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Abstract—The shear viscosity of 66 liquids in the systems CaO-Al2O3-SiO2 (CAS) and MgO-Al2O3-SiO2

(MAS) have been measured in the ranges 1–104 Pa s and 108–1012 Pa s. Liquids belong to series, nominally
at 50, 67, and 75 mol.% SiO2, with atomic M2�/(M2��2Al) typically in the range 0.60 to 0.40 for each
isopleth. In the system CAS at 1600°C, viscosity passes through a maximum at all silica contents. The maxima
are clearly centered in the peraluminous field, but the exact composition at which viscosity is a maximum is
poorly defined. Similar features are observed at 900°C. In contrast, data for the system MAS at 1600°C show
that viscosity decreases with decreasing Mg/(Mg � 2Al) at all silica contents, but that a maximum in viscosity
must occur in the field where Mg/2Al �1. On the other hand, the viscosity at 850°C increases with decreasing
Mg/(Mg � 2Al) and shows no sign of reaching a maximum, even for the most peraluminous composition
studied. The data from both systems at 1600°C have been analysed assuming that shear viscosity is
proportional to average bond strength and considering the equilibrium:

Al[4]-(Mg, Ca)0.5 ⇔ (Mg,Ca)0.5-NBO � AlXS

where Al[4]-(Mg,Ca)0.5 represents a charge-balanced tetrahedrally coordinated Al; (Mg, Ca)0.5–NBO repre-
sents a nonbridging oxygen (NBO) associated with Ca or Mg, and AlXS represents any structural role of Al
that does not require a charge-balancing cation. The viscosity data were fitted using two adjustable variables:
i) the equilibrium constant of the above reaction, and ii) the relative bond strength of AlXS. The values of these
parameters in the system CAS suggest that AlXS remains in tetrahedral coordination, its charge deficit being
satisfied by association with a three-coordinate oxygen in a structure called a tricluster. In contrast, fits to the
MAS data at 1600°C infer the presence of high-coordinate Al. These interpretations are found to be consistent
with independent spectroscopic and theoretical data. Furthermore, the fitted value of the equilibrium constant
in the system MAS is close to zero, implying that Al has no thermodynamic preference to be charge-balanced
by Mg. In light of these results, it is shown that values of the ratio ‘NBO/T’ (the ratio of NBO to tetrahedrally
coordinated network formers) will not be a true reflection of the polymerisation state of the liquid if it is
assumed that all Al is charge-balanced by metal cations. This will be important to take into account when
considering the compositional dependence of physical and thermodynamic parameters and may have direct
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relevance to certain liquids produced during partial melting of the mantle. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Based upon comparison of the spectroscopic features of
aluminosilicate minerals and their corresponding glasses (Tay-
lor and Brown, 1979a,b), it is generally accepted that Al3� has
a strong preference for tetrahedral coordination in amorphous
aluminosilicates, its charge deficit being compensated by asso-
ciation with a low field strength cation, Mn�, such as Na�,
Ca2� (see also Mysen, 1988). A polymerising effect of the
addition of Al and an association of Al with low-field strength
cations is further supported by the variations of physical and
thermodynamic properties in simple aluminosilicate systems
(Riebling, 1966; Roy and Navrotsky, 1984). Most consider-
ations of silicate melts therefore assume that aluminium occurs
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in tetrahedral coordination associated with charge-balancing
cations in all liquids with (Mn�/nAl) � 1, the limiting case
Mn�/nAl � 1 representing the stoichiometric limit at which all
metal cations are associated with Al. In this case the network is
fully polymerized as in crystalline tectosilicates, that is to say,
the liquid contains no cations in network-modifying roles and
no nonbridging oxygens (NBO).

However, in recent years, it has become increasingly clear
that the structure of melts in which the nominal number of
NBO approaches zero is more complex than the simple model
presented above. For example, a 17O nuclear magnetic reso-
nance (NMR) study of anorthite glass (CaAl2Si2O8) shows the
presence of �5% of nonbridging oxygens where none would
be predicted (Stebbins and Xu, 1997). Similarly, in the system
MgO-Al2O3-SiO2, 27Al NMR has demonstrated the existence
of high-coordinate Al in glasses with Mg/2Al � 1 (McMillan
and Kirkpatrick, 1992; Toplis et al., 2000), again where no such
species would be predicted by models based upon stoichiom-

etry alone. Furthermore, indirect evidence that nonbridging
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oxygens occur in tectosilicate liquids in the system Na2O-
Al2O3-SiO2 has been provided by viscosity measurements
which show that at constant temperature a maximum in vis-
cosity occurs in the vicinity of the metaluminous join but that
this maximum is clearly displaced to the peraluminous side of
the join (Toplis et al., 1997). Molecular dynamics simulations
also suggest that NBO can exist in tectosilicate liquids (Scame-
horn and Angell, 1991; Nevins and Spera, 1998; Morgan and
Spera, 2001).

Assessing the number of NBO in silicate liquids may be of
considerable importance given that many physical and thermo-
dynamic properties, including viscosity (Behrens and Schulze,
2003), mineral–liquid element partitioning (Kohn and
Schofield, 1994; Toplis and Corgne, 2002; Kushiro and Walter,
1998), redox equilibria (Mysen et al., 1984), thermodynamic
activities (Beckett, 2002), noble gas solubilities (Shibata et al.,
1998), and diffusivity of oxygen (Tinker et al., 2003) have all
been found to show continuous variations as a function of the
parameter ‘NBO/T’, the ratio of NBO to tetrahedrally coordi-
nated network formers (Mysen, 1988).

Thus, it is timely to consider in detail the validity of the idea
that all Al is associated with a charge-balancing cation in
liquids with (Mn�/nAl) � 1, an assumption central to the
calculation of NBO/T from stoichiometry alone (e.g., equation
of Mysen et al., 1984). In this work, we extend the study of
Toplis et al. (1997) to calcium and magnesium bearing systems
with the aim of quantifying to what extent some aluminium
may not be associated with metal cations in liquids with (Mn�/
nAl) � 1, to determine the structural role of such aluminium
and to assess whether this latter is a function or not of the metal
cations present in the liquid. We will end by considering the
implications of these results for natural silicate liquids.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation and Analysis

Almost 70 compositions close to the charge-balanced joins in the
systems CaO-Al2O3-SiO2 (CAS) and MgO-Al2O3-SiO2 (MAS) have
been studied. Glasses belong to series, nominally at 50, 67, and 75
mol.% SiO2, with atomic (M2�/(M2��2Al)) typically in the range,
0.60 to 0.40 for each isopleth. To avoid random variations in SiO2

content in a given compositional series, a peraluminous and peralkaline
endmember composition were first prepared along each silica isopleth.
�300 g of each endmember glass were made from mixtures of reagent
grade SiO2, Al2O3, MgO, and CaCO3, melted at 1600°C in thin-walled
75-cc Pt crucibles. After at least 1 h, liquids were poured onto a steel
plate, cooled to a glass, then coarsely crushed and remelted for another
hour. The glasses produced by this second melting were finely crushed
in an automated Retsch agate mortar. Intermediate compositions were
made from weighed mixtures of the endmember glass powders which
were mechanically mixed before melting and then fully homogenised
during the initial stages of the concentric cylinder viscosity measure-
ments described below. To provide a closer spacing of composition, a
second set of endmember glasses (distinguished by the suffix ‘b’ in
Table 1) was synthesised for the compositional series CAS at 75 and 67
mol.% SiO2.

