ X SiO2
X CaOV SiO2CaO ð15Þ

where X SiO2
and XCaO are the molar fraction of SiO2 and

CaO, respectively, and V SiO2CaO is an excess term of these
two oxides. Courtial and Dingwell (1995) tested several
regression equations on the dependence of the molar vol-
ume in the CaO–Al2O3–SiO2 system on temperature. These
included an ideal models, ones with one, two and three
binary excess terms. The authors recommended use of the
following model, which includes an excess term between
SiO2 and CaO:

V liquidðT Þ¼
X

X i V ið1200Þ þ
oV i

oT

� �
ðT �1200Þ

	 


þX SiO2
X CaO V SiO2CaOð1200Þ þ

oV SiO2CaOð1200Þ

oT

� �
ðT �1200Þ

	 


ð16Þ

The molar volumes of the liquids in this study were inde-
pendently analysed using this equation.

The partial molar volume, molar thermal expansivity of
each individual oxide and an excess term between SiO2–
CaO were obtained from two independent regressions fol-
lowing the model of Eq. (16). The reference temperature
(1200 K) was chosen with respect to the temperature range
investigated in this study. The first regression was per-
formed on the samples used in this study. The second
regression covered all the samples used in this study,
together with all the CAS samples from Courtial and Ding-
well (1995) and those samples with compositions relevant
to the CAS system from Lange and Carmichael (1987)
(samples LC3–LC8). All the samples used in the second
regression contain only CaO, Al2O3 and SiO2.
3. Results

3.1. Room-temperature densitometry

The densities at Troom of the CAS glasses from this study
were measured after the dilatometric measurements. As a
results, all the samples had the same cooling history
(10 K min�1). The density at Troom of samples with NBO/
T = 1 (CAS1–CAS5) range from 2.8325 to 2.9062 g cm�3

and for samples with NBO/T = 0.5 (CAS6–CAS9) range
from 2.7627 to 2.8395 g cm�3. In addition, the density of
pseudo-wollastonite at Troom was determined to be
2.9128 g cm�3. Results from room temperature densitome-
try are presented in Table 2, showing that the density
decreases greatly with increasing SiO2 content for each of
the NBO/T lines. The individual errors derived from those
replicate measurements on each sample range from 0.08%
to 0.19%, with the mean error being 0.12%.

3.2. Molar volume of glasses (low temperature

densitometry)

The dilatometric technique allows the expansivity of the
glassy samples to be measured up to the glass transition
temperature.

Fig. 2 shows the second run of the dilatometric
measurements as oL/L0 for the investigated sample.
The linear thermal expansion coefficient curves for all
samples were obtained from the data collected during
the second run of dilatometric measurements and are
shown in Figs. 3a and b. The dilatometric and calori-
metric glass transition temperatures, and the linear fit
parameters adila and bdila, which were obtained across
the temperature interval DT, are reported in Table 4.
Importantly both dilatometry and calorimetry give the
same glass transition temperatures within experimental
error (±3 K).

In addition, the variation of the molar volume of the
glass may be approximated as a linear function of temper-
ature, providing an average value of the molar thermal
expansivity of the glass, oV glass=oT (Table 5). The variable
oV glass=oT is equal to the regression parameter correspond-
ing to the slope of the molar volume of the glass as a func-
tion of absolute temperature. The molar volume of the
glass at ðT room V ð298Þ

glass Þ was calculated using Eq. (6). In addi-
tion, the molar volume of the glass at the given temperature
ðT V ðT Þmol glassÞ up to onset of the glass transition area is de-
scribed by Eq. (9). The parameters a0 and a1 were obtained
as the regression parameters of Eq. (9) by fitting the molar
volume of the investigated glasses as a function of absolute
temperature. Values of V ð298Þ

glass , oV glass=oT , a0 and a1 are list-
ed in Table 5 for all the glasses.

