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Abstract

In this work, five Mg-silicate glasses with compositions between MgSiO; and Mg,Si0, were synthesized by aerodynamic
levitation combined with laser melting. Low-temperature heat capacity (C,) was measured (by relaxation calorimetry in the
range 2-310 K) for all of them, with the resulting vibrational entropies at 7 = 298.15 K: sample MG50 with composition
Mg 906310, 99 and entropy 72.88 J mol~! K=!; MG54 Mg, 7,S10; ;74 78.54; MG58 Mg, 34,Si0; 364 85.05; MG62 Mg, 4,
Si05 611 91.40; and MG67 Mg, ¢,,510; o7 102.75. Heat capacity of the glasses is higher than that of the corresponding crystal
mixtures below 200 K but plunges below the C, .\, at higher temperatures. High-temperature C,, was measured (by dif-
ferential scanning calorimetry in the range 300-970 K) for MG50 and MG67 up to ~ 1000 K. Using our C, data, selected
data for entropies of fusion, C, of crystals, and fictive temperatures, the configurational entropy (S;,,¢) at glass transition
temperature (T,) were calculated. For the near-forsterite glass MG67, the S, is 1.9 J mol™' K=" at T, = 1040 K. As this small
value is a difference of several large numbers, its uncertainty is relatively high; we consider a conservative estimate of 15J
mol~! K~!. Using the expression log 7 = A + B/[TS,,+(T)], the available experimental viscosities (1) and the temperature-
dependent configurational entropy from our work, we refined the parameters A = —2.34 and B = 76, 500 for this equation,
with S,,.(T) = 1.90 + (83.7 In(T /1040)). The configurational entropy for the enstatitic MG50 glass is 16.8 J mol~! K~! at T,
= 1063 K. The presented data can be combined with enthalpies of formation and thermophysical properties of Mg-silicate
glasses for models that could elucidate geological and geophysical observations in the crust and mantle of the Earth.
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Introduction

Silicate glasses are important materials in geology, min-
eralogy, geochemistry, and geophysics (Mysen and Richet
2005). Their importance relates not particularly to their
occurrence in nature but lies mostly in the fact that they open
a window for the experimental investigation and understand-
ing of the properties of silicate melts. Melting of the material
in the crust and mantle of the Earth is one of the principal

P4 Juraj Majzlan
Juraj.Majzlan @uni-jena.de

Institute of Geosciences, Friedrich Schiller University Jena,
Burgweg 11, 07749 Jena, Germany

Corporate Research Materials Laboratory, 3M Company,
Building 201-03-N-06, St. Paul, MN 55144-1000, USA

Department of Chemistry and Physics of Materials,
University of Salzburg, Jakob-Haringer-Strasse 2a,
5020 Salzburg, Austria

processes of this geologically active planet. The two most
common rock types of continental and oceanic crust—gran-
ite and basalt—both originate from molten silicate liquid
generated at depth. A significant amount of data exists on
glasses and melts which correspond to the composition of
individual minerals (e.g., Robie et al. 1978) or mixed com-
positions (e.g., Tangeman and Lange 1998). Naturally, the
quantity of our knowledge is skewed to the glasses which
can be prepared relatively easily and in large quantities in
the laboratory and the available data do not cover the geo-
logically important systems in a representative way. In par-
ticular, until recently, data were lacking for the intermediate
or Mg-dominated compositions of the MgO-SiO, system,
simply because the preparation of such glasses was diffi-
cult or impossible. Tangeman et al. (2001) synthesized a
larger amount of Mg,Si0O, glass using aerodynamic levi-
tation coupled with laser melting (Weber et al. 1994) and
opened the possibility to study the Mg-silicate glasses in
detail (e.g., Wilding et al. 2004a; Benmore et al. 2011). Such
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glasses were studied by nuclear magnetic resonance (NMR)
spectroscopy (e.g., Kroeker and Stebbins 2000), Raman
spectroscopy (e.g., Kalampounias et al. 2009), X-ray and
neutron scattering (e.g., Wilding et al. 2008), and Brillouin
spectroscopy (Speziale et al. 2009). Vibrational properties
of these glasses were also studied by molecular dynamics
(Belonoshko and Dubrovinsky 1996) and ab initio simula-
tions (Spiekermann et al. 2013).