Chips of glass were recovered after homogenisation during high-
temperature viscosity measurements, mounted in epoxy, then polished.
Sample compositions (shown in Table 1) were subsequently deter-

mined using an SX50 electron microprobe running at 15 kV, 10 nA and
a defocused beam diameter of 20 microns.
2.2. ‘High-Temperature’ Viscosity Measurements

Viscosities were initially determined in the range 1 to 104 Pa s using
the concentric cylinder method. The viscometer head is a Brookfield
DV-III, with a full-scale torque of 7.20 � 10�2 N-m. The spindle and
crucible are made from Pt80Rh20, and the spindle geometry is identical
to that described by Dingwell and Virgo (1987). This apparatus, its
mode of operation, and modifications to the software and hardware are
described in Dingwell (1989). Rotation rates between 0.1 and 100 rpm
were used with higher rotation rates used at higher temperature. Mea-
surements were begun at the highest temperature, and temperature
reduced, generally in steps of 50K, until crystallization occurred or an
instrumental limit was reached. At the end of the lowest temperature
measurement, the highest temperature condition was reoccupied. If the
final reading was not within �0.5% of the initial reading, the entire
measurement process was repeated. Once cooled to room temperature,
cylinders of glass were cored from the crucible, then prepared for
low-temperature viscosity measurements.

Viscosities were calculated by calibrating the crucible, spindle, and
head combination using the German standard glass DGG-1, with a
stated accuracy of �5%. However, the precision of measurements is
significantly better than this. Indeed, during the course of this study
replicate measurements show that when the centering and immersion of
the spindle are identical, a precision of �0.5% (0.002 log10 units) is
possible. Given that changing samples may result in small variations in
these geometrical parameters, five samples in the series MAS67 were
run twice to estimate the real precision when measuring different
compositions. In light of these results (Table 2), our stated precision is
�1% (�0.005 log10 units).

2.3. ‘Low-Temperature’ Viscosity Measurements

Two different techniques were used to measure viscosity in the range
108 to 1012 Pa s. The first is micropenetration (employed for glasses in
the series CAS50), which involves determining the rate at which a
hemispherical Ir indenter (diameter, 2 mm) moves into the melt surface
under a fixed load of 1.2 N. These measurements were performed using
a BÄHR DIL 802V vertical push-rod dilatometer, equipped with a
silica sample holder under an Ar gas flow. Viscosities determined on
lead-silicate SRM-711 have been reproduced within �0.06 log units.
Further details of this apparatus and its operating mode are described
by Hess et al. (1995).

The second technique (employed for the series MAS50) uses the
uniaxial compression device described by Neuville and Richet (1991).
This technique involves measuring the deformation rate of cylinders,
typically 5 mm in diameter and 10 mm in height, in air under uniaxial
stresses in the range 1–200N, higher viscosities being measured at
higher stresses. For a given stress, measurements of sample height as a
function of time may be used to calculate the viscosity, as described by
Neuville and Richet (1991). At each temperature at least three different
stresses were applied to check the Newtonian nature of the viscosity.
Measurements on NBS standard glass 710 show discrepancies of less
than 0.04 log units with recommended values. The two techniques
employed provide consistent data as illustrated in Figure 1 for a liquid
of anorthite composition (CaAl2Si2O8).

3. RESULTS

3.1. Variations of Viscosity as a Function of Temperature

Shear viscosity measurements made in the low and high
viscosity range are summarised in Tables 2 and 3 respectively.
When the concentric cylinder measurements are considered as
a function of temperature, data for each composition may be
described by the equation:

log � � A � B ⁄ T (1)

where � is viscosity in Pa s, T is absolute temperature, and A

and B are fit parameters whose values are shown in Table 4.
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Table 1. Chemical compositions of the studied glasses.