The molar volume at Troom of samples with NBO/T = 1
(CAS1–CAS5) range from 21.833 to 22.347 cm3 mol�1 and
for samples with NBO/T = 0.5 (CAS6–CAS9) range from
23.532 to 23.881 cm3 mol�1 (Table 5). A systematic in-
crease in molar thermal expansivity with decreasing SiO2



Table 5
The thermal expansion coefficients, a0 and a1 of the investigated glasses

Samples V 298
glass (cm3 mol�1) a0 · 10�5 a1 · 10�9 oV glass=oT � 10�4 (cm3 mol�1 K�1) DT (K)

CAS1 21.833 2.07157 8.80637 5.847 298–1014
CAS2 22.000 2.13776 8.35953 5.958 298–1024
CAS3 22.155 2.07761 9.91997 6.145 298–1034
CAS4 22.295 2.11887 9.82553 6.270 298–1044
CAS5 22.347 2.17697 9.26436 6.346 298–1054
CAS6 23.532 1.43553 11.4702 5.268 298–1038
CAS7 23.535 1.60309 10.5976 5.536 298–1043
CAS8 23.703 1.62295 10.8624 5.683 298–1053
CAS9 23.881 1.68102 10.8296 5.887 298–1063
Wo 19.953 2.30149 13.3134 6.472 298–1014

These coefficients were obtained by performing a least squares fit of Eq. (9) in the temperature range DT. The molar thermal expansion coefficient aglass can
then be expressed empirically as aglass = a0 + a1T (K) within temperature range DT. A first approximation of the glassy molar thermal expansion
oV glass=oT was obtained as a regression coefficient from the linear relationship between the molar volume of the glass and absolute temperature (in the
temperature range DT). Precise molar thermal expansion of the glass at temperature T can be calculated using Eq. (7).
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content was observed for all samples irrespective of their
NBO/T. Molar thermal expansivity range from
5.268 · 10�4 to 6.346 · 10�4 cm3 mol�1 K�1 for all CAS
samples (Table 5). Additionally, pseudo-wollastonite,
which does not contain Al2O3 in the structure, has the low-
est molar volume at Troom (19.953 cm3 mol�1) but the high-
est molar thermal expansivity (6.472 · 10�4 cm3 mol�1

K�1), relative to the other investigated compositions.

3.3. Molar volume of liquids

The molar volume of the fully relaxed supercooled li-
quid just above the glass transition range was obtained
for all investigated samples. The results derived from the
normalization procedure of Webb et al. (1992) are reported
in Table 6 for the Tsc temperature slightly higher (65–80 K)
than Tg. A systematic increase in Tg with decreasing SiO2

content is observed for both NBO/T-sets of samples. The
molar volumes of the samples with the NBO/T = 1 at Tsc

range from 22.485 to 23.010 cm3 mol�1 for CAS1 and
CAS5, respectively. The same trend of systematic increase
in Tg with decreasing SiO2 was also observed for samples
with NBO/T = 0.5, with their molar volume ranging from
24.12 to 24.50 cm3 mol�1 for CAS6 and CAS9, respective-
ly. In addition, pseudo-wollastonite has the lowest molar
Table 6
Molar volume (cm3 mol�1), molar thermal expansivity (cm3 mol�1 K�1) and m
liquid temperature (Tsc), the temperature at which the melt becomes relaxed,

V T sc

mol (cm3 mol�1) oV T sc

oT � 10�4 (cm3 mol�1 K�1)

CAS1 22.485 (0.01) 17.10
CAS2 22.650 (0.01) 17.20
CAS3 22.790 (0.01) 17.30
CAS4 22.950 (0.01) 17.40
CAS5 23.010 (0.01) 17.50
CAS6 24.120 (0.01) 14.01
CAS7 24.130 (0.01) 14.30
CAS8 24.400 (0.01) 14.20
CAS9 24.500 (0.01) 14.20
Wo 20.620 (0.01) 20.50

The number between the parentheses is the standard deviation from repeated
volume at Tsc. The molar thermal expansivities of the sam-
ples with NBO/T = 1 are identical to within error. They
have an average value of 17.30 cm3 mol�1 K�1. The sam-
ples with NBO/T = 0.5 have a slightly lower average value
of 14.20 cm3 mol�1 K�1. In contrast, the molar thermal
expansivity of pseudo-wollastonite is higher (20.62 cm3

mol�1 K�1). The molar thermal expansion coefficients
ðaðT scÞ

mol Þ of all the samples with NBO/T = 1 are roughly
the same (within 0.32%) at Tsc, with an average of
75.954 K�1. The aðT scÞ

mol for samples with NBO/T = 0.5, sim-
ilarly do not vary greatly, but are slightly smaller, with an
average of 58.436 K�1.

The individual errors of the V T sc
mol and aðT scÞ

mol determina-
tions range from 0.04% to 0.05% and from 0.79% to
4.44%, respectively for all samples used in this study, with
mean errors of 0.04% and 2.9%, respectively.