In this work, we measured the heat capacity (C,) of the
Mg-silicate glasses along the MgSiO;-Mg,Si0O, join, cor-
responding to the compositions of the minerals, enstatite-
forsterite, respectively. Most of the data were acquired at
low (sub-ambient) temperatures and allow the calculation
of entropy at 7= 298.15 K. Additional high-temperature
data were measured for selected compositions. These data
were used, in conjunction with previously published C, for
crystalline substances and estimates of C), for supercooled
liquids, to calculate configurational entropies of these
compositions.

Methods and materials

The magnesium silicate glasses were synthesized by a tech-
nique using aerodynamic levitation combined with laser
melting, described previously by Tangeman et al. (2001).
Briefly, the precursors for the glass synthesis were prepared
by mixing high-purity MgO and SiO, powders, laser hearth
melting the mixture, and then crushing the centimeter-sized
fused granules into millimeter-sized pieces. The pieces were
aerodynamically levitated using pure oxygen in a conical
nozzle and melted by a continuous-wave CO, laser. The
molten, levitating droplets were then cooled to glass sphe-
roids by blocking the laser beam. The size of the pieces
used for the production of glass was dictated by the ability
of the material to vitrify; larger pieces could be used for the
enstatite compositions that vitrify more easily, the smallest
pieces had to be used for the forsterite composition which is
the most difficult to vitrify.

Powder X-ray diffraction (XRD) data were measured with
a Bruker D8 DaVinci diffractometer with Cu Kea radiation
(A =1.54056 A). The chemical composition of the samples
was determined with a Cameca SX100 electron microprobe
under these conditions and with these standards: current 15
nA, accelerating voltage 20 kV, beam spot 2 pm, periclase
(MgO) for Mg and hypersthene (hy-19) (Mg,Fe)SiO;) for
Si.

The heat capacity data were measured by a commercial
Physical Properties Measurement System (PPMS) manufac-
tured by Quantum Design®. For each experiment, 20.2-25.7
mg of crushed sample was loaded into an aluminum pan
and sealed in air. Cooling in the calorimeter was achieved
by liquid nitrogen or helium, as needed. The temperature is
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measured by two thermocouples; each of them operates in
a separate temperature range. The PPMS calorimeter uses
the heat-pulse technique, whereby the instrument inputs a
known amount of heat into the sample and monitors the tem-
perature change of the sample. Heat capacity was measured
in the range of 2-310 K. Calculation of the heat capacity
from raw data, the precision, and the accuracy for geological
samples has been reviewed by Dachs and Bertoldi (2005).
The performance of this instrument was also critically evalu-
ated by Lashley et al. (2003).

The low-temperature C, data measured in this study and
those previously published for crystalline enstatite and for-
sterite were fitted by orthogonal polynomials. A polynomial
with odd powers of 7' (C,, = a;T° + asT° + a,1") was used for
the extrapolation to 7 = 0 K. The polynomials were merged
at the points where the fitted C,, had equal values although
usually the slopes of the polynomials were slightly different
in these points.

High-temperature C, data were measured with a differ-
ential scanning calorimeter (DSC) Setaram DSC-111. The
Setaram DSC-111 is a true Calvet microcalorimeter used
in scanning mode. Samples were packed into platinum cru-
cibles and measured in the temperature range 300-970 K.
Corundum (powdered, 99.997% metals basis) was used as
the heat capacity standard. Quartz and hematite were used to
judge the accuracy of the data; the data collected for quartz
and hematite deviated less than 2% from the C, of Robie and
Hemingway (1995).

Results

The chemical composition of the glass spherules does not
deviate significantly from the target composition (Table 1).
With the exception of MG54, all glasses are slightly depleted
in MgO in comparison to the target composition. This deple-
tion could be caused by a preferential loss of MgO during
the fusion of the starting MgO and SiO, powders. No ele-
ments other than Mg and Si were detected in the electron
microprobe analyses. The X-ray diffraction (XRD) patterns
of all samples showed only diffuse background with no
Bragg peaks. The MG50 and MG67 samples were analyzed
by XRD prior to and after the calorimetric measurements
and no changes were observed. Previous >°Si nuclear mag-
netic resonance (NMR) study of the MG67 material Tange-
man et al. (2001) showed that approximately 1% of crystal-
line forsterite is present in this sample. Such a small amount
of crystalline phase could be easily missed by powder XRD.

