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Abstract A revised model for the volume and thermal
expansivity of K,0-Na,O-CaO-MgO-Al,03-SiO, lig-
uids, which can be applied at crustal magmatic tem-
peratures, has been derived from new low temperature
(701-1092 K) density measurements on sixteen super-
cooled liquids, for which high temperature (1421-
1896 K) liquid density data are available. These data
were combined with similar measurements previously
performed by the present author on eight sodium al-
uminosilicate samples, for which high temperature den-
sity measurements are also available. Compositions (in
mol%) range from 37 to 75% SiO,, 0 to 27% Al,O3, 0 to
38% MgO, 0 to 43% CaO, 0 to 33% Na,O and 0 to
29% K,O. The strategy employed for the low tempera-
ture density measurements is based on the assumption
that the volume of a glass is equal to that of the liquid at
the limiting fictive temperature, 77. The volume of the
glass and liquid at 77 was obtained from the glass den-
sity at 298 K and the glass thermal expansion coefficient
from 298 K to 7{. The low temperature volume data
were combined with the existing high temperature
measurements to derive a constant thermal expansivity
of each liquid over a wide temperature interval (767—
1127 degrees) with a fitted 1o error of 0.5 to 5.7%.
Calibration of a linear model equation leads to fitted
values of V; =+ 1o (cc/mol) at 1373 K for SiO, (26.86
+0.03), Al,O5 (37.42 £+ 0.09), MgO (10.71 £ 0.08), CaO
(15.41 £0.06), Na,O (26.57+0.06), K,O (42.45
+0.09), and fitted values of d¥;/dT (10 cc/mol-K) for
MgO (3.27+0.17), CaO (3.74+0.12), Na,O
(7.68 £0.10) and K,O (12.08 £ 0.20). The results indi-
cate that neither SiO, nor Al,O3 contribute to the
thermal expansivity of the liquids, and that dV/dT " is
independent of temperature between 701 and 1896 K
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over a wide range of composition. Between 59 and 78%
of the thermal expansivity of the experimental liquids is
derived from configurational (vs vibrational) contribu-
tions. Measured volumes and thermal expansivities can
be recovered with this model with a standard deviation
of 0.25% and 5.7%, respectively.

Introduction

An equation of state, or pressure-temperature-density
relation, for multicomponent silicate liquids is essential
for calculating changes in crystal-melt equilibria with
pressure and also for evaluating the dynamics of melt
segregation, ascent, and differentiation. Current models
of silicate melt density applicable to magmatic compo-
sitions at crustal pressures (e.g., Lange and Carmichael
1990) are based on a combination of double-bob Ar-
chimedean density measurements to derive volume and
thermal expansivity (e.g., Bockris et al. 1956; Stein et al.
1986; Lange and Carmichael 1987; Dingwell and
Brearley 1988) and sound velocity measurements (e.g.,
Rivers and Carmichael 1987; Kress et al. 1988; Kress
and Carmichael 1991; Webb and Courtial 1996) to
constrain melt compressibility. One of the limitations
imposed on such models is the restriction of the double-
bob density measurements to superliquidus tempera-
tures that often exceed those of magmatic melts in the
crust by a few hundred degrees (Knoche et al. 1995).
For example, the bulk of the double-bob density data
presented in Lange and Carmichael (1987) were ob-
tained between 1573 and 1873 K; measurements at
lower temperatures were generally prohibited by either
the increasing viscosity of the liquids or the onset of
crystallization. The elevated temperature range of the
double-bob liquid density measurements has two con-
sequences. First, although the precision of the density
measurements themselves is excellent (~0.2%), the
limited temperature interval over which they could be
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made (typically 200-300 degrees) leads to derived ther-
mal expansivities with uncertainties of ~25%. Second,
and perhaps more importantly, it causes the Lange and
Carmichael (1990) density model to involve a downward
extrapolation in temperature when applied to crustal
magmatic melts at 9731273 K.

Therefore, in an effort to extend the available density
data set for multicomponent silicate melts to signifi-
cantly lower temperatures and to improve the precision
and accuracy of derived thermal expansivities, the pur-
pose of this study was to obtain low-temperature density
measurements on a variety of multicomponent silicate
supercooled liquids for which precise, high-temperature
liquid density data already exist (Lange and Carmichael
1987). Because the sample compositions in this study
were analyzed by wet chemical techniques, the volume of
all sample liquids have a precision that is <0.3%. The
importance of precise compositional data arises first
when density measurements are converted to molar
volumes and again when the partial molar properties are
derived. The combination of the low and high temper-
ature volume data allows a model equation to be derived
that can be applied at both mantle and crustal magmatic
temperatures.