The high temperature (HT) molar volume of the investi-
gated samples were calculated using the Lange and Carmi-
chael (1987); Lange (1997); Courtial and Dingwell (1995)
and Toplis and Richet (2000) models across the valid tem-
perature range. The low- and high-temperature datasets
were combined in order to determine the molar volumes
of the samples over a very large temperature range (i.e.,
from the supercooled liquid up to the superliquidus liquid).
The combination of the measured molar volumes at Tsc
olar thermal expansion coefficient (K�1) of each melts at their supercooled
indicated by constant cp

aðT scÞ
mol � 10�6 (K�1) Tsc (K) Tsc � Tg (K)

76.051 (2.1) 1150 79
75.938 (1.7) 1150 68
75.911 (2.2) 1160 68
75.817 (0.6) 1172 69
76.054 (1.5) 1178 65
58.085 (2.0) 1170 74
59.262 (1.9) 1180 74
58.436 (2.6) 1185 74
57.959 (2.4) 1200 80
99.418 (3.1) 1135 71

measurements of the samples.
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and the calculated molar volumes at superliquidus liquids
is shown in Fig. 6. Linear predictions of the molar volumes
at Tsc have been provided for all presented liquids using
these three models. The molar volume predicted by the
Courtial and Dingwell (1995) model at Tsc are in excellent
agreement with the data derived for all samples from
combining dilatometry and calorimetry. The molar vol-
umes can be expressed empirically using a linear equation
(Vmol_liq = a + bT (K)) within the temperature interval
Fig. 6. Molar volume as a function of temperature for all
DT. The fit parameters a and b, together with DT are listed
in Table 7. The Courtial and Dingwell (1995) model is
based on ten measurements of liquids which cover almost
the entire CAS compositional range. The accessible range
was controlled by the temperature of the liquidus surface
and by the area of immiscibility. Their four liquid measure-
ments are within the An–Wo–Geh system and the other
three lie just outside of the system. In practice, partial
molar properties are difficult to determine, especially in
investigated samples over the wide temperature range.



Fig. 6 (continued).
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systems containing many components. The other models
(i.e., Lange and Carmichael, 1987 and Lange, 1997) under-
estimate the molar volumes at Tsc. This results in these
models overestimating the densities at Tsc. Only for the
three compositions CAS2, CAS6 and pseudo-wollastonite
does the Lange (1997) model predict the molar volume at
Tsc to within the uncertainty of the measurements. The To-
plis and Richet (2000) model is based on two liquids (i.e.,
anorthite and diopside) where the authors have enough
volumetric data to describe them as a linear function of
the logarithm of absolute temperature. The authors make
the assumption that, to a first approximation, this form
of temperature dependence is valid for a volumes of all liq-
uids in the system K2O–Na2O–CaO–MgO–Al2O3–SiO2.
This model does not take into account compositional and
temperature dependency of Tf. The molar volumes of our
samples were calculated using the Toplis and Richet
(2000) model (Fig. 6). This model overestimates the molar
volumes of An–Wo–Geh melts at superliquidus tempera-
tures. Only for the two compositions CAS4, CAS9 does
the Toplis and Richet (2000) model predict the molar vol-
ume at Tsc or Tf within the uncertainty of the measure-
ments. The individual errors of the molar volume
predictions at Tsc range from 0.04% to 2.44% and from
0.03% to 2.59%, for the Lange and Carmichael (1987) mod-
el and for the Lange (1997) model, respectively.

3.4. Partial molar volumes and molar thermal expansivities

The partial molar volume (Vi) and molar thermal expan-
sivity (oVi/oT) of each individual oxide were calculated
using Eq. (16). The results of two regressions following
the model of Eq. (16) are reported in Table 8. Both these
regressions were performed as a function of composition
and temperature on all liquids over the temperature range
from 1200 to 1873 K. The difference between the molar vol-
umes of the samples calculated using the parameters listed
in Table 7 and these calculated using the parameters in Ta-
ble 8 is less than 0.05% for temperatures ranging from 1200
to 1873 K. The uncertainties and the quality of these
regressions are indicated by the standard error of each fit
coefficient (in parentheses in Table 8). The relative stan-
dard error of the regression, when compared with our
experimental uncertainties, indicates whether the regres-
sion can adequately reproduce the data within our best esti-
mate of experimental uncertainties.