wt.%SiO2 wt.%Al2O3 wt.%CaO Total mol.% SiO2 molar Ca*a

CAS75a:61 70.49(56)b 15.77(8)b 13.32(9)b 99.58 74.95 60.55
CAS75a:58 70.06(19) 16.35(9) 12.29(5) 98.70 75.44 57.76
CAS75a:56 69.86(37) 17.54(9) 12.32(15) 99.73 74.80 56.09
CAS75a:54 68.42(118) 18.90(72) 12.17(35) 99.49 73.89 53.94
CAS75a:53 69.52(28) 18.61(10) 11.50(10) 99.63 74.91 52.90
CAS75a:50 69.36(73) 18.75(51) 10.32(30) 98.43 75.83 50.02
CAS75a:49 68.05(28) 19.81(9) 10.28(9) 98.13 75.00 48.54
CAS75a:47 69.01(44) 20.33(14) 9.87(8) 99.20 75.37 46.87
CAS75a:45 68.67(52) 21.28(7) 9.72(10) 99.68 74.95 45.36
CAS75a:44 70.05(52) 20.86(49) 9.02(14) 99.92 76.14 44.01
CAS75a:41 67.82(54) 22.69(10) 8.64(11) 99.15 74.98 40.90
CAS75b:55 69.18(24) 17.93(45) 11.87(11) 98.98 74.82 54.64
CAS75b:53 68.93(56) 18.91(27) 11.65(19) 99.50 74.47 52.83
CAS75b:52 68.27(90) 19.21(63) 11.47(40) 98.96 74.30 52.05
CAS75b:51 67.24(37) 20.19(30) 11.52(18) 98.95 73.50 50.93
CAS75b:50.5 68.35(56) 19.89(43) 11.11(15) 99.35 74.31 50.40
CAS75b:50 67.98(23) 20.13(19) 10.98(27) 99.09 74.21 49.79
CAS75b:49 68.50(48) 20.25(27) 10.60(21) 99.35 74.63 48.75
CAS75b:47.5 68.00(38) 20.83(24) 10.35(23) 99.18 74.43 47.46
CAS75b:46 68.32(39) 21.31(30) 9.97(25) 99.60 74.61 45.98
CAS75b:43.5 68.10(31) 22.19(50) 9.38(16) 99.67 74.65 43.45
CAS67a:57 61.09(32) 22.59(11) 16.20(11) 99.88 66.58 56.58
CAS67a:54 60.81(26) 23.77(15) 15.08(8) 99.66 66.84 53.56
CAS67a:52 59.69(44) 25.00(27) 14.93(15) 99.62 66.01 52.05
CAS67a:50 60.10(34) 25.67(13) 13.91(13) 99.68 66.68 49.62
CAS67a:47 59.88(32) 26.79(18) 13.27(3) 99.95 66.62 47.39
CAS67a:46 59.74(17) 27.77(9) 12.76(11) 100.27 66.54 45.53
CAS67a:41 58.96(28) 29.42(9) 11.42(6) 99.79 66.60 41.37
CAS67b:55 60.80(22) 23.57(10) 15.43(8) 99.79 66.65 54.33
CAS67b:53 60.94(27) 23.87(15) 14.83(8) 99.65 67.04 53.04
CAS67b:52 60.00(12) 24.72(9) 14.73(13) 99.46 66.41 52.00
CAS67b:51 60.19(20) 24.85(5) 14.26(16) 99.29 66.80 51.06
CAS67b:50 59.74(40) 24.96(19) 13.90(10) 98.60 66.86 50.31
CAS67b:49 60.06(14) 25.81(10) 13.66(9) 99.53 66.80 49.04
CAS67b:48 60.50(18) 26.20(10) 13.25(9) 99.96 67.12 47.91
CAS50:61 44.66(30) 29.28(7) 25.61(6) 99.55 49.98 61.40
CAS50:57 44.31(28) 31.89(16) 23.33(9) 99.53 50.29 57.08
CAS50:54 44.06(15) 33.93(13) 21.75(11) 99.74 50.43 53.82
CAS50:52 43.40(32) 35.16(11) 20.87(13) 99.42 50.18 51.91
CAS50:50 42.99(24) 36.09(16) 19.90(15) 98.98 50.23 50.07
CAS50:48 42.59(24) 37.26(15) 18.90(7) 98.75 50.23 47.98
CAS50:46 43.27(27) 38.20(10) 18.13(8) 99.60 50.78 46.31
CAS50:45 43.10(23) 38.93(19) 17.24(12) 99.27 51.00 44.60
CAS50:44 43.78(31) 38.95(6) 16.83(12) 99.56 51.65 43.99
MAS75:58 73.30(35)b 17.18(35)b 9.30(17)b 99.78 75.34 57.79
MAS75:57 72.89(28) 17.43(20) 9.16(7) 99.48 75.29 57.06
MAS75:55 72.46(32) 17.98(13) 8.73(18) 99.17 75.43 55.10
MAS75:53 72.15(47) 19.24(40) 8.46(10) 99.86 75.08 52.66
MAS75:51 71.58(31) 19.74(37) 8.04(15) 99.36 75.19 50.73
MAS75:49 71.22(37) 20.40(27) 7.62(13) 99.25 75.28 48.58
MAS75:46 69.46(113) 22.60(112) 7.61(40) 99.66 73.80 45.98
MAS67:58 64.03(46) 22.83(24) 12.42(17) 99.29 66.70 57.92
MAS67:56 63.26(82) 24.15(83) 12.18(39) 99.59 66.15 56.05
MAS67:53 62.28(25) 26.11(46) 11.43(26) 99.82 65.77 52.55
MAS67:50 62.46(59) 26.59(44) 10.36(17) 99.41 66.76 49.63
MAS67:48 61.98(42) 27.52(49) 10.03(23) 99.53 66.54 47.96
MAS67:46 62.24(58) 28.04(56) 9.51(18) 99.80 66.97 46.17
MAS67:44 62.15(63) 28.43(48) 8.69(10) 99.27 67.67 43.60
MAS50:55 49.28(35) 33.75(47) 16.49(21) 99.53 52.56 55.28
MAS50:54 48.78(61) 34.90(45) 16.21(25) 99.89 52.17 54.02
MAS50:52 48.43(33) 36.04(28) 15.72(35) 100.19 52.02 52.45
MAS50:50 47.59(46) 36.83(49) 14.85(13) 99.27 52.05 50.49
MAS50:49 47.19(44) 38.33(57) 14.50(25) 100.03 51.64 48.91
MAS50:47 46.46(19) 39.55(39) 13.84(20) 99.85 51.40 46.94
MAS50:45 45.92(28) 40.63(56) 13.31(27) 99.86 51.19 45.32
MAS50:44 45.17(60) 41.70(38) 12.73(26) 99.60 50.92 43.56

a Ca* represents the molar ratio [CaO/(CaO � Al2O3)].
b Numbers in parentheses correspond to uncertainty in terms of the least units cited.

c Mg* represents the molar ratio [MgO/(MgO � Al2O3)].
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Viscosity at fixed temperature is a function of SiO2 content,
being greatest at higher silica content, as illustrated in Figure 2.
This is true for both CAS and MAS liquids, although it may be
noted that at the same temperature and silica content magne-

Table 2. Measured viscosities (expres

CAS75a:
T (°C)

61 58 56 54

1600 1.898 1.935 1.970 2.001
1550 2.139 2.188 2.230 2.264
1500 2.400 2.464 2.511 2.550
1450 2.690 2.764 2.818 2.860
1400 3.006 3.092 3.153 3.200
1350 3.340 3.438 3.508 3.560
1300 3.844 3.924 3.986

CAS75b:
T (°C)

55 53 52 51

1650 1.762 1.782 1.792 1.792
1600 1.993 2.018 2.029 2.035
1550 2.251 2.280 2.293 2.304
1500 2.534 2.567 2.582 2.587
1450 2.841 2.880 2.897 2.906
1400 3.176 3.222 3.240 3.252

CAS67a:
T (°C)

57 54 52

1600 1.297 1.324 1.340
1550 1.538 1.573 1.592
1500 1.803 1.846 1.870
1450 2.096 2.148 2.177
1400 2.424 2.487 2.521
1350 2.790 2.866 2.905
1300 3.201 3.294 3.340

CAS67b:
T (°C)

55 53 52

1600 1.317 1.343 1.341
1550 1.562 1.590 1.590
1500 1.832 1.862 1.865
1450 2.130 2.164 2.169
1400 2.465 2.504 2.512
1350 2.841 2.885 2.896
1300 3.130 3.318

CAS50:
T (°C)

61 57 54 52

1680
1660
1650
1640
1625
1620
1600 0.263 0.332 0.367 0.37
1550 0.450 0.535 0.576 0.58
1500 0.665 0.760 0.806 0.82
1450 0.902 1.014 1.066 1.08
1400 1.172 1.300 1.360 1.38
1350 1.484 1.634 1.704 1.73
1300 2.018 2.105
sium silicates have lower viscosity than corresponding cal-
cium-bearing compositions. At constant silica content, viscos-
ity is not a strong function of M/(M � 2Al), in particular for
liquids in the system MAS (Fig. 2). However, systematic vari-
ations of viscosity do occur at constant temperature and silica

log10� in Pas) for each composition.