Experimental procedure

Samples

The sixteen samples employed in this study were synthesized and
wet chemically analyzed by Lange and Carmichael (1987). These
samples were re-melted at 1573-1773 K and then quenched to
glasses to ensure that they were completely free of bubbles and
absorbed water. All sixteen samples were analyzed with a Cameca
Camebax electron microprobe at the University of Michigan in
order to evaluate if any measurable change in composition oc-
curred during the re-fusion process. No change in composition

Table 1 Composition of experimental glasses (mol%)?*

Sample SiO, AlLO; MgO CaO Na,O K,O0 gfw.
LC-2 5340 23.07 - 19.06 447 - 69.067
LC-3 5323 553 - 41.24 -~ - 60.749
LC-4 36.70 27.09 - 36.21 - - 69.978
LC-6 4521 11.64 — 43.15 - - 63.231
LC-8 60.74 9.46 - 2980 - - 62.853
LC9 61.20 9.51 28.64 0.66 — - 58.382
LC-10 56.11 10.48 33.27 0.14 - - 57.887
LC-11 49.02 13.07 37.82 0.09 - - 58.073
LC-12 51.14 17.28 1412 1745 - — 63.823
LC-13 46.74 1527 1590 22.09 - - 62.449
LC-14 49.83 - 24.55 2563 - - 54.208
LC-15 47.59 - 17.12 3529 - - 55.285
LC-17 55.02 525 17.20 1727 - 526 59.984
LC-18 65.84 560 - - - 28.56  72.172
LC-19 6747 - - - 16.03 16.50 66.017
LC-24 59.52 - - 30.51 - 9.97 62.263

#From wet chemical analyses of Lange and Carmichael (1987).
Two standard deviation uncertainty in major elements (Carmichael
1985, unpublished data): SiO, (0.08 wt%), Al,O3 (0.08 wt%), MgO
(0.06 wt%), CaO (0.04 wt%), Na,O (0.04 wt%), K,O (0.02 wt%).
Errors are independent of the concentration present

could be resolved and the reported analyses in Table 1 are those
obtained by Lange and Carmichael (1987).

Experimental strategy

The technique employed to obtain liquid volumes at the limiting
fictive temperature (77) of each sample is illustrated in Fig. 1 and
described in detail by Lange (1996). When a liquid is rapidly cooled
through the glass transition interval, temperature-induced struc-
tural rearrangements become kinetically impeded and the structure
of the liquid is “frozen” into the glass. The structure preserved in
the glass is the equilibrium structure of the liquid at the fictive
temperature, 7;. The limiting fictive temperature (7}) can be defined
as the temperature where an extrapolated first order property of the
glass and the liquid are the same (Fig. 1; Scherer 1986; Moynihan
1995).
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Fig. 1A A schematic diagram that illustrates how a first order
thermodynamic property (e.g., enthalpy or volume) changes during
cooling from a liquid to a glass. At cooling rates readily achieved in
the laboratory, the liquid-glass transition does not occur abruptly at a
single temperature but rather is spread out over a temperature
interval. The limiting fictive temperature is defined as the intersection
of the equilibrium liquid curve and the equilibrium glass curve
(Scherer 1986). B A schematic diagram that illustrates how a second-
order thermodynamic property (e.g., C, = dH/dT) changes during
heating of a glass (formed by cooling of a liquid as shown in diagram
(A), above) to a liquid. At a heating rate of 10 K/min, the glass-liquid
transition does not occur abruptly at a single temperature, but is
spread out over a temperature interval because of kinetic effects. The
limiting fictive temperature of the glass, however, can be defined from
this curve using the area match shown in this diagram and described
in Eq. 2. As noted by Moynihan (1995), any heating rate may be used
(as long as thermal equilibrium is maintained during the heat capacity
measurements) and need not correspond to the cooling rate used to
form the glass from the liquid



From the relationship depicted in Fig. 2, the volume (or den-
sity) of a glass at room temperature will depend on how rapidly it is
cooled, with slowly cooled liquids converting to higher density
(lower volume) glasses. For the purpose of this study, the cooling
rate of the sample liquids need not be quantified. All that is re-
quired is to measure the room temperature density (volume) of the
glass as precisely as possible, followed by measurement of the glass
thermal expansion up to 77. Glass samples of the same composition
but with different cooling histories will have different room tem-
perature densities and different 7] values, but the volumes obtained
for those glass samples at their respective limiting fictive tempera-
tures will all be valid values for the liquid (Fig. 2).

An essential feature of the experimental strategy employed in
this study is the accurate determination of 7{. An approximation of
T{ for each glass sample is made by choosing the temperature
corresponding to the onset of the rapid rise in dL/L in a dilatom-
etry curve (Fig. 3). This is the exact approach taken by Lange
(1996) in a study of the thermal expansivities of eight sodium al-
uminosilicate liquids. The question that arises is how well does this
approximation of T{ (obtained geometrically from a dilatometry
curve) match the true value of 7} (defined in Fig. 1).

A rigorous determination of 7} can be obtained from a heating
heat capacity curve because data can be collected continuously
through the glass-liquid transition and into the equilibrium liquid
field, whereas a comparable thermal expansivity data set cannot be
obtained from a dilatometer because of viscous body forces acting
on the liquid. Because 7} is defined as the extrapolated intersection
of the glass and equilibrium liquid enthalpy (H) or volume (V) vs T’
curves (Fig. 1A), the following area match described by Moynihan
(1995) must hold for a heating heat capacity curve (Fig. 1B):
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If the heating heat capacity curve of a sample glass (with a specific
composition and thermal history) has been measured through the
glass-liquid transition (C;“e“s), and if the glass and equilibrium
liquid heat capacity (C&** and Cs3"9, respectively) curves are also
known for that same sample, then 7} can be uniquely and rigor-
ously determined for that particular glass sample.