The Vi and oVi/oT calculated using these regressions are
directly compared with Vi and oVi/oT obtained by Lange



Table 8
Regression fit parameters provided using samples molar composition to
calculate partial molar volume and molar thermal expansivity of each
component (i)

i Vi, 1200 (cm3 mol�1) oVi/oT · 10�3 (cm3 mol�1 K�1)

1st regression
SiO2 27.280 (0.234) 0.000 (0.5)
Al2O3 36.700 (0.194) 0.000 (0.4)
CaO 19.095 (0.228) 2.033 (0.5)
SiO2–CaO �3.197 (0.309) 1.308 (0.6)
R2 0.99994
Adjusted R2 0.99993
S 0.0092

2nd regression
SiO2 27.295 (0.396) 0.000 (0.7)
Al2O3 36.328 (0.352) 0.000 (0.6)
CaO 19.005 (0.248) 2.778 (0.4)
SiO2–CaO �3.056 (0.398) 0.121 (0.7)
R2 0.99678
Adjusted R2 0.996593
S 0.0882

The fit parameters were derived from separate regressions of Eq. (16) for
liquids in the ternary CaO–Al2O3–SiO2 system (CAS). The temperature
ranges from 1200 to 1873 K in steps of 100 K. Vi is the partial molar
volume of component i at reference temperature 1200 K. oVi/oT is molar
thermal expansivity of the component i. Note that the partial molar vol-
umes for the first regression analysis were obtained from all our molar
volume data at Tsc together with the HT molar volume data calculated
using the model of Courtial and Dingwell (1995). In the second regression,
the partial molar volumes of SiO2, Al2O3, and CaO were calculated using
all our molar volume data at Tsc, together with the HT molar volume data
of our samples calculated using Courtial and Dingwell (1995) model and
finally all samples relevant to CAS system used in both models of Lange
and Carmichael (1987) (LC3–LC8) and Courtial and Dingwell (1995)
(CaYX samples).

Table 7
Parameters to fit the linear relationship between liquid molar volume and
temperature for all compositions which were obtained in temperature
interval DT

Samples a b · 10�3 R2 DT (K)

CAS1 20.532 1.703 0.9999 1150–1973
CAS2 20.690 1.704 0.9999 1150–1973
CAS3 20.808 1.712 0.9999 1160–1973
CAS4 20.924 1.729 0.9999 1172–1973
CAS5 21.084 1.679 0.9990 1178–1973
CAS6 22.486 1.396 0.9999 1170–1973
CAS7 22.457 1.417 0.9999 1180–1973
CAS8 22.624 1.415 0.9999 1185–1973
CAS9 22.801 1.417 0.9999 1200–1973
Wo 18.437 1.973 0.9994 1135–1973

The molar volumes can be expressed empirically, using Vmol_liq =
a + bT (K) in the temperature interval DT.
The lower temperature limit of DT is defined as the temperature of the
supercooled liquid, obtained from the combined calorimetry/dilatometry
method and upper temperature limit was taken as 100 K higher then the
reference temperature used in the model of Courtial and Dingwell (1995).
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and Carmichael (1987); Lange (1997) and Courtial and
Dingwell (1995) at the reference temperature (Tref) of
1873 K in Table 9. Fitted partial molar volumes and ther-
mal expansivities at Tref. are listed in Table 9. The molar
thermal expansivities of SiO2 and Al2O3 are equal to zero
in both provided regressions. This is in agreement with re-
sults given by Lange, 1997 model but in contrast to the re-
sults of the Lange and Carmichael (1987) and Courtial and
Dingwell (1995) models. The obtained partial molar vol-
umes of CaO are in good agreement with results of the
Courtial and Dingwell (1995) model, but higher from the
Lange and Carmichael (1987) and Lange (1997) models.
In addition, the molar thermal expansivities of CaO ob-
tained in both regressions are the lowest, in comparison
with the other models. An excess volume term between
SiO2 and CaO can only be compared with the Courtial
and Dingwell (1995) model (see Table 9).