The thermodynamic functions at 7 = 298.15 K for all
glasses and crystalline enstatite and forsterite are listed
in Table 2. The measured data and the thermodynamic
functions in the whole measurement range (0-300 K)
are available as electronic supplementary material. The
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Table 1 Chemical analyses of

the studied glasses by electron Sample MgO (wt.%) SiO, (Wwt.%) X (wt.%) IQOMg/(Mg + Formula For.mula

microprobe Si) (molar ratio) xf)ll%lll)t (g
MGS50  40.6 (0.3) 60.9 (0.9) 101.5(1.0) 499 Mg 996510, 996 100.2278
MG54  44.6 (0.3) 56.7 (0.5) 101.4 (0.4) 54.0 Mg, ;745105 174  107.3982
MGS58  48.6 (0.4) 53.1(0.7) 101.7 (0.6) 57.7 Mg, 3645103364  115.0622
MG62  52.6(0.3) 48.7 (0.8) 101.3 (0.8) 61.7 Mg, 1151054, 125.013
MG67*  56.7 (1.0) 44.3 (0.6) 101.1 (0.5) 65.6 Mg, 9975105 997 136.944

The numbers in parentheses are 2 standard deviations. The target Mg/(Mg + Si) value is given as the value

in the sample name

# Analysis from Tangeman et al. (2001)

experimental low-temperature C, data are depicted in
Fig. 1 and the data for the MG50 and MG67 glasses are
compared to those of their crystalline counterparts. All
data are reported on a per mole basis corresponding to a
formula Mg SiO,, . When x = 1, the formula is MgSiO;,
that of enstatite, when x = 2, the formula is Mg,SiO,, that
of forsterite. The values of x and the formula weights used
throughout the paper are reported in Table 1.

High-temperature heat capacity was measured for the
samples MG50 and MG67 (Fig. 2, data in electronic sup-
porting information). Attempts to approach the glass tran-
sition temperature (7,) and to measure heat capacities of
the supercooled liquids ended with crystallization of the
glasses.

High-temperature data sets were fitted with the Berman
and Brown (1985) polynomial

C,=ky+ kT + kT2 + kT (1

and the polynomial proposed by Richet and Fiquet (1991)

c  d e
C1,=a+blnT+T+ﬁ+F (2)
Both of them allow for reliable extrapolation to tempera-
tures somewhat higher than the temperature range of the

data used for fitting. The results of these fits are summarized
in Table 3.

Discussion

Comparison of heat capacities of glasses
and crystalline mixtures

The entropies of the glasses at 7= 298.15 K, as expected,
are larger than those of their crystalline counterparts
(Table 2). The entropies of vitrification are relatively small
and the driving force for devitrification at room tempera-
ture, as expected, is the enthalpy (Fig. 3), not entropy. Both
enthalpies and entropies of vitrification vary linearly in the
region between Mg/(Mg + Si) of 0.5 to =~ 0.65. Above this
range, toward the composition of forsterite, the linear trends
no longer hold (Fig. 4). The deviation from linearity indi-
cates structural changes in the glasses. Indeed, Wilding et al.
(2004b) reported discontinuities in the coordination of Mg
in the range of Mg/(Mg + Si) of 0.62-0.67. These structural
changes are related to the fractions of MgO, and MgO5 poly-
hedra in the glasses.

An interesting observation is that the C, of the glasses
plunges below the C, of the corresponding mechanical

Fig. 1 Low-temperature C, 140
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their crystalline counterparts. 100

Data for enstatite from Krupka
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Robie et al. (1982). b Data for
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Table 2 Thermodynamic functions of the studied glasses and crystal-
line forsterite and enstatite at 7= 298.15 K

Sample C;.zngls_]l So5.159 mol™' K™'  H,gg 15— Hy kJ mol™!
mol~ K
MG50 80.08 72.9+ 0.9 12.43+ 0.15
MG54 87.31 78.5+0.9 13.46+ 0.16
MGS58 94.36 85.1+ 1.0 14.62+ 0.18
MG62 101.89 914+ 1.1 15.76+ 0.19
MG67 115.68 102.8+ 1.2 17.78+ 0.21
enstatite 82.05 66.3+ 0.1 11.99+ 0.02
forsterite  118.59 94.1+ 0.1 17.22+ 0.03