50 49 47 45 44 41

10� (Pa s)

2.049 2.041 2.042 2.048 2.027 2.011
2.315 2.311 2.314 2.322 2.301 2.288
2.609 2.609 2.611 2.622 2.603 2.590
2.928 2.932 2.935 2.948 2.928 2.918
3.279 3.288 3.290 3.307 3.288
3.653 3.666 3.669 3.690 3.672
4.093 4.111 4.116 4.141 4.124

.5 50 49 47.5 46 43.5

og10� (Pa s)

08 1.793 1.793
46 2.037 2.039 2.037 2.044 2.040
14 2.302 2.309 2.309 2.319 2.315
07 2.597 2.604 2.606 2.618 2.615
27 2.917 2.926 2.931 2.945 2.945
77 3.269 3.282 3.287 3.305 3.306

50 47 46 41

log10� (Pa s)

1.339 1.346 1.341 1.315
1.594 1.604 1.599 1.575
1.874 1.888 1.884 1.862
2.186 2.203 2.201
2.535 2.554 2.555
2.925 2.954
3.366 3.396

51 50 49 48

log10� (Pa s)

1.353 1.347
1.593 1.604 1.597 1.600
1.868 1.882 1.877 1.880
2.175 2.191 2.188 2.192
2.519 2.538 2.537 2.542
2.906 2.928 2.929 2.935

50 48 46 45 44

og10� (Pa s)

0.096
0.165

0.202 0.203
0.239

0.296 0.276
0.314

0.392 0.395 0.403 0.397 0.395
0.605 0.610 0.619
0.843 0.849
1.108 1.117
1.412
sed as

53

log

2.012
2.278
2.571
2.885
3.232
3.599
4.032

50

l

1.8
2.0
2.3
2.6
2.9
3.2

l

7
9
3
7
6
5

content, and these will be presented and discussed below.
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The data collected in the range 108 to 1012 Pa s may also be
satisfactorily described by Eqn. 1 (Fig. 3) with relevant values
of the fit parameters shown in Table 4. In this respect, it is of
note that for a given composition, the temperature dependence
of viscosity at low temperature is considerably greater than that
at high temperature (Table 4). In other words, over large
temperature ranges, viscosity is non-Arrhenian, a common fea-
ture of silicate liquids (Richet and Bottinga, 1995). Where
viscosity has been measured at both high and low temperature,
the combined data sets have been fitted to the Tamann-Vogel-
Fulcher (TVF) equation:

log � � ATVF � BTVF ⁄ (T � CTVF) (2)

for which the values of parameters ATVF, BTVF, and CTVF are

Table 2

MAS75:
T (°C)

58 57 55

1640 1.723 1.720
1620 1.813 1.813 1.821
1615 1.838
1600 1.912 1.911 1.919
1575 2.043
1550 2.170 2.178
1525 2.314
1500 2.451 2.462
1475 2.611

MAS67a
T (°C)

53 50

1600 1.161 1.156
1550 1.398 1.393
1500 1.664 1.661
1450 1.955 1.953
1400 2.282 2.284
1350 2.647

MAS67b:
T (°C)

58a 58b 56

1600 1.181 1.174 1.183
1550 1.405 1.413
1500 1.662 1.658 1.672
1450 1.942 1.955
1400 2.257 2.254 2.272

MAS50:
T (°C)

55a 55b 54 52

1620
1600 0.212 0.210 0.215 0.21
1575
1550 0.405 0.404 0.403 0.40
1525
1500 0.619 0.617 0.623 0.62
1475 0.740 0.74
1450 0.857 0.854 0.862
shown in Table 5.
3.2. Isothermal Variations of Viscosity in the
System CaO-Al2O3-SiO2

In the system CaO-Al2O3-SiO2, the variation of viscosity
across the metaluminous join at constant temperature is
qualitatively similar for all three isopleths of silica content.
In all cases, viscosity passes through a maximum in the
studied range of composition, but this maximum is broad
and the position of the maximum ill-defined (Fig. 4). This
behaviour is consistent with measurements at 1800°C in the
same system by Rossin et al. (1964), illustrated in Bottinga
and Weill (1972). In detail our measurements show that for
all compositions with Ca/2Al � 1, viscosity increases as the
ratio Ca/(Ca � 2Al) decreases. At 75 mol.% SiO2 and
1600°C, the increase in viscosity with decreasing Ca/(Ca �
2Al) is interrupted more or less at the metaluminous join.
For values of Ca/(Ca � 2Al) in the range 0.5 to 0.45 there

inued)

53 51 49 46

log10� (Pa s)

1.697 1.682 1.656 1.636
1.791 1.777 1.750 1.729

1.889 1.874 1.848 1.827
2.015 2.001 1.974 1.955
2.150 2.135 2.108 2.089
2.288 2.274 2.248 2.230
2.435 2.418 2.393 2.375

48 46 44

log10� (Pa s)

1.147 1.141 1.124
1.386 1.381 1.364
1.655 1.651 1.637
1.950

53 50 48 46

log10� (Pa s)

1.170 1.154 1.157 1.143
1.398 1.384 1.391 1.376
1.657 1.646 1.655 1.643
1.941 1.933 1.945
2.260 2.255

50 49 47 45 44

og10� (Pa s)

0.127
0.212 0.212 0.208 0.202 0.200

0.309 0.304
0.409 0.410
0.515
. (Cont

l

1

7

4
2

is some suggestion that viscosity may show complex behav-



5174 M. J. Toplis and D. B. Dingwell
iour with a local minimum (Fig. 4a) but these variations are
of the same order of magnitude as our experimental preci-
sion. For Ca/(Ca � 2Al) � 0.45, viscosity clearly trends to
lower values (Fig. 4a). For liquids with 67 mol.% SiO2 at
1550°C, the same general features are apparent (Fig. 4b), of
particular note being the approximately constant values of
viscosity for Ca/(Ca � 2Al) in the range 0.5 to 0.45. Along
the 50 mol.% SiO2 join at 1600°C the compositional depen-
dence of viscosity appears to be somewhat simpler, with a
maximum in viscosity at a value of Ca/(Ca � 2Al) close to
0.46 (Fig. 4c), although we note that the number of compo-
sitions studied along this join is less than at higher silica
content, thus definition of the variation of viscosity is less
detailed. We also note that agreement with literature data
along this join (Urbain et al., 1982; Tauber and Arndt, 1987)
is excellent.