4. Discussion

The rheological and thermodynamic properties of alu-
minosilicate melts are determined by the arrangement of
the tetrahedral structural units in the melt, which relates
to the chemical bonding situation within a structural unit
and between units. Aluminum differs from silicon, since tet-
rahedrally coordinated aluminium is charge-balanced by
either one alkali cation or half of earth alkaline cation.
The charge-balancing cations for the Al3+ tetrahedra play
a large role in the melt structure. The structural role of
the alkali or earth alkaline cations commonly depends on
the Al3+ content of the melt (Richet et al., 1993). The short
range ordering in the aluminosilicate network depends on
the composition and the charge-balancing or network
modifying cations. For aluminosilicates it is assumed that
an energetically favourably case is a random occurrence
of the network forming linkages Si–O–Si, Si–O–Al and
Al–O–Al. Loewenstein (1954) introduced the principle of
Al-avoidance based upon consideration of mineral struc-
tures. It was postulated that the Al–O–Al linkages are ener-
getically unfavourable. This means that the short range
ordering is not random (e.g., not totally disordered). A ten-
dency towards Al-avoidance would also appear to be the
case for silicate liquids as may be inferred from thermo-
chemical investigations (Roy and Navrotsky, 1984),
NMR spectroscopy (Murdoch et al., 1985; Lee and Steb-
bins, 1999a,b) and variations of configurational entropy
(Toplis et al., 1997). However, the presence of a small
amount of Si–O–Si in glasses of anorthite compositions ob-
served by triple quantum MAS NMR spectroscopy (Steb-
bins and Xu, 1997) suggests some Al–O–Al linkages (Lee
and Stebbins, 1999a,b).

The investigated melts are all characterised by an excess
of Ca2+ over the ions that act as charge-balancing for Al3+.
The excess of Ca2+ acts as a network modifier (Mysen,
1988; Sato et al., 1991; Stebbins and Xu, 1997; Cormier
et al., 2000). Toplis and Dingwell (2004) discuss in detail
the validity of the idea that all aluminium is associated
with charge-balancing cation in peraluminous melts
(Mn+/nAl) P 1. However, although Toplis and Dingwell
(2004) infer that aluminosilicate melts may contain a larger
number of NBO than that predicted assuming that all Al is



Table 9
Comparison of the fitted partial molar volumes and molar thermal expansivities calculated from the data presented in this study to the models of Lange
and Carmichael (1987), Lange (1997) and Courtial and Dingwell (1995) at reference temperature of 1873 K

Tref = 1873 K Vi (cm3 mol�1) oVi/oT · 10�3 (cm3 mol�1 K�1)

i This study (1st regression) This study (2nd regression) L&C087a L097b C&D095c

SiO2 27.28 27.29 26.90 26.86 27.61
0.00 0.00 0.00 0.00 1.85

Al2O3 36.70 36.33 37.63 37.42 36.36
0.00 0.00 2.62 0.00 �2.06

CaO 20.46 20.88 17.15 17.27 20.84
2.03 2.78 2.92 3.74 4.33

SiO2–CaO �2.32 �2.98 — — �8.35
1.31 0.12 — — �4.14

a L&C087—from Table 8 in Lange and Carmichael (1987).
b L097—from Table 4 in Lange (1997).
c C&D095—from Table 5 in Courtial and Dingwell (1995).
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charge balanced (resulting in erroneous values of NBO/T).
They also show that for calcium aluminosilicates this is
only a major concern close to the metaluminous join where
nominal NBO/T is close to zero. For the relatively depoly-
merised liquids considered here we have therefore calculat-
ed NBO/T using the standard calculation procedure of
Mysen (1988). The deviation of NBO/T from nominal val-
ues is a complex function of the liquid composition, in par-
ticular the nature of the monovalent and divalent cations.

Solvang et al. (2004) documented a difference between
the structural arrangement along the NBO/T lines = 0.5
and 1 for the identical composition as discussed in this
study. The difference in structural arrangement can explain
the crossover reported between the low (just above Tg) and
the high viscosity data along the NBO/T = 0.5 and 1 lines.
The charge-balancing cation (Ca2+) have a tendency to at-
tract the neighbouring tetrahedra of the network former,
namely at the low temperature range, where the viscosity
range from 108 to 1012 Pa s. Poggemann et al. (2003) con-
firmed that Ca2+ ions contract the channels in the glass net-
work. Hence, the structural network become stronger with
Fig. 7. Molar volume as a function of (a) Ca/(Al + Ca) ratio and (b) Si/(Si + A
each NBO-T line at supercooled liquid (Tsc) and room (Troom) temperature.
increasing substitution of Al3+ + 1/2Ca2+ for Si4+. The
apparent linear dependency of the Troom density, molar
volume of glasses ðV 298

glassÞ and molar volume at ðT sc V T sc
molÞ

and Tg with increasing substitution of Al3+ + 1/2Ca2+ for
Si4+ for both NBO/T lines is a direct consequence of this
structural arrangement at the low temperature range. An
increase in the molar volume at both Troom and Tsc as a
function of the increased substitution of Al3+ + 1/2Ca2+

for Si4+ reflects that the structural units besides becoming
stronger also favour larger clusters and hence the volume
of the structural units become larger (Fig. 7a and b).