H,og 15— H, is the heat content (difference in enthalpies) between T =
298.15 K and T = 0 K. Data for enstatite from Krupka et al. (1985b),
for forsterite from Robie et al. (1982). These functions, tabulated at
selected temperatures between 0 and 298.15 K are available as an
electronic supporting information to this publication

mixture of the crystals at = 200 K, with the exception of the
MG67 glass (Figs. 1a and 5). The C), of the MG67 glass is
above that of the corresponding forsterite+-enstatite mixture
(=~ 94 mol.% forsterite, ~ 6 mol.% enstatite) at all tempera-
tures between 0 and 300 K.

Initially, the observation of lower C, of glass than the
C,, of the mechanical mixture of forsterite+enstatite was
perceived skeptically as an experimental error. This obser-
vation, however, was confirmed by the later DSC measure-
ments (Fig. 2) and the negative AC,, (= C, 4,5 — Zm,C,
where m; is the molar fraction of the crystalline phase i)
values are therefore intrinsic to the samples.

For most of the glasses and their crystalline counter-
parts, AC, is positive in the region below 400 K (Robie
etal. 1978), i.e., glasses have a higher C, than the crystals.

An exception is our MG50-MG62 glasses and the anorthite
glass (Robie et al. 1978) (Fig. 5). All glasses, however, show
a peak in the ACP function, where the difference is at its
maximum. For our Mg-silicate glasses, the peak occurs at
80 K, while for the glasses with compositions near NaAlSi,
Og, KAISi;04, CaAl,Si,Oq4 (the compositions of feldspar
end-members), the peak was found at 30-50 K (Robie et al.
1978).

Boson peak in the heat capacity of the glasses

Heat capacity of glasses has been shown to deviate signifi-
cantly from the Debye law C,, = A3 T3 at low temperatures
(< 50 K) (e.g., Pohl 1981; Zotov 2002; Richet 2009). This
anomaly can be approximately described by Bose-Einstein
statistics and is therefore called the boson peak.

Heat capacity of alkaline earth silicate glasses was inves-
tigated in a detail by Richet et al. (2009). They showed that
the intensity of the boson peak scales with the mass of the
alkaline earth cations, being the highest for Ba?* and the
smallest for Mg?* (Fig. 6a). Their Mg silicate glass had com-
position Mg, ;,Sij 430, 5. In the terminology used in this
paper, such composition corresponds to MG56.

The data for MG56 of Richet et al. (2009) overlap
closely with the data for our sample MG58 (Fig.6b).
The data for MG54 and MG50 lie above and the data
for MG62 and MG67 below. Overall, these observations
agree with the conclusion of Buchenau et al. (1986) that
the intensity of the boson peak should decrease with
decreasing degree of tetrahedral polymerization in the
silicate glasses. At the top of the boson peak, however, the
data for MG67 are slightly higher than those for MG62,
suggesting that the polymerization degree is not the only
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Table 3 Heat capacity polynomial coefficients for the polynomials proposed by Berman and Brown (1985, eq. 1) and Richet and Fiquet (1991,

eq.2)
Sample kg k, k, (x1070) ks (x107%) T range
Forsterite 271.3 -3379 13.26 -28.72 298-1850
Orthoenstatite 177.0 -1586 0.2388 -1.574 298-1300
MG67 glass 230.7 -1637 -4.108 6.165 298-980
MG50 glass 160.7 -1011 -4.321 6.661 298-980
a b c(x107™) d (x1077) e (x107%)
Forsterite -403.2 74.34 8.773 -2.597 2.546 298-1850
Orthoenstatite 102.4 6.626 -2.455 0.3839 -0.5085 298-1300
Protoenstatite 41.95 12.24 -0.4960 0 0 1300-1810
MG67 glass -790.4 123.7 15.00 -4.136 4.233 298-980
MG50 glass -437.7 71.93 9.230 -2.922 3.335 298-980