26.0 — T T T T T T 1
~
2 i
]
o 255 |- .
N
g A
N
g 250 .
=
(=]
>
245 P R TR N R B
200 400 600 800 1000 1200 1400

Temperature (K)

Fig. 2 A schematic diagram depicting the volume relationship of a
sample liquid as it is cooled to a glass at different rates. During rapid
cooling, the limiting fictive temperature will occur at a higher
temperature (7;?), leading a higher volume (lower density) glass at
room temperature. During slow cooling, the limiting fictive temper-
ature will occur at a lower temperature (7}'), resulting in a higher
density glass. The cooling history of the glass will control both the
298 K density and the glass limiting fictive temperature. Regardless of
the thermal history of the glass, measurement of the density at 298 K
and the thermal expansivity from 298 K to 7} will give the volume of
the liquid at 7}
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Tangeman and Lange (work submitted for publication) mea-
sured heating heat capacity curves for six of the eight sodium al-
uminosilicate glasses (with identical thermal histories) that were
studied by Lange (1996; NAS-2, -8, -9, -10, -15 and -B), and then
applied the area match of Moynihan (1995) shown in Eq. 1 to
obtain values of 7{ for each of the six glasses. These determinations
of T{ were then compared to those reported by Lange (1996), which
were estimated from dilatometry curves. The average deviation in
T{ determined by the two techniques is 11 degrees and the maxi-
mum deviation is 17 degrees (Tangeman and Lange 1997). In every
case, but one, the estimate of 7} from dilatometry is lower than the
true value derived from calorimetry. However, a systematic un-
derestimate of 77 by 11 degrees contributes a negligible error to
derived values of liquid volumes (<0.05%) and liquid thermal
expansivities (<1%).

Room temperature glass density
and thermal expansion measurements

Glass densities were measured at room temperature with a micro-
balance. First the mass of glass was measured in air (mass,j;; five
times per sample), then the mass of glass was measured below the
balance while immersed in liquid toluene (massioyene; Six times per
sample). The temperature of the toluene was carefully monitored as
any temperature variations between measurements can lead to
systematic differences in derived densities. Sample weights in air
ranged from 158 to 1204 mg. The density of each sample glass was
obtained from the relationship:

Ptoluene MaASSair
)
mass,iy — MasStoluene

)

and is reported in Table 2. Errors range from +.01 to 0.13% based
on the standard deviations of the replicate mass measurements.

The linear thermal expansion coefficient of each glass sample
was measured with a Perkin-Elmer TMA-7 vertical dilatometer
(Lange 1996). The TMA-7 is made up of four parts: a metallic
central core rod and quartz glass probe assembly, a temperature
controlled LVDT (linear variable differential transformer), a linear
force motor, and a furnace. Cylindrical glass samples of 3-10 mm
diameter and 4-12 mm height were placed between a flat-faced
quartz glass push-rod (that is attached to the metallic central core
rod of the TMA) and the bottom of the quartz sample tube.
Considerable care was taken to ensure that the top and bottom
surfaces of the glass cylinders were as flat and parallel as possible.
An applied force of 1 mN was maintained during each run; as the
sample is heated (at a rate of 10 K/min), the expansion of the glass
sample forces the quartz push-rod up, causing the metallic core rod
to move through the LVDT, allowing the length change with
temperature to be measured. This provides a measurement of the
linear coefficient of thermal expansion for the glass. Replicate
measurements on several glass samples indicate a reproducibility
that is better than 3%. A test of the accuracy of the dilatometer is
based on thermal expansion measurements on NIST standard-731
(a borosilicate glass). Thermal expansion of the NIST standard can
be recovered within 7%; this error contributes < 0.07% error to the
volumes of the samples at their respective T}.

Psample =

Results
Density and volume of the glasses at 298 K

The density of all glasses was measured before and after
each thermal expansion experiment (during which a
glass is heated up to and through the glass transition
interval) in order to evaluate the effect of any structural
relaxation that may have occurred. For a single glass
sample, this translated into three to four density repli-
cates since the thermal expansion experiments were re-
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Table 2 Measured density and
volume at 298 K and 7}

Sample p(298 K) + 1o Vol (298 K)  «*107°/K Vol (T}) T, K
3 3 3.7 b :
g/cm cm’/g.f.w cm’/g.f.w.
LC-2 2.6149 + 0.0002 26.413 1.546 26.739 1092
LC-3 2.7962 £ 0.0047 21.725 2.173 22.081 1044
LC-4 2.8103 £ 0.0008 24.901 1.656 25.221 1070
LC-6 2.8330 + 0.0006 22.319 2.142 22.689 1066
LC-8 2.6587 £ 0.0011 23.641 1.732 23.953 1057
LC-9 2.5692 + 0.0008 22.724 1.178 22.934 1078
LC-10 2.6263 £ 0.0005 22.042 1.110 22.235 1087
LC-11 2.7145 £ 0.0008 21.394 1.350 21.616 1064
LC-12 2.6932 + 0.0035 23.698 1.373 23.951 1072
LC-13 2.7567 £ 0.0003 22.654 1.624 22.934 1056
LC-14 2.8510 £ 0.0005 19.014 2.498 19.357 1013
LC-15 2.8951 £ 0.0004 19.096 2.434 19.431 1013
LC-17 2.6478 £ 0.0008 22.656 2.171 23.010 1016
LC-18 2.4426 + 0.0006 29.547 3.540 30.145 867
LC-19 2.4791 £ 0.0008 26.629 5.072 27.179 701
LC-24 2.6405 £ 0.0015 23.580 2.872 24.040 970