A linear temperature dependence of the molar volume
between Tsc and the superliquidus temperature at 1 atmo-
sphere was found for each melt. The slight increase in mo-
lar volume at Tsc with increasing substitution of Al3+ + 1/
2Ca2+ for Si4+ for the NBO/T = 0.5 and 1 lines, reflects
increasing size of the structural units with increasing substi-
tution, due to the role of Ca2+. However, both the molar
thermal expansivity and the molar thermal expansion coef-
ficient a at Tsc are independent of the substitution. Both
parameters (molar thermal expansivity and the molar ther-
lCa1/2) ratio for all investigated samples. A linear dependence is shown for
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mal expansion coefficient at Tsc) decrease with decreasing
NBO/T along the Wo–An binary join. This is a response
to the change in degree of polymerisation. From Wo to-
wards CAS6 the amount of network modifying cations
decreases, and hence the liquid molar volume increases.
The formation of Al–O–Si linkages in the melt decreases
the amount of NBO, since the Si-NBO sites bonds are re-
placed by the cross-linked Al–O–Si bonds (Mysen, 1988).
The most depolymerised melt (in this case Wo) has the
highest molar thermal expansivity and molar thermal
expansion coefficient at Tsc, because the NBO sites are
the weakest in the silicate network (Stebbins and Xu,
1997). With increasing polymerization the Al–O–Si bonds
tend to strengthen the structure and the molar thermal
expansivity decreases. The change from a temperature
independent thermal expansivity for wollastonite to a tem-
perature dependent thermal expansivity for diopside
(Knoche et al., 1992), despite similarity in degree of poly-
merisation and silica content, seems to relate to Mg con-
tent. A confirmation of such theory requires further
investigation.

We would like to emphasise, that the calculation of the
molar volume in a binary, ternary or multicomponent sys-
tem over a wide temperature range must be treated with
caution. Furthermore, it should be appreciated that the
thermal expansivity is a complex function of the composi-
tion of the liquid, in particular, the nature of the cation va-
lence. The measurements in this study have been performed
at a pressure of one atmosphere. Several changes occur in
the structure of silicate melts at higher pressure. For exam-
ple, high coordination number of Al or hybrid structure in
amorphous silicates are known to be favoured at higher
pressure. These complications can cause non-ideal behav-
iour in the physical properties of silicate melts. As a results
further spectroscopic studies, particularly at high tempera-
ture and pressure are essential. There is also lack of precise
densitometry data provided on silicates with high viscosity
and high melting point. This problem can be solved using a
high temperature densitometry where the volume is mea-
sured on a levitated sample. Such measurements combined
with in-situ spectroscopic measurements remain a
challenge.

5. Conclusion

The partial molar volumes and the thermal expansivities
of ten samples from within the An–Wo–Geh compatibility
triangle have been determined. They have been incorporat-
ed into existing multicomponent models in order to predict
silicate melt volume. The resulting supercooled liquid vol-
umes near glass transition temperatures (1135–1200 K)
and at superliquidus temperatures were combined to yield
temperature independent thermal expansivities over the en-
tire temperature range.

In light of results presented in this study, together with
the published data, it seems that binary and ternary sys-
tems have temperature independent thermal expansivities
from the supercooled liquid to the superliquidus tempera-
ture at 1 atmosphere. By combining the high temperature
densitometry data (i.e., above liquidus) from literature with
volume and expansivity data obtained at Tsc, a wide tem-
perature range is covered. There is no volumetric evidence
across this temperature range for temperature independent
thermal expansivity in the An–Wo–Geh compatibility
triangle.
Acknowledgments

We thank A.R.L. Nichols for his help to improve the
manuscript. M. Potuzak has been supported by the EU Re-
search Training Network ‘‘Volcano Dynamics’’ (HPRN-
CT-2000-00060). M. Solvang would like also to thank
Rockwool International A/S and Aalborg University, Den-
mark for financial support. Associated Editor J.K. Russell
and three anonymous referees are thanked for careful re-
views of our manuscript, which as we hope improved its
clarity.