Data for the crystalline substances from Gillet et al. (1991), Krupka et al. (1985a), Thiéblot et al. (1999). For details, see text
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culated to the formulae Mg, SiO,,, used in this work (they normal-
ized the compositions to 2 O atoms, not 1 Si atom as in this work)

variable that controls the intensity and shape of the boson
peak. Coordination changes of Mg (Wilding et al. 2004b)
may play also a role although the quantification of such
effects is very difficult.
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Fig.4 Entropies of the magnesium silicate glasses and the corre-
sponding mechanical mixtures of enstatite and forsterite, all at 7 =
298.15 K. The dashed line is a fit through the data for MG50, MG54,
MG58, and MG62, and shows the deviation of the sample MG67
from this linear trend

Configurational entropy of forsteritic glass

The configurational entropy of a glass at the fictive tempera-
ture T (defined below) can be calculated from an equation
(Richet 1984) (corrected because entropy is obtained by
integrating C,/T dT (or C,, dInT) and not C,, dT)
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Fig.5 Differences in the heat capacity (AC,) between glasses and
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compositions near NaAlSi;Og, KAISi;Og, CaAl,Si,Og4 (the compo-
sitions of feldspar end-members)-dashed lines (redrawn from Robie
et al. 1978).
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where S is the zero-point entropy of the crystal, Ag gonS 18
the entropy of fusion which occurs at temperature Tfq;q,, and
T is the fictive temperature. The fictive temperature, 7', of a
glass is the “temperature at which the actual configurational
state of a glass would be the equilibrium configuration of the
liquid; operationally, is the glass transition temperature on
cooling” (Richet 1984).

For the compositions considered in this study, the S, val-
ues are 0 because neither enstatite nor forsterite structures
are disordered. Parts of the integrals were already evaluated
by calculation of the entropy at 7'=298.15 K (as §5y¢ ;5 = S°
in Table 2). The expression can be re-written as
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Fig.6 Boson peaks of silicate glasses with alkaline earth cations. a Overview documenting the increase of the intensity of the boson peaks with
the mass of the alkaline earth cation; b detail (gray shaded area in a) showing the boson peaks for the magnesium silicate glasses
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_ Thusion
Sconf(T) =S§ryslal + /T Cp,cryslald InT

+ AfusionS

T
0
+ A/T Cp,liquidd ln T - Sglass

fusion
TO

+/_ Cp’glassdlnT
T

It would be interesting and desirable to calculate the con-
figurational entropies of the studied glasses. When review-
ing the available literature and data, however, we found that
some important data are missing or are rather scattered. For
example, the fusion enthalpy of forsterite was measured by
Navrotsky et al. (1989) and Richet et al. (1993). The two
fusion enthalpies differ but overlap within their uncertain-
ties: (Navrotsky et al. 1989) 114.0 + 20.0 kJ mol~' (at 2163
K), (Richet et al. 1993) 142.0 + 14.0 kJ mol™! (at 2174
K). Kojitani and Akaogi (1997) used these two values to
evaluate the non-ideal nature of mixing in the melts of the
Ca0-MgO-Al,04,-Si0, system. They concluded that if the
value of Richet et al. (1993) is used, the mixing within this
system is ideal. On the other hand, the value of Navrotsky
et al. (1989) suggests a positive mixing enthalpy. Additional
scattered estimates of A, ,H for forsterite were provided
in the earlier literature (Bottinga and Richet 1978; Ghiorso
and Carmichael 1980; Stebbins et al. 1984) but were made
obsolete but the above-mentioned measurements of Navrot-
sky et al. (1989) and Richet et al. (1993).

Using the simple expression AggionS = Agusion /T usion
we get an entropy of fusion of 52.7+9.2 J mol~! K~! from
Navrotsky et al. (1989) and of 65.3+6.4 J mol~' K~! from
Richet et al. (1993).

The fictive temperature T of the MG67 glass is unknown
because this glass crystallizes before it enters the glass-tran-
sition region. However, Tangeman et al. (2001) assumed that
crystallization is initiated just before the glass transition and
estimated 7}, as 1040 K. Richet et al. (1993) estimated 7, of
the forsteritic glass at a temperature of 990+10 K when the
configuration entropy of such glass would vanish. Our data
(Fig. 2) show no sign of glass transition or crystallization
up to 970 K and Tangeman et al. (2001) showed that the
glass transition region is not entered at temperatures even
slightly higher than 1000 K. Therefore, we assume that the
fictive temperature is equal to 1040 K, in line with the earlier
estimate of Tangeman et al. (2001).