For the joins at 75 and 67 mol.% SiO2, the studied range
of temperature is limited, but at 1400°C one observes that
the variation of viscosity is somewhat smoother than at
1600°C, with a more clearly defined maximum centered in
the peraluminous field, at a value of Ca/(Ca � 2Al) of �0.45
(Fig. 4d,e). At 50 mol.% SiO2 where we have measurements
close to the glass transition, data have been interpolated,
using the fits to Eqn. 1, to a common temperature of 900°C
(Fig. 4f). This shows that with decreasing Ca/(Ca � 2Al)
viscosity increases steadily until Ca/(Ca � 2Al) � 0.48 after
which viscosity is constant within the uncertainties of the
measurements, behaviour which is thus similar to that ob-
served at 1600°C (Fig. 4c).

In summary, in the system CAS, viscosity clearly passes
through a maximum in the vicinity of the metaluminous join,

Fig. 1. Viscosity data for anorthite liquid (CAS50:50) as a function
of inverse temperature. Open diamonds are measurements of Neuville
(1992) made under uniaxial compression. Black diamonds are data of
this study measured using the micropenetration technique.
but this maximum, although ill-defined, occurs to the peralu-
minous side of charge-balanced join. The temperature depen-
dence is relatively weak, at least along the 50 mol.% SiO2

isopleth where data are available over a wide range of temper-
ature.

3.3. Isothermal Variations of Viscosity in the
System MgO-Al2O3-SiO2

In contrast to the calcium-bearing system described
above, data for the system MgO-Al2O3-SiO2 at 1600°C
show that along all three isopleths of silica viscosity de-
creases with decreasing Mg/(Mg � 2Al), even when Mg/2Al
� 1, this decrease being most pronounced at higher silica
content (Fig. 5). Along the 50 mol.% SiO2 isopleth, com-
parison of our data with those from the literature shows
excellent agreement with the data of Riebling (1964) at the
metaluminous join (e.g., Fig. 5c) and also demonstrates that
viscosity passes through a maximum when Mg/(Mg � 2Al)
has a value of �0.55 (Urbain et al., 1982; Riebling, 1964;
see also Fig. 5). Our data also suggest flattening of viscosity
at values of Mg/(Mg � 2Al) in the range 0.55 to 0.6 at both
67 and 75 mol.% SiO2, providing evidence that a maximum
in viscosity exists at these silica contents too.

At temperatures close to the glass transition along the join
at 50 mol.% SiO2, measurements have been interpolated and
the viscosity at 850°C calculated. This shows that at 850°C
the variation of viscosity as a function of composition con-
trasts strongly with that observed at 1600°C, showing a
pronounced and continuous increase across the whole range
of studied Mg/(Mg � 2Al) with no sign of approaching a
maximum, even at the most peraluminous composition stud-
ied (Fig. 5d).

3.4. Activation Energies

In addition to considering the variation of viscosity as a
function of composition, it is also of interest to consider the
variation of activation energy to viscous flow, a parameter
directly proportional to the B term of Eqn. 1 (Activation
energy � 2.303*R*B where R is the gas constant). As an
example, values at 75 mol.% SiO2 in the system CAS are
illustrated in Figure 6, where it may be seen that there would
appear to be an inconsistency between the values determined
for compositions in series a and b. There would also appear
to be a drop in activation energy for the most peraluminous
composition (Fig. 6). However, measurements for different
compositions were not made over identical temperature
ranges; thus, to provide a more rigorous comparison, acti-
vation energies have also been calculated using only data in
the temperature range 1600 to 1450 °C (shown in Table 4).
When these latter values are used, it is found that the two
different series of CAS75 glasses give perfectly consistent
values of activation energy and that the combined data set
indicates a continuous increase of activation energy with
decreasing values of Ca/(Ca � 2Al), as illustrated in Figure
7a. However, the increase in activation energy is not a linear
function of Ca/(Ca � 2Al), but asymptotically approaches a
constant value of �375 kJ/mol in the peraluminous field

(Fig. 7a). When the data at 67 and 50 mol.% SiO2 are
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considered (using data over a fixed temperature range for
each compositional series as detailed in Table 4), the form of
the variation of activation energy as a function of Ca/(Ca �
2Al) is identical to that at 75 mol.% SiO2, but the limiting
values of activation energy in the peraluminous field are
lower at lower silica content (Fig. 7b,c).

In contrast, data from the Mg-bearing systems indicate
that activation energy shows little variation (Fig. 7d–f), with
a slight tendency to increase with decreasing Mg/(Mg �
2Al). The measurements on the MAS67 series have more
scattered values of activation energy but the origin of this is
unknown. It is also of note that values of activation energy
to viscous flow decrease with decreasing silica content and
that the magnitudes of activation energy in the calcium and

Table 3. Viscosities m

CAS50:57 CAS50:54

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

933.4 8.37 937.7 8.72
907.9 9.25 910.3 9.57
888.6 10.06 906.9 9.45
869.2 10.43 894.3 9.93
852.6 11.05 885.5 10.27

874.1 10.71
866.5 11.05
856.4 11.21

CAS50:48 CAS50:46

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

940.6 8.85 938.3 9.03
923.9 9.49 921.8 9.44
913.6 9.74 910.0 10.00
912.1 10.04 903.5 10.11
891.6 10.69 891.1 10.70
875.0 11.27 884.6 10.91

874.0 11.15

MAS50:55 MAS50:52

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

826.3 10.98 873.1 9.50
841.8 10.39 862.7 9.83
852.1 10.02 847.1 10.41
862.4 9.68 836.3 10.78

826.3 11.18

MAS50:47 M

T (°C)
log10�
(Pa s) T (°C)

868.2 9.87 872.4
852.5 10.44 856.8
836.9 11.04 841.2
820.8 11.70 825.7
magnesium systems at the same silica content are similar.
4. DISCUSSION

4.1. Structural Implications

4.1.1. Viscosity as a probe of melt structure

As discussed by Bottinga et al. (1995), in the range 1–1000
Pa s, viscosity may be considered a reflection of the average
bond strength of the melt; melts with stronger bonds having
higher viscosity at a given temperature. Assuming this to be the
case implies that variations in viscosity as a function of com-
position may be used to provide constraints on melt structure.
Indeed, this approach has been employed in the past with
considerable success. For example, viscosity measurements in
the system Na2O-Al2O3-SiO2-P2O5 have been used to predict
that the average Na/P ratio of phosphate complexes present in

d at low temperature.