Associate editor: J. Kelly Russell

References

Bockris, J.O.M., Tomlinson, J.W., White, J.L., 1956. The structure of the
liquid silicates: Partial molar volumes and expansivities. Trans.

Faraday Soc. 53, 299–310.
Bottinga, Y., 1985. On the isothermal compressibility of silicate liquids at

high pressure. Earth Planet. Sci. Lett. 74 (5), 350–360.
Bottinga, Y., Richet, P., Weill, D.F., 1983. Calculation of the density and

thermal expansion coefficient of silicate liquids. Bull. Miner. 106,
129–138.

Bottinga, Y., Weill, D., Richet, P., 1982. Density calculations for silicate
liquids.—I. Revised method for aluminosilicate compositions. Geo-

chim. Cosmochim. Acta 46, 909–919.
Bottinga, Y., Weill, D.F., 1970. Densities of liquid silicate systems

calculated from partial molar volumes of oxide components. Am. J.

Sci. 269, 169–182.
Cameron, M., Sueno, S., Prewitt, C.T., Papike, J.J., 1973. High-temper-

ature crystal-chemistry of Acmite, Diopside, Hedenbergite, Jadeite,
Spodumene, and Ureyite. Am. Mineral. 58 (7–8), 594–618.

Cormier, L., Neuville, D.R., Calas, G., 2000. Structure and properties of
low-silica calcium aluminosilicate glasses. J. Non-Cryst. Solids 274,
110–114.

Courtial, P., Dingwell, D.B., 1995. Nonlinear composition dependence of
molar volume of melts in the CaO–Al2O3–SiO2 system. Geochim.

Cosmochim. Acta 59 (18), 3685–3695.
Courtial, P., Dingwell, D.B., 1999. Densities of melts in the CaO–MgO–

Al2O3–SiO2 system. Am. Mineral. 84, 465–476.
Ehlers, E.G., 1972. The interpretation of geological phase diagrams. W.H.

Freemann and Company, San Francisco, p. 280.
Gentile, A.L., Foster, W.R., 1963. Calcium hexaluminate and its stability

relations in the system CaO–Al2O3–SiO2. J. Am. Ceram. Soc. 46, 74–76.
Ghiorso, M.S., Kress, V.C., 2004. An Equation of State for Silicate Melts.

II. Calibration of volumetric properties at 105 Pa. Am. J. Sci. 304,
679–751.

Gottsmann, J., Dingwell, D.B., 2000. Supercooled diopside melt: confir-
mation of temperature-dependent expansivity using container-based
dilatometry. Contrib. Mineral. Petrol. 139, 127–135.

Gottsmann, J., Dingwell, D.B., 2002. Thermal expansivities of super-
cooled haplobasaltic liquids. Geochim. Cosmochim. Acta 66 (12), 2231–
2238.



3074 M. Potuzak et al. 70 (2006) 3059–3074
Gottsmann, J., Dingwell, D.B., Gennaro, C., 1999. Thermal expansion of
silicate liquids: direct determination using container-based dilatome-
try. Am. Mineral. 84, 1176–1180.

Haermon, J., 1979. The elastic constant of crystals an other anisotropic
materials, In: Landolt-Börnstein tables. 1–244.

Hazen, R.M., 1976. Effects of temperature and pressure on cell dimension
and X-ray temperature factors of periclase. Am. Mineral. 61 (3–4),
266–271.

Herzberg, C.T., 1987. Magma density at high pressure Part 1: the effect of
composition on the elastic properties of silicate liquids. The Geo-
chemical Society: Special Publication No.1, 25–46.

Knoche, R., Dingwell, D.B., Seifert, F.A., Webb, S.L., 1994. Non-linear
properties of supercooled liquids in the system Na2O–SiO2. Chem.

Geol. 116 (1–2), 1–16.
Knoche, R., Dingwell, D.B., Webb, S.L., 1992. Non-linear temperature

dependence of liquid volumes in the system albite-anorthite-diopside.

Contrib. Mineral. Petrol. 111, 61–73.
Lange, R.A., 1996. Temperature independent thermal expansivities of

sodium aluminosilicate melts between 713 and 1835 K. Geochim.

Cosmochim. Acta 60 (24), 4989–4996.
Lange, R.A., 1997. A revised model for the density and thermal

expansivity of K2O–Na2O–CaO–MgO–Al2O3–SiO2 liquids from 700
to 1900 K: extension to crustal magmatic temperatures. Contrib.