:oc—l/VT (dV;dT); a constant between 298 K and the reported T7;

gfw. = Y X; (molecular weight); =

peated two to three times each. Typically, the second
density measurements (after the first thermal expansion
run) on all glass samples were consistently higher than
the first by ~0.11%, on average. Thereafter, no resolv-
able density variations could be detected before and
after subsequent thermal expansion experiments. This
increase in glass density after the first thermal expansion
run most likely reflects the effect of structural relaxation
as the glass transition interval was approached. This
effect can be seen in the replicate dilatometry scans for
sample LC-12 in Fig. 3. As a consequence of this result,
the first density determination on each glass sample was
discarded and only the average of subsequent measure-
ments was used.

The volume of each glass at 298 K was calculated
from the density data and the compositional analyses,
using the following equation:

ST XM,/ pSk (3)

where X; and (M.W.), are the mole fraction and molec-
ular weight of each oxide component, respectively. A
propagation of the errors in p%lgagli and the wet chemical
analyses leads to an uncertainty in Vf;g‘lss that ranges

from 0.11 to 0.24%.

glass
V298 K —

Thermal expansion of glasses

Two replicate thermal expansion runs (dL/L vs tem-
perature) are presented in Fig. 3a for sample LC-12,
whereas a blow-up of the onset of the two glass transi-
tion intervals is shown in Fig. 3b. In the first dilatometry
scan, the slope of dL/L with temperature (1/L dL/d7,
the linear coefficient of thermal expansion) is a constant
from 330 to 900 K (4.64 x 107® K™"). Between 900 K
and the onset of the rapid rise in dL/L (defined as 7} in
this study), the slope of dL/L decreases, presumably
because of structural relaxation in the glass (that causes
~0.1% densification) as it approaches the glass transi-

oxide components

tion interval. In the second dilatometric scan, the linear
coefficient of expansion is a constant (4.72 x 107 K™
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Fig. 3A Two scans of dL/L (L = length of glass cylinder) vs
temperature obtained for sample LC-12 with a Perkin-Elmer TMA-7
at a heating rate of 10 K/min. The slope of the curves, between 350
and 900 K for the first run, and between 350 and 1000 K for the
second run, was used to obtain the linear coefficient of thermal
expansion (1/L dL/dT). The slopes are constants and the same within
1.7%. B The same diagram as in (A), but a blow-up of the two glass
transition intervals. The limiting fictive temperature (77) is approx-
imated from the onset of the rapid rise in the dL/L vs temperature
curve at the glass transition interval



between 330 and 1000 K, and is within 1.7% of the
value derived from the first scan. In this case, no evi-
dence for any structural relaxation occurs until
~1000 K, and the same 7} (1072 K) is observed in both
scans. Moreover, the change in slope in dL/L between
1000 and 1072 K (7{) contributes only 0.02% to the
volume of the glass calculated at 7} compared to the case
when the constant linear coefficient of thermal expan-
sion derived between 330 and 1000 K is used up to
1072 K. Therefore, for all samples, the slight change in
slope as the glass transition was approached was not
considered in volume calculations at 7j.

The volume coefficient of thermal expansion,
o= 1/V dV/dT, for each glass sample was obtained by
multiplying the linear coefficient of thermal expansion
by three. This procedure was followed for all sixteen
glasses in this study; in each case, no temperature de-
pendence to a#®s could be resolved (except when the
glass transition interval is approached). The volume
coefficient of thermal expansion (a#%%%), combined with
the 298 K glass volume, can be used to calculate the
volume of each glass sample at any temperature:

Vgl‘dSS(T) _ Vzgglgsli exp [uglaSS(T — 298 K)} (4)

The volumes of all samples at their respective glass
transition temperatures are reported in Table 2. A plot
of volume vs temperature for both the glass and liquid
phase is shown for sample LC-12 in Fig. 4.

Thermal expansivity of liquids

The low temperature liquid volume data obtained in this
study at 7} are plotted together with the high tempera-
ture liquid volume measurements of Lange and Carmi-
chael (1987) for all sixteen samples in Fig. 5. The error
bars in Fig. 5 indicate the uncertainty in the volume
measurements ( <0.3%); for sample LC-19 the error is
smaller than the size of the symbols. The volume vs
temperature data for each liquid have been fitted to a
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Fig. 4 Plot of volume vs temperature for LC-12 glass and liquid on
the basis of the 298 K glass density measurement, the glass
dilatometry, and the high temperature volume data of Lange and
Carmichael (1987)
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first order polynomial; the volume equation and fitted
coefficients are presented in Table 3. In every case, no
temperature dependence to the thermal expansivity of
the multicomponent silicate liquids can be resolved.
Fitted values for d7/dT"9 have uncertainties that range
from 0.5 to 5.7%.