CAS50:52 CAS50:50

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

937.1 8.90 932.9 8.90
927.3 8.79 925.5 9.29
912.6 9.62 909.9 9.79
909.4 9.71 908.7 9.90
892.1 10.19 891.5 10.40
889.4 10.50
866.5 11.05

CAS50:45 CAS67:50

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

940.5 9.06 958.8 8.88
912.6 9.85 939.2 9.34
907.2 9.84 909.6 10.22
892.2 10.68 865.1 11.37
874.9 11.20

MAS50:50 MAS50:49

T (°C)
log10�
(Pa s) T (°C)

log10�
(Pa s)

873.6 9.57 863.3 9.97
862.9 9.91 847.4 10.55
847.5 10.48 832.0 11.15
837.2 10.87 821.3 11.55
826.5 11.28

5 MAS50:44

log10�
(Pa s) T (°C)

log10�
(Pa s)

9.79 873.0 9.84
10.35 857.7 10.39
10.95 842.0 10.99
11.57 826.1 11.64
easure

AS50:4
these liquids is 1.35 � 0.07 (Toplis and Dingwell, 1996),
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Table 4. Fits of viscosity data to the Arrhenian equation (see text for details)

Composition Aa
B/104

a

Activation energya

(kJ/mol)
Reduced activation

energyb

CAS75a:61 �7.502 1.758 336.6 326.1c

CAS75a:58 �8.068 1.869 357.9 341.6
CAS75a:56 �8.265 1.913 366.2 349.3
CAS75a:54 �8.390 1.942 371.8 354.0
CAS75a:53 �8.567 1.977 378.5 360.1
CAS75a:50 �8.665 2.002 383.2 362.4
CAS75a:49 �8.809 2.027 388.0 367.4
CAS75a:47 �8.821 2.030 388.5 368.0
CAS75a:45 �8.916 2.048 392.1 371.0
CAS75a:44 �8.958 2.052 392.9 371.6
CAS75a:41 �8.417 1.952 373.8 373.8
CAS75b:55 �7.737 1.823 349.1 349.6c

CAS75b:53 �7.886 1.856 355.3 355.3
CAS75b:52 �7.933 1.867 357.4 357.7
CAS75b:51 �7.990 1.878 359.6 358.1
CAS75b:50.5 �8.062 1.894 362.6 363.0
CAS75b:50 �8.107 1.900 363.8 362.9
CAS75b:49 �8.189 1.916 366.9 365.5
CAS75b:47.5 �8.433 1.959 375.1 368.4
CAS75b:46 �8.513 1.976 378.2 371.2
CAS75b:43.5 �8.564 1.984 379.9 372.8
CAS67a:57 �8.709 1.867 357.5 328.0d

CAS67a:54 �9.023 1.931 369.6 337.9
CAS67a:52 �9.166 1.960 375.3 344.1
CAS67a:50 �9.312 1.987 380.4 346.6
CAS67a:47 �9.432 2.011 385.0 351.5
CAS67a:46 �8.828 1.902 364.1 352.8
CAS67a:41 �8.388 1.817 347.9 355.3
CAS67b:55 �8.415 1.820 348.4 334.2d

CAS67b:53 �9.031 1.935 370.5 336.7
CAS67b:52 �8.770 1.889 361.6 340.4
CAS67b:51 �9.081 1.943 371.9 340.4
CAS67b:50 �8.890 1.914 366.4 344.1
CAS67b:49 �9.229 1.971 377.2 346.6
CAS67b:48 �8.982 1.930 369.4 346.6
CAS50:61 �7.679 1.483 283.8 244.5c

CAS50:57 �8.516 1.649 315.7 265.4
CAS50:54 �8.743 1.697 324.9 273.3
CAS50:52 �8.439 1.646 315.1 277.2
CAS50:50 �8.147 1.597 305.7 278.5
CAS50:48 �7.906 1.554 297.5 281.1
CAS50:46 �7.473 1.475 282.4 282.4
CAS50:45 �7.105 1.405 269.0
CAS50:44 �6.770 1.341 256.7
CAS50†:57 �28.370 4.442 850.4
CAS50†:54 �27.661 4.397 841.9
CAS50†:52 �29.467 4.627 885.8
CAS50†:50 �32.517 5.005 958.1
CAS50†:48 �33.527 5.148 985.5
CAS50†:46 �31.027 4.848 928.1
CAS50†:45 �29.517 4.671 894.2
MAS75:58 �7.535 1.770 338.9 341.5f

MAS75:57 �7.225 1.711 327.6
MAS75:55 �7.715 1.804 345.4 343.2
MAS75:53 �7.651 1.787 342.2 345.0
MAS75:51 �7.648 1.784 341.6 343.6
MAS75:49 �7.687 1.786 342.0 344.4
MAS75:46 �7.746 1.794 343.4 346.1
MAS67a:53 �8.508 1.807 345.9 319.9g

MAS67a:50 �8.296 1.768 338.4 321.2
MAS67a:48 �8.096 1.730 331.2 323.1
MAS67a:46 �7.907 1.694 324.4 324.4
MAS67a:44 �7.979 1.704 326.3 326.3
MAS67b:58 �7.846 1.688 323.2 306.0g
MAS67b:58 �7.878 1.694 324.3 307.8
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values in excellent agreement with those determined indepen-
dently from NMR spectra of the same glasses (1.32 � 0.10;
Toplis and Schaller, 1998). A similar approach was also used
for liquids close to the metaluminous join in the system Na2O-
Al2O3-SiO2, based upon which it was inferred that liquids with
Na/Al � 1 may contain some NBO (Toplis et al., 1997). It is
also of note that this approach provides in situ measurements in
the liquid at temperatures well above the glass transition, in
contrast to the majority of spectroscopic studies which charac-
terise glasses, whose structure represents that of the liquid at
the glass transition temperature.

To infer structural information from our viscosity data, we
will begin by considering the factors that affect average bond
strength, then construct a theoretical model for quantifying the
variation of average bond strength as a function of composition.
As described below, the model may be fit to experimental data
using two adjustable parameters, both of which have some
physical or thermodynamic significance. The ‘best-fit’ values
of these parameters will then be considered and interpreted in
terms of melt structure. We begin by considering the factors
that affect average bond strength of the melt.