Mineral. Petrol. 130, 1–11.
Lange, R.A., Carmichael, I.S.E., 1987. Densities of Na2O–K2O–CaO–

MgO–FeO–Fe2O3–Al2O3–TiO2–SiO2 liquids: new measurements and
derived partial molar properties. Geochim. Cosmochim. Acta 51, 2931–
2946.

Lee, S.K., Stebbins, J.F., 1999a. Al–O–Al oxygen sites in crystalline
aluminates and aluminosilicate glasses: high-resolution oxygen-17
NMR results. Am. Mineral. 84, 983–986.

Lee, S.K., Stebbins, J.F., 1999b. The degree of aluminum avoidance in
aluminosilicate glasses. Am. Mineral. 84, 937–945.

Lepage, Y., Calvert, L.D., Gabe, E.J., 1980. Parameter variation in low-
quartz between 94 and 298 K. J. Phys. Chem. Solids 41 (7), 721–725.

Liu, Q., Lange, R.A., 2001. The partial molar volume and thermal
expansivity of TiO2 in alkali silicate melts: Systematic variation with Ti
coordination. Geochim. Cosmochim. Act 65 (14), 2379–2393.

Loewenstein, W., 1954. The distribution of aluminum in the tetrahedra of
silicates and aluminates. Am. Mineral. 39, 92–96.

Maier, C.G., Kelley, K.K., 1932. An equation for the representation
of high temperature heat content data. J. Am. Ceram. Soc. 54,
3243–3345.

Moynihan, C.T., Easteal, A.J., Tran, D.C., Wilder, J.A., Donvan, E.P.,
1976. Heat capacity and structural relaxation of mixed-alkali glasses.

J. Am. Ceram. Soc. 59 (3–4), 137–140.
Murdoch, J.B., Stebbins, J.F., Carmichael, I.S.E., 1985. High-resolution

Si-29 NMR-study of silicate and aluminosilicate glasses—the effect of
network-modifying cations. Am. Mineral. 70, 332–343.

Mysen, B., 1988. Structure and Properties of Silicate Melts. Elsevier
Science Publishers BV, Amsterdam.

Nelson, S.A., Carmichael, I.S.E., 1979. Partial molar volumes of oxide
components in silicate liquids. Contrib. Mineral. Petrol. 71, 117–124.

Osborn, E.F., Muan, A., 1960. Phase equilibrium diagram of oxide
systems. The system CaO–Al2O3–SiO2. Plate1. The American Ceramic

Society and the Edward Orto Jr. Ceramic Foundation. Columbus, Ohio.
Poggemann, J.-F., Heide, G., Frischart, G.H., 2003. Direct view of the
structure of different glass fracture surfaces by atomic force micros-
copy. J. Non-Cryst. Solids 326, 15.

Richet, P., 1987. Heat capacity of silicate glasses. Chem. Geol. 62, 111–124.
Richet, P.I., Robie, R.A., Hemingway, B.S., 1993. Entropy and structure

of silicate glasses and melts. Geochim. Cosmochim. Acta 57, 2751–2766.
Robie, R.A., Hemingway, B.S., Fisher, J.R., 1979. Thermodynamic

properties of minerals and related substances at 298.5 K and 1 bar

(105) Pascals and at higher temperatures. US Government Printing
Office, Washington DC, p. 456.

Roy, B.N., Navrotsky, A., 1984. Thermochemistry of charge-coupled
substitutions in silicate glasses: the systems Mnþ

1=n AlO2–SiO2 (M = Li,
Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Pb. J. Am. Ceram. Soc. 67, 606–610.

Sasaki, S., Takeuchi, Y., Fujino, K., Akimoto, S., 1982. Electron-density
distributions of 3 orthopyroxenes, Mg2Si2O6, Co2Si2O6, and Fe2Si2O6.

Zeitschrift Fur Kristallographie 158 (3–4), 279–297.
Sato, R.K., McMillan, P.F., Dennison, P., Dupree, R., 1991. A structural

investigation of high alumina glasses in the CaO–Al2O3–SiO2 system
via Raman and magic angle spinning nuclear magnetic resonance
spectroscopy. Phys. Chem. Glasses 32 (4), 149–156.

Sipp, A., 1998. Propriétés de relaxation des silicates vitreux et fondus. PhD
thesis. Université Paris VII, 231.
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