Re-calibration of a liquid volume equation

The new low-temperature liquid volume data were
combined with the high temperature volume measure-
ments on the same liquids from Lange and Carmichael
(1987) to calibrate the following volume equation for
K,0-Na,0-Ca0O-MgO-Al,05-SiO, liquids:

I R 8

where X; is the mole fraction of each oxide component,
¥, is the partial molar volume of each oxide component
at a reference temperature (T,) and dV;/dT is the
partial molar thermal expansivity of each oxide com-
ponent. The regression also includes the high tempera-
ture density measurements of Bockris et al. (1956) on
Na,O-SiO, and K,O-SiO, liquids, and of Stein et al.
(1986) on eight Na,0-Al,05-Si0, liquids, as well as the
low temperature density data of Lange (1996) on the
same eight sodium aluminosilicate liquids. Because the
intent was to derive values of V; applicable to magmatic
liquids, only liquids with Xsio, < 0.80 and X; < 0.50
(where i = Al,O3, MgO, CaO, Na,0, K,O) were con-
sidered.

Two separate regressions were performed with ref-
erence temperatures of 1773 and 1023 K. Derived val-
ues of dV;/dT did not change between the two fits,
despite the difference in Tir of 750 degrees. These two
Tyt were chosen so that fitted values of V; and dV;/dT
could be directly compared to those reported by Lange
and Carmichael (1987) at 1773 K, and Knoche et al.
(1995) at 1023 K. Fitted values for dVso,/dT and
dV aL0,/dT obtained in this study were found to be
statistically indistinguishable from zero and so were
dropped from the regressions. The results thus indicate
that neither SiO, nor Al,O3 contribute to the thermal
expansivity of these multicomponent liquids and are
consistent with the previous regression of Lange and
Carmichael (1987) on iron-free liquids, in which derived
values for dVsjo,/dT and dVa0,/dT are close to zero
within 1o error.

Calculated volumes based on the fitted values of 7;
and dV;/dT given in Table 4 recover the high tempera-
ture volume measurements of Bockris et al. (1956), Stein
et al. (1986) and Lange and Carmichael (1987), as well as
the low temperature data of Lange (1996) and this study,
with a standard deviation <0.3%. Calculated thermal
expansivities for each liquid based on the results in Ta-
ble 4 (dV/dT" = 3" X; x dV;/dT) can be compared to
those directly derived from the slope of the volume data
vs temperature for each liquid (Fig. 5, Table 3). Calcu-
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Fig. 5a—d Plots of volume vs 28.5 — 24.0 ——
temperature for the sixteen LC — R —_ _
liquids; the high temperature 2 280+ LC2 4 2 235L LC-3 4
data are from Lange and Car- « «
michael (1987), whereas the low 2 sl |l X 230 L i
temperature data at 7} are from g g I
this study. In all cases, the data :; 270 | 1 < 25t i
can be fit with a straight line = g
indicating no temperature de- = 25 | 1 = L i
pendence to the thermal exp- § 63 I § 220
ansivity (dV/dT) of each liquid. 26.0 L ) L 215 o L
algcﬁ, -3,L-é alnzd 163 b 1L4C-§,5-9& 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
-10, -1 e LC-12,-15, -14, -15]
LC-17, -18, -19, -24 Temperature (K) Temperature (K)
210 ————————— 24.5 —T T T
~ t LC-4 ~ b LC-6
Z 265t 1 2 20} -
§ 260} i § =5t -
Q Q
E} 25.5 - . E 230 - .
S 5
> >
25.0 P " 1 " 1 " 1 L 225 s 1 L 1 " 1 " 1 s
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
a Temperature (K) Temperature (K)
255 11— 240 —
~ L LC-8 '; LC-9
Z s0f {1 &
m&b m&o 235 + g
5 as| {1 §
L [}
23.0 + -
g 240 . E
S S
> >
235 PPN B P BRI SR 225 n L . 1 L 1 " 1 "
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Temperature (K) Temperature (K)
235 — T — 23.0 —— 11—
-~ LC-10 -~ LC-11
3 3 ]
“ “
m{n 23.0 - - m&n 225 + 4
1= | E L )
A <
g 25| 1 g 20t .
=] =]
G G 1
> >
22.0 " 1 1 1 L 1 n 21.5 " 1 1 " 1 " 1 1
1000 1200 1400 1600 1800 2000 1000 12 1400 1600 1800 2000
b Temperature (K) Temperature (K)
lated values of dV/dT"4 are within 0-13% (5.7% on . -
Discussion

average) of the “measured” values in this study. In
contrast, thermal expansivities derived from the high
temperature volume measurements only (Lange and
Carmichael 1987) fall within 2-42% (15.3% on average)
of the predicted values. This comparison clearly illus-
trates the importance of the low temperature measure-
ments for the derivation of precise silicate melt thermal
expansivity data. The most important contribution of
the low temperature data, however, is the calibration of
a density model that extends to magmatic temperatures
found in the crust.