4.1.2. Average bond strength: theoretical framework

Calculating average bond strength requires three comple-
mentary pieces of information. First of all, one must identify

Table 4

Composition Aa
B/104

a

MAS67b:56 �7.945 1.707
MAS67b:53 �7.971 1.709
MAS67b:50 �8.081 1.727
MAS67b:48 �7.914 1.698
MAS67b:46 �7.730 1.661
MAS50:55a �7.205 1.388
MAS50:55b �7.192 1.386
MAS50:54 �7.221 1.392
MAS50:52 �7.213 1.390
MAS50:50 �7.042 1.359
MAS50:49 �7.008 1.352
MAS50:47 �6.889 1.329
MAS50:44 �6.710 1.294
MAS50†:55 �30.020 4.507
MAS50†:52 �30.017 4.528
MAS50†:50 �30.631 4.608
MAS50†:49 �31.366 4.697
MAS50†:47 �32.372 4.820
MAS50†:45 �32.145 4.803
MAS50†:44 �31.371 4.837

a Parameters derived from fitting all available high-viscosity data (s
viscosity in Pa s and T is temperature in K. For CAS50:x and MAS50:x
equation and are distinguished by the symbol †. Activation energy ca

b Reduced activation energy is that calculated from fitting viscosity d
all members of a given compositional series. Only in this way can the
details). The exact temperature ranges are shown below.

c 1600–1450°C.
d 1550–1500°C.
e 1600–1550°C.
f 1620–1500°C.
g 1600–1500°C.
the species present in the liquid. Secondly relative proportions
of these species must be determined. Thirdly, one must at-
tribute a bond strength to each species.

In the simple aluminosilicate silicate liquids we are dealing
with here, identification of the species is relatively straightfor-
ward. For example, for compositions with M2�/2Al � 1, we
may safely assume that the liquid contains network-forming Si,
metal cations in network-modifying roles (which we will call
MNBO), and tetrahedrally coordinated network-forming Al as-
sociated with a charge-balancing cation (which we will call
Al[4]-M). (In the equations and calculations which follow,
‘MNBO’ actually represents [0.5(Mg, Ca)]NBO and ‘Al[4]-M’
represents Al[4]-(Mg, Ca)0.5.) On the other hand, even in this
compositional field it is possible that Al may be incorporated
without the aid of a charge-balancing cation (a species which
we will call AlXS) and in the peraluminous field (when M2�/
2Al � 1) we know that this must be the case. At this stage we
will not worry about the details of the structural role of excess
aluminium, but will limit ourselves to consideration of a ge-
neric ‘AlXS’ which is any aluminium incorporated without an
associated charge-balancing cation.

The next step is to predict the relative proportions of melt
species as a function of composition across the metaluminous
join. This is possible if one considers the simple chemical
equilibrium:

inued)

Activation energya

(kJ/mol)
Reduced activation

energyb

326.9 311.0
327.3 309.8
330.6 313.0
325.0 316.8
318.1 318.1
265.8 252.4e

265.3 253.7
266.5 252.4
266.1 256.3
260.1 257.6
258.9 258.9
254.5
247.8
862.8
866.9
882.1
899.3
922.8
919.5
926.0

Table 2) to an equation of the form: log10� � A � B/T where � is
-temperature data (shown in Table 3) have also been fitted to the same
from parameter B shown in this table.

he Arrhenius equation over a temperature range which is the same for
mpositional dependence of activation energy be assessed (see text for
. (Cont

hown in
the low

lculated
ata to t
true co
Al[4]-M ⇔ AlXS � MNBO (3)
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Note that silica does not appear in this equation because we
are interested in variations in average bond strength along
isopleths of constant silica content. In this case SiO2 can be

Fig. 2. Viscosities measured using the concentric cylind
CaO-Al2O3-SiO2 (a) and MgO-Al2O3-SiO2 (b). Triangles
mol.% SiO2 isopleth, and diamonds from the 50 mol.% S

Fig. 3. Viscosities of liquids with 50 mol.% SiO2 measu

(b) using the micropenetration technique (MgO-Al2O3-SiO2). Eac
� 2Al), as indicated by values on the figure. Lines are linear re
neglected, although in general it should be appreciated that
substituting Al[4]-M for Si will affect average bond strength
and thus viscosity (Solvang et al., 2004). As with any chemical

ique as a function of inverse temperature for the systems
ta from the 75 mol.% SiO2 isopleth, circles from the 67
pleth.

er (a) uniaxial compression (system CaO-Al2O3-SiO2) or
2� 2�
er techn
red und

h symbol represents a composition of different M /(M
gressions to the data (see text and Table 4 for details).
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equilibrium, the relative proportions of the different species
will be a function of the equilibrium constant, K, of the reac-
tion, in this case defined as:

K � ([aMNBO] ∗ [aAlXS]) ⁄ [aAl[4] � M] (4)

where a represents thermodynamic activity of the relevant
species which we will approximate by relative proportion.
Thus, if the equilibrium constant of the reaction is known and
the total number of moles of Al and M (i.e., the bulk compo-
sition) is known, then Eqn. 4 may be solved to calculate the
relative proportions of the three species shown in Eqn. 3. For
example, if K has a value of zero (the assumption embedded in
the commonly employed ‘stoichiometric’ model of silicate melt
structure), solution of Eqn. 4 predicts that as long as M/2Al is
�1 all liquids are constituted of only MNBO and Al[4]-M,
whereas for liquids with M/2Al � 1 only AlXS and Al[4]-M are
present. Going across the metaluminous join from M/2Al � 1
to �1, the relative proportion of Al[4]-M reaches a maximum
when M/2Al � 1, at which point it is the only species present
in the liquid (see Fig. 8). However, if one considers a value of
the equilibrium constant greater than zero, solution of Eqn. 4
implies that AlXS will begin to appear even in compositions
with M/2Al � 1, that MNBO will persist into the peraluminous
field, and that liquids with M/2Al � 1 will contain a mixture of
all three species, MNBO and AlXS occurring in equal propor-
tions. This is illustrated in Figure 8 for K � exp(�5).

To complete our discussion of average bond strength we
need to consider the relative bond strengths of each of the
species present in Eqn. 3. In this respect, it seems entirely
reasonable to assume that the average bond strength of the
network-modifying MNBO is less than that of the network-
forming Al[4]-M. On the other hand, the average bond strength
of AlXS is something of an unknown quantity and will depend
on the details of the structural role of excess Al. To simplify the
problem, we will consider a scale of relative bond strength from
0 to 1, in which 0 is the bond strength of M and 1 is that of

Table 5. Fitted parameters of combined high-and low-temperature
viscosity data to the TVF equation (see text for details).