A greater difficulty is encountered when seeking the C,
of the supercooled liquids. The temperatures at which they
exist exceed the normal temperature range of operation of
many calorimeters. The Mg-silicate glasses tend to crystal-
lize upon or soon after the glass transition, thus precluding
the C,, measurement at very high temperatures. Tangeman

“

et al. (2001) estimated the average C, of Mg,SiO, super-
cooled liquid as 225 J mol~' K~ for the temperature range
1040-1773 K, based on solution calorimetry work of Nav-
rotsky et al. (1989). Stebbins et al. (1984) and Lange and
Navrotsky (1992) calculated the C,, of supercooled Mg,
SiO, liquid as 285-295 J mol~! K~! from partial molar heat
capacities in the range 1200-1850 K. Using first principles
molecular dynamics simulations, de Koker et al. (2008)
derived C, for Mg,SiO, liquid at T = 2163 K as 265 ]
mol~! K=!. Navrotsky et al. (1990) listed the average dif-
ference between the C, of forsterite crystal and C,, of Mg,
Si0, liquid, AC,, as 35 J mol~' K~'. This value would lead
t0 C, jiguia (T'= 1100 K) of 214 J mol~' K~', taking the C,
data for forsterite crystal from Gillet et al. (1991). Nav-
rotsky et al. (1990) also used earlier data of Ghiorso and
Carmichael (1980) and Ghiorso and Carmichael (1987) to
arrive at a AC, value of 64 J mol~' K™, leading to C, j; i
(T'=1100 K) of 243 J mol~' K~

Using the data derived in this work and discussed
above, we attempted to calculate the configurational
entropy of the MG67 glass, close to the forsterite com-
position. The S, value was taken as 0 J mol~! K~; the
entropy of fusion as a mean of the two values above, 59 J
mol~!' K~!. The entropies of crystal and glass at T = 298.15
are listed in Table 2. The coefficients for C,, polynomi-
als used are listed in Table 3. Both types of polynomials
(Berman—Brown and Richet-Fiquet) performed in a simi-
lar way, the differences in the integrals being negligible
(< 0.05 %). The least certain value is the C, of the lig-
uid. We adopted a mean of the estimates above (Stebbins
et al. 1984; Lange and Navrotsky 1992; Tangeman et al.
2001; de Koker et al. 2008), 260 J mol~' K. Using these
data, the configurational entropy of MG67 glass at T, was
estimated as 1.9 J mol~! K~! (for the composition Mg, 4o
Si0; ¢o7) or 0.7 J gfw~! K=! (for the composition normal-
ized to 1 cation, Mg ¢5651 344 O 344)- This small configu-
rational entropy agrees with the prediction of Richet et al.
(1993) that it would be essentially zero at T,,. This conclu-
sion was derived by extrapolation of viscosity data for Mg
aluminosilicate melts. The validity of S s derived in our
study could be strengthened, however, if a more precise
determination of C, ji,,;q Was available.

The S, calculated according to equation (6) is a com-
posite value whose uncertainty is difficult to judge. The
uncertainties on Sglass and Sgryslal are relatively small, on the
order of 1 J mol~! K~! or less (see Table 2). The uncer-
tainty of Ag,,S is much higher, almost 10 J mol~' K~
The superambient heat capacities of crystals and glasses,
both experimentally measured, are also well constrained.
In the absence of C » anomalies, one can count with overall
precision of 3%. Finally, the C), of the liquid, derived by a
mathematical regression on several liquid compositions
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(Courtial and Richet 1993) introduces another potential
error. Hence, it seems that a conservative estimate of the
overall uncertainty on the S, could be 15 J mol~! K~/,
much more than the value of this variable itself. Such state
of affairs is, however, typical for small numbers deter-
mined as a difference of several large numbers. Despite of
the large ratio of the error and the value of S, we still
consider this value to be a fairly accurate estimate and
proceed to calculate further associated quantities from it.