Configurational contributions to thermal expansivity

The thermal expansivity of silicate liquids can be divided
into a vibrational and a configurational component
(Richet and Neuville 1992). The vibrational component
arises from an increase in the average amplitude of
thermal molecular vibrations with temperature and is
the sole contribution to the thermal expansivity of sol-
ids. In contrast, the configurational component is unique
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to liquids and is associated with atomic and molecular
motion involved with temperature-induced structural
changes (e.g., Q" species exchange, coordination chan-
ges, structural disorder, etc.). Covalent bonds such as Si-
O and AIl-O undergo little, if any, expansion with tem-
perature and therefore any contribution to the thermal
expansivity from the SiO, and Al,O; components must
be configurational. However, the results of this study
indicate that a configurational contribution from the
SiO, component cannot be resolved. More surprising is
that there is also no configurational contribution from
the Al,O; component. One possibility is that any

configurational contribution to thermal expansivity
from tetrahedral AI’* is so dependent on the nature of
the local charge-balancing cation (e.g., Mg?", Ca®",
Na™, K) that the effect is attributed entirely to the
network modifiers in a multiple regression of Eq. 5.
Nonetheless, within error, only the network modifier
components contribute to the thermal expansivity of the
K,0-Na,0-CaO-MgO-Al,03-SiO, melts.

For each of the four network modifier components,
the value for d¥;/dT has both a vibrational and a con-
figurational component that can be distinguished based
on the following relationship:



8

Table 3 Molar volume and

thermal expansivity of liquids ~Sample a(+1o) b(+10) T (K) b bt

Viauid(7y — g 4 b x 10737
LC-2 25.50 £ 0.06 1.14 £ 0.04 1092-1951 0.41 0.73
LC-3 20.43 + 0.15 1.59 £+ 0.09 10441866 0.48 1.11
LC-4 23.79 £ 0.06 1.33 £ 0.04 1070-1896 0.42 0.91
LC-6 2091 £+ 0.05 1.67 £ 0.03 1066—-1847 0.49 1.18
LC-8 22.64 + 0.04 1.25 £ 0.03 1057-1827 0.42 0.83
LC-9 21.88 + 0.03 0.97 £ 0.02 1078-1846 0.27 0.70
LC-10 21.10 £ 0.02 1.05 £ 0.01 10871855 0.25 0.80
LC-11 20.19 £+ 0.07 1.34 £ 0.04 10641840 0.29 1.05
LC-12 22.70 + 0.07 1.17 £ 0.01 1073-1836 0.33 0.84
LC-13 21.42 + 0.04 1.44 £+ 0.02 10561846 0.37 1.07
LC-14 17.56 + 0.03 1.76 £ 0.02 1013-1833 0.48 1.28
LC-15 17.67 £ 0.08 1.75 £ 0.05 1013-1853 0.47 1.28
LC-17 21.36 £ 0.03 1.63 £ 0.02 10161840 0.50 1.13
LC-18 27.26 + 0.09 3.34 £ 0.06 867-1826 1.07 2.27
LC-19 24.82 + 0.03 3.37 £ 0.02 701-1828 1.38 1.99
LC-24 22.00 + 0.01 2.16 £ 0.01 949-1745 0.69 1.47

Table 4 Fitted partial molar
volumes and thermal ex-

V(LX) = S X Vi, + dT/AT(T — Tr))

d¥%/dT £ 16107 cm’/ mol-K

pansivities Oxide V; &+ locm®/mol

Ter = 1773 K

This study
SiO, 26.86 + 0.03
AlLOs 37.42 + 0.09
MgO 12.02 £ 0.07
CaO 16.90 + 0.06
Na,O 29.65 + 0.07
K,O 47.28 £ 0.10
Trer = 1023 K

This study
SiO, 26.86 £ 0.03
AlOs 37.42 + 0.09
MgO 9.57 £ 0.12
CaO 14.10 + 0.08
Na,O 23.88 + 0.07
K,O 38.22 £ 0.12

LC-87* This study LC-87*

26.88 + 0.02 - -0.33 + 0.28
37.52 + 0.08 - 0.74 + 0.76
11.85 + 0.06 3.27 £ 0.17 245 + 0.87
16.84 + 0.05 3.74 + 0.12 422 + 0.51
29.53 + 0.04 7.68 + 0.10 7.90 + 0.46
47.10 + 0.07 12.08 + 0.20 12.68 + 0.78
KDW-95° This study KDW-95°
27.28 + 0.19 - 0.76

37.52 + 1.90 - -3.94

10.53 + 0.29 327 + 0.17 3.93

12.84 + 0.36 3.74 + 0.12 4.57

21.87 + 0.41 7.68 + 0.10 8.68

35.18 + 0.60 12.08 = 0.20 12.88

41LC-87 = Lange and Carmichael (1987, Table 6)
YKDW-95 = Knoche et al. (1995, Table 5)

dv /dTh = v /dTV® 4 dV /dTeot (6)

In Eq. 6, dV/dT"" is the vibrational contribution to the
liquid thermal expansivity and is equal to the thermal
expansivity of the glass at 7}, whereas dV/dT™ is the
configurational contribution to the liquid thermal exp-
ansivity and represents the abrupt jump in thermal
expansivity that occurs when a glass converts to a liquid.
In Table 3, experimentally derived values for both
dV/dT"® and dV /dT" are tabulated for each sample
liquid. The following equations allow the vibrational
and configurational contributions to dV;/dT to be de-
rived:

vib

dyvie/dr = X, x AV, /dT (7
and
dyeent /AT = X; x dVS™ /dT (8)