The configurational entropy at a higher temperature 7 can
be calculated as

C ,conf
Sconf(T) = Sconf(Tg) + / ﬂdT (5)
where
Cp,conf(T) = Cp,liquid(T) - Cp,glass(Tg) (6)

The results of such a calculation for MG67 glass are shown
in Fig. 7. In this case, C, ., is a constant, because C,, jiquiq
is considered to be a constant.

Viscosity of forsteritic liquids

The consequence of the rapid increase of the configura-
tional entropy is flattening of the viscosity-temperature
curve at high temperatures, a typical feature of ‘fragile’,
non-Arrhenian liquids (cf. Lange and Navrotsky 1993).
Hence, initial rapid drop in viscosity just above T, will be

50

40

30

20

10

configurational entropy, Scon(T) (J-mol=1-K-1)

(e
1000 1200 1400 1600

temperature, T (K)

1800

Fig.7 Calculated configurational entropy for the samples MG50 and
MG67, representing enstatitic and forsteritic supercooled liquids,
respectively. T, is glass-transition temperature
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replaced by a nearly constant viscosity of such melts at
high temperatures. The relationship between configura-
tional entropy and viscosity, 7, is Adam and Gibbs (1965):

B

logn=A+ —TSmf(T) (7)
Because of experimental difficulties, the viscosities were
measured at elevated temperatures and pressures preferen-
tially for fayalitic, not for forsteritic liquids (e.g., Shiraishi
et al. 1978; Spice et al. 2015). Viscosities of peridotitic, for-
sterite-similar liquid were measured over a broad P-T range
by Liebske et al. (2005) and calculated at high temperatures
by Lacks et al. (2007) and Adjaoud et al. (2008). All these
data are shown in Fig. 8§ and were used to fit the parameters
A and B in eq. 7. The resulting parameters are A = —2.34 and
B =76,500, with S, +(T) = 1.90 + (83.7 In (7/1040)). The
predicted variation of viscosity with temperature is shown
in Fig. 8. The data of Urbain et al. (1982) are also shown
in Fig. 8 but were not used for fitting because they appear
somewhat lower than the other available values.

temperature, T (K)
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log n
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Fig.8 Calculated viscosity of a forsteritic liquid (this work, param-
eters of the equation in text) and experimental data: diamonds-data
used for fitting (Shiraishi et al. 1978; Spice et al. 2015; Liebske et al.
2005; Lacks et al. 2007; Adjaoud et al. 2008); stars-data from Urbain
et al. (1982)
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Partial molar heat capacities in magnesium silicate
liquids

The least certain parameter in the calculation above appears
to be C, j;quia- The easiest method to tabulate heat capaci-
ties of silicate liquids is the determination of partial molar
heat capacities (Ep’i) of the oxide components. Stebbins
et al. (1984) and Courtial and Richet (1993) derived a set
of Ep’i values. It could be expected that one of the most
accurate values is that for SiO,. Many silicate compositions
were measured and direct measurements on SiO, glasses and
liquids are also possible. The Ep,SiOZ value in Courtial and
Richet (1993) is 81.37 J gfw~! K~!, that in Stebbins et al.
(1984) 80.0+0.9 J gfw™' K~!. The C,, 0 of 85.78 J gfw™!
K~!in Courtial and Richet (1993) superseeded the older and
higher estimate in Stebbins et al. (1984) (99.7 J gfw~! K1)
that was less certain and based only on a few experimental
points.

Using the Ep,i from Courtial and Richet (1993), the
Ctiquia Mg,8i0,) is 253 J mol~' K" but the earlier data
from Stebbins et al. (1984) give 279.4 ] mol~' K~!. The lat-
ter datum, however, would lead to negative configurational
entropies for forsteritic glasses at 7. If Ep,MgO is set to 90
J gfw™' K™, then C, ;4 (Mg,Si0,) is 260 J mol™ K1,
the value obtained above as a mean of available estimates
and applied in the calculations. The adjusted E‘[,,Mgo value
is between the values proposed by Stebbins et al. (1984)
and Courtial and Richet (1993). The parameters proposed
by Courtial and Richet (1993) appear to be more accurate
but it is not clear to what extent do they apply to Mg,SiO,
composition. As shown above (e.g., Figs. 3, 4), the proper-
ties of the Mg,Si0, glass deviate from linear trends defined
by Mg-silicate glasses with higher SiO, proportions. For
consistency, we will use the C, .0 of 90 J gfw™' K=" also
for enstatitic melts below, with C,, ;.4 (MgSiO3) = 170
mol~' K~!. The C, j; i (MgSiO3) derived from Courtial and
Richet (1993) is 167 J mol~! K~!, only marginally different
from this value.