The fitted values (+1c) for dVZib /dT and deonf/ dT are
given in Table 5 for the K,O, Na,0O, CaO and MgO
components. There appears to be a broad correlation

between the field strength of the network modifiers and
the configurational contribution to d¥;/dT. For exam-
ple, the configurational contribution (+£20) is
~06(+4)% and ~57(+3)% for the alkali components
(K5O and Na,O, respectively), whereas it is as much as
~70(£4)% and ~77(£7)% for the alkaline earth
components (CaO and MgO, respectively). Cations with
even higher field strength (e.g., Fe’ ", Ti*") are known
to contribute anomalously large configurational heat
capacity to silicate liquids (Richet and Bottinga 1985;
Lange and Navrotsky 1993; Tangeman and Lange 1995)
and probably do so for configurational thermal exp-
ansivity as well. In the case of Ti*", the excess config-
urational contribution to heat capacity is inferred from
in-situ Ti K-edge X-ray absorption fine structure
(XAFS) spectroscopy to be related to the presence of
two distinct domains within the liquid at temperatures
immediately above the glass transition (Farges et al.
1996). Recent NMR studies (e.g., Brandriss and Steb-
bins 1988; Liu et al. 1988; Poe et al. 1992; Coté et al.



Table S Vibrational vs config-

urational d7/dT (107 cm?/ Xi (d¥;/dT)" (d7;/dT)"™® (dV;/dT)e % configurational
mol-K)*

MgO 3.26 £ 0.18 0.76 £ 0.10 2.50 £ 0.14 ~17%

CaO 374 £ 0.13 1.14 + 0.07 2.60 £ 0.10 ~70%

Na,O 7.75 £ 0.15 3.33 £ 0.08 443 £ 0.12 ~57%

K,0 11.76 + 0.35 4.02 £ 0.19 7.74 + 0.28 ~66%

@ Uncertainties are one standard deviation. Values for (d7;/dT)" differ (but are within 1o error) from
those given in Table 4 and derived from a fit to Eq. 5. The values in this table are the sum of the
vibrational and configurational terms derived directly from fits to Eqs. 7 and 8. Table 4 provides the
recommended values for density calculations

1992; Farnan and Stebbins 1990, 1994; Fiske and Steb-
bins 1994) have documented various temperature-in-
duced structural changes in aluminosilicate liquids, such
as silicate speciation, changes in aluminium and silicon
coordination, and overall disorder. However, Stebbins
(1995) argues that these dynamical features are probably
not the dominant processes that contribute to the con-
figurational properties of the liquid. Therefore, it is not
clear what mechanisms, in detail, contribute to the
configurational thermal expansivity of silicate melts.
Overall, the results of this study indicate that configu-
rational contributions account for more than half (and
sometimes nearly three-quarters) of the thermal exp-
ansivity of multicomponent aluminosilicate melts.

Temperature independent liquid thermal expansivities

Recent studies by Knoche et al. (1992a, b) reported a
strong temperature dependence to the thermal exp-
ansivity of several diopside-albite-anorthite ternary lig-
uids. In contrast, the data presented in this study
indicate that K,0-Na,O-CaO-MgO-Al,05-Si0, liquids
(non-peraluminous) have temperature-independent
thermal expansivities (Fig. 5). For 14 of the 16 samples
in this study, the uncertainty in d¥'/d7"9 (assumed to be
independent of T) is 3%, whereas the other three have
uncertainties <6% (Table 3). In all cases, the first-order
polynomial equations (Table 3) used to fit the volume vs
temperature data in Fig. 5 recover the volume data
within 0.2%, well within uncertainty of the individual
measurements. There is no evidence, therefore, to sup-
port any temperature dependence to the thermal exp-
ansivity of the liquids examined in this study.

The most compelling evidence that the thermal exp-
ansivity of individual liquids is a constant over a > 1000
degree temperature interval is derived from the multiple
linear regression of Eq. 5. If there were any curvature to
the volume vs temperature data for individual liquids
(not detected because of the absence of data at inter-
mediate temperatures), then this temperature depen-
dence to thermal expansivity should be evident from the
quality of the fit to Eq. 5. The volume data used in the
regression of Eq. 5 have a fairly uniform temperature
distribution for the 16 liquids in this study combined
with the eight sodium aluminosilicate liquids of Stein et
al. (1986) and Lange (1996) (Fig. 6); the temperature
coverage is especially good when the density data of

w 250
=
g 20.0 -
2 T
2
S 150
Q
p= _
TS 100 F
2 [
g 5.0 F
=
Z
0.0
883EEEEEEEEE
Temperature (K)

Fig. 6 Histogram of volume measurements as a function of
temperature used to derive the parameters in Table 4. The distribution
of temperatures is fairly uniform, with coverage between 700 and
1100 K, and between 1300 and 1900 K. Liquid volumes calculated
with Eq. 4 and the fitted parameters in Table 4 recover the measured
volumes within £0.3%. The model assumes no temperature
dependence to dV/dT"

Bockris et al. (1956) are considered, which include
measurements between 1273-1673 K. Application of
Eq. 5 allows the thermal expansivity of all liquids to be
recovered within £5.7% (on average). This result pro-
vides strong evidence that the thermal expansivity
(dV/dT) of the multicomponent silicate liquids exam-
ined this study can be treated as independent of tem-
perature for all practical purposes.