Configurational entropy of enstatitic glass

For enstatite, the enthalpy of fusion is 75.3+6.0 kJ mol~! (cf.
Stebbins et al. 1984; Richet and Bottinga 1986) at Ty, =
1834 K, although Stebbins et al. (1984) discussed additional
scattered values for Ay ., [ . The resulting entropy of fusion
is 41.1 I mol~" K~'. The glass transition temperature was
determined by Briggs (1975) as 1063 K. The fits to the C,
data for the MG50 glass are presented in Table 3.

A challenge in the case of enstatite is the integration of
its heat capacity up to the melting temperature of 1834 K.
Upon heating, orthoenstatite transforms to clino- and pro-
toenstatite and shows significant pre-melting phenomena
(Thiéblot et al. 1999). Measurements on orthoenstatite

extend well into the stability field of clinoenstatite but gen-
erally agree well with each other (White 1919; Krupka et al.
1985a; Thiéblot et al. 1999). At T = 1300 K, orthoenstatite
transforms to protoenstatite, with an associated C,, drop. The
available C, data were therefore re-fitted (orthoenstatite) or
adopted (protoenstatite) and the resulting polynomials are
summarized in Table 3.

Another question is the entropy of the ortho- to pro-
toenstatite transition. Thiéblot et al. (1999) measured the
enthalpy of transformation as 2 kJ mol~! but they were not
certain if the results can be interpreted in terms of a com-
plete transformation. Gasparik (1990) estimated 9—11 kJ
mol~! for this transformation. These differences account
for transformation entropies of 1.5-8.5 J mol~' K~! and
introduce an additional large uncertainty in the calculation
of the configurational entropy. The AH values of 9—11 kJ
mol~! seem to be too large for a displacive transformation,
however. For comparison, the enthalpy of a—f quartz trans-
formation is 0.5 kJ mol~! (average of values found in the
literature, see Sheffield 1994). Even for reconstructive trans-
formations of polymorphs of simple composition and struc-
ture, the enthalpies are small, e.g., for andalusite-sillimanite
transformation, AH is 2 kJ mol~' or less (Salje and Werneke
1982). Therefore, we adopt the AH value from Thiéblot et al.
(1999) with the corresponding AS of 1.5 J mol~' K.

The configurational entropy at 7, for enstatitic glass is
calculated as 16.8 J mol~! K~!, including the contribution
of A (ho—sproto Of 1.5 J mol™' K~! (Fig. 7). The comparison
of the magnitude of the A .y, oo values [1.5 J mol™' K~
from Thiéblot et al. (1999) versus 8.5 J mol~! K~! from Gas-
parik (1990)] makes it clear that the ortho- to protoenstatite
transformation is potentially a source of large error. Stebbins
et al. (1984) report S ,,(T/T, = 1.5) = 3.4 J g-atom™' K™/,
equal to 17 J mol~! K=!. Our results are higher than this
datum; calculation at higher temperatures with our data and
assumptions give S, (7/T, = 1.5) = 32 J mol~' K~'. Obvi-
ously, the difficulties related to the thermodynamics of the
MgSi0O; polymorphs must be resolved before the thermody-
namic assessment of the configurational entropy of enstatitic
glass can continue.

Conclusions

Using new thermodynamic data for magnesium silicate
glasses, we derived configurational entropies of forsteritic
and enstatitic supercooled liquids and point at discrepancies
that may introduce substantial errors in these calculations.
These data allow the prediction of viscosities of such lig-
uids at temperatures which are not accessible experimen-
tally. Such data can be used in modeling and supporting of
algorithms to define thermodynamic properties of a range
of vitreous substances and melts (e.g., Jacobs et al. 2017).
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They can be combined with enthalpies of formation (Nasikas
and Navrotsky 2014) and thermophysical properties (Jacobs
and de Jong 2007) for models that could elucidate geologi-
cal and geophysical observations in the crust and mantle of
the Earth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00269-021-01153-7.
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