Thermal expansivity of liquid diopside

One of the samples in this study (LC-14) has a compo-
sition that corresponds to diopside (CaMgSi»Og4) and
thus falls within the diopside-albite-anorthite ternary
system examined by Knoche et al. (1992b). In this study,
the thermal expansivity of liquid diopside (LC-14) de-
rived from the slope of the volume data with tempera-
ture (10131853 K) is 1.76(£0.02) x 10~ cm?/gram
formula weight (g.f.w.)-K. This value is identical to that
calculated with the model equation in Table 4
(1.76 x 1073 cm?®/g.f.w.-K). In contrast, Knoche et al.
(1992b) obtained dV/dT"d values at 1053 K for two
diopside supercooled liquids of slightly different com-
position (labeled B and GM) of 2.42 x 103 and
2.33 x 107 em?/g.f.w -K, respectively, which are >32%
higher than the value derived in this study.
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Knoche et al. (1992b) derived the thermal expansivity
of supercooled liquid diopside by equating normalized
dilatometry and heat capacity curves obtained on the
same diopside glass sample with an identical thermal
history (see Webb et al. 1992 for a theoretical discussion
of the technique). The technique is based on the premise
that volume and enthalpy relaxation is equivalent
through the glass-liquid transition. The large discrep-
ancy (>32%) in the value of dV/dT"® derived for
diopside liquid between this study and that of Knoche et
al. (1995) is substantially beyond the combined range of
the errors reported in both studies (~6% and ~3%,
respectively). One possible explanation is that the as-
sumption of the equivalence of volume and enthalpy
relaxation may not hold for diopside liquid.

Comparison of silicate melt density models
at crustal magmatic temperatures

Calibration of a volume equation for siliceous melts that
can be applied at low crustal temperatures (~973—
1273 K) is of great importance to studies of intrusive
granitic complexes, granitic pegmatites and the dynam-
ics of large volume, high-silica rhyolite magma bodies. A
comparison of values of 7; at 1023 K derived in this new
model to the extrapolated values of ¥V, at 1023 K from
Lange and Carmichael (1987) indicate minor, though
important  differences (e.g., 7Mgo =9.6 vs 10.2,
Veao =141 vs 137, VNao =239 vs 23.7 and
Vk,0 =382 vs 37.8 cm?/mol; Table 4), illustrating the
necessity of the low temperature volume data to the
calibration. A comparison can also be made to the
model of Knoche et al. (1995), based on volume mea-
surements on 45 haplogranitic silicate melts (17 of which
fall within the K,0-Na,0-CaO-MgO-Al,05-SiO, sys-
tem) at their respective glass transition temperatures in a
manner analogous to the procedure followed here.
However, the derived values of V; at 1023 K and dV;/dT
for the network modifier components are markedly
different from those reported in this study (e.g.,
Vmeo = 9.6 vs 10.5, Vao = 14.1 vs 12.8, Va0 = 23.9
vs 21.9 and 71(20 = 38.2 vs 35.2cm?/mol; Table 4).
One reason for the discrepancies in V; between the
two studies may be that the MgO, CaO, Na,O and K,O
components are not as well represented in the Knoche
et al. (1995) data set as they are in the model presented
here. Another reason may reside in the significantly
larger compositional errors that Knoche et al. (1995)
report for their sample analyses compared to those ob-
tained in this study by wet chemistry. Knoche et al.
(1995) report standard deviations in their SiO, analyses
(obtained by ICP-AES: inductively coupled plasma-
atomic emission spectrometry) that range from 0.1 to 1.4
wt% (absolute errors), whereas the standard deviation
in SiO, by wet chemistry is £0.04 wt% (Carmichael
1985, unpublished data). A propagation of the compo-
sitional errors (including the effects of covariance which
reduce the calculated error) reported by Knoche et al.

(1995, their Table 1) lead to 1o uncertainties in their
sample gram formula weights (g.f.w.) that range from
0.3 to 1.3%, with 11 of 17 samples in the K,O-Na,O-
Ca0O-MgO-Al,05-Si0O, system with g.f.w. errors be-
tween 0.8 and 1.3%. From Eq. 2 it can be seen that the
derived volume of any silicate melt cannot have a rela-
tive error that is less than the error in its gram formula
weight, no matter how precise the density measurement.
The uncertainties in composition arise again when val-
ues of V; are derived. One advantage of this study is that
all compositional analyses on the glass samples were
obtained by wet chemical methods, with propagated un-
certainties in the gram formula weights that are <0.1%.

Summary

A model equation for multicomponent silicate liquid
densities applicable to both mantle and crustal mag-
matic temperatures has been calibrated between 701 and
1896 K. The results indicate that the thermal exp-
ansivities of silicate melts are independent of tempera-
ture over a wide range of composition and temperature.
Perhaps more importantly, the improved precision of
the dV;/dT terms, shown to be constant over a 1200
degree interval, allows extrapolation of this model by an
additional 100 degrees (in either direction) to be per-
formed with confidence. Therefore, this model equation
has the potential to be applied to melt transport at ultra
high temperatures (up to 2000 K) as well as to questions
regarding the dynamics of low temperature granitoid
melts in the uppermost crust. The work presented here
provides the basis for extending this model to include
precise dV;/dT terms for ferric and ferrous iron, as well
as V; values for the volatile components (e.g., Ochs and
Lange 1997).
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