Composition ATVF BTVF CTVF

CAS50:57 �5.48 (67)a 6370 (910)a 745 (41)a

CAS50:54 �5.87 (63) 6910 (870) 731 (38)
CAS50:52 �5.76 (77) 6760 (1040) 743 (48)
CAS50:50 �4.85 (52) 5510 (690) 807 (34)
CAS50:48 �5.58 (52) 6530 (730) 763 (33)
CAS50:46 �6.47 (56) 7600 (860) 711 (37)
CAS50:45 �6.23 (76) 7820 (1250) 699 (54)
CAS67:50 �6.01 (64) 9100 (1070) 618 (44)
MAS50:55 �5.30 (49) 6300 (720) 713 (34)
MAS50:52 �5.72 (38) 6920 (580) 691 (26)
MAS50:50 �5.84 (25) 7130 (390) 683 (17)
MAS50:49 �5.96 (23) 7350 (380) 675 (16)
MAS50:47 �5.80 (10) 7110 (160) 688 (71)
MAS50:45 �5.81 (6) 7110 (100) 690 (4)
MAS50:44 �5.80 (8) 7110 (130) 692 (6)

a Numbers in parentheses correspond to uncertainties in terms of
least units cited.
NBO

Al[4]-M. In this way, we do not need to worry about the
absolute values, but only relative ones. If AlXS has a bond
strength equal to that of Al[4]-M, then across the metaluminous
join average bond strength will increase continuously, asymp-
totically reaching a constant value in the peraluminous field
(Fig. 9). If, on the other hand, the bond strength of AlXS is
intermediate between those of MNBO and Al[4]-M, then for
values of K � 0, average bond strength will show a maximum
in the vicinity of the metaluminous join, but occurring in the
peraluminous field (Fig. 9). If AlXS has the same bond strength
as MNBO, the maximum in average bond strength will occur
exactly at M/2Al � 1 and the variation will be symmetric either
side of the metaluminous join, whereas if the bond strength of
AlXS is less than that of MNBO (which will result in negative
values on a scale from 0 to 1) then the maximum in average
bond strength will occur in the field where M/2Al � 1, as
illustrated in Figure 9.

4.1.3. Fitting experimentally determined viscosities

As may be appreciated from Figures 8 and 9, the variation of
average bond strength with composition will be a function of:
i) the value of K, and ii) the value of the relative bond strength
of AlXS. Furthermore, from standard thermodynamic relations
it may be appreciated that:

ln K � �G(3) ⁄ RT (5)

where 	G(3) is the standard free energy of reaction 3 shown
above. Thus, if temperature is known, we can consider values
of free energy rather than values of K. Within the framework of
Eqns. 3, 4, and 5 the experimental data at 1600°C along each
isopleth in the CAS and MAS systems (Table 2; Figs. 4 and 5)
have been fitted by adjusting values of 	G(3) and average bond
strength of AlXS.

In detail, for the fitting procedure we compare the changes in
the logarithm of viscosity with changes in the logarithm of
calculated bond strength. This approach has been taken be-
cause, for relatively small variations in absolute values such as
those we are dealing with here along an individual silica
isopleth, the variation of the logarithm of values is a measure of
the percentage rather than the absolute change. In this way, use
of the relative bond strength scale described above may be used
without the need to know absolute values. In this case a
constant may be added to the calculated values of log(average
bond strength) to bring them into accordance with the values of
log(�). Examples of resulting fits are illustrated in Figure 10 for
the series CAS75 and MAS67 where experimental data are the
most abundant. The fits to all compositional series are ex-
tremely satisfactory. Of particular note is the excellent agree-
ment of modelled and experimentally determined variations for
compositions with Ca/(Ca � 2Al) �0.5 in the system CAS
(Fig. 10a). This compositional range is of interest because
variations in calculated average bond strength are more or less
independent of the values of 	G(3) and bond strength of AlXS

used, thus confirming the validity of our approach and the use
of the relative bond strength scale.

As summarized in Table 6, the values of 	G(3) at 1600°C in
the calcium-bearing system vary from �90 kJ/mol at 75 mol.%

SiO2 to �66 kJ/mol at 50 mol.% SiO2. Values of average bond
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strength of AlXS are about halfway between those of network-
forming Al[4]-M and CaNBO with no systematic variation as a
function of silica content. In the magnesian system, values of
	G(3) at 1600°C and AlXS both contrast strongly with values in
the calcium-bearing system, 	G(3) having positive, albeit
small, values, while the bond strength of AlXS is predicted to be
approximately that of MgNBO. The potential roles of AlXS and
the structure of our studied liquids will be discussed in terms of
the values shown in Table 6.

4.1.4. Structural implications

In the literature two possibilities have been suggested for the

Fig. 4. Viscosities at constant temperature in the syste
Symbol shapes as in Figure 2. Closed symbols are data
(Tauber and Arndt, 1987; Urbain et al., 1982). Error bar
experimental accuracy for literature data. (a) Data at 75 m
mol.% SiO2 and 1600°C; (d) 75 mol.% SiO2 and 1400°C
All data represent direct measurements except values sho
to Eqn. 1, and values shown by an asterisk which are va
structural role of AlXS. The first involves incorporation of Al
through association with an oxygen in threefold coordination in
a structure called a tricluster (Lacy, 1963). In this case, Al
remains in tetrahedral coordination and maintains a network-
forming character. We note in passing that three different
Al-bearing triclusters are possible, depending on the number of
Al involved (1, 2, or 3), the other bonds to oxygen being
associated with silicate tetrahedra (Toplis et al., 1997; Stebbins
et al., 2001). The second way to incorporate excess Al is as a
network-modifier (Mysen et al., 1981), in which case AlXS will
have a coordination number greater than 4, but which could be
5 and/or 6 (Poe et al., 1992; Sato et al., 1991). Given simple
bond valence and bond length arguments, triclusters would be

-Al2O3-SiO2 as a function of 100*CaO/(CaO � Al2O3).
is study, and open symbols are data from the literature

sent experimental precision for data from this study and
iO2 and 1600°C; (b) 67 mol.% SiO2 and 1550°C; (c) 50
mol.% SiO2 and 1400°C; (f) 50 mol.% SiO2 and 900°C.

(f), which are viscosities interpolated to 900°C using fits
rapolated using fits to Eqn. 1 (Table 4).
m CaO
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; (e) 67
expected to have a relatively high average bond strength



5181Structure and polymerisation state of aluminosilicate liquids
whereas high coordinated Al may be expected to have a
strength comparable, or even lower than that of MNBO.

In light of this, the fitted values of the average bond strength
for AlXS in CAS liquids would appear consistent with triclus-
ters as the dominant form of AlXS in our liquids, although we
cannot exclude the presence of some high-coordinate Al (Steb-
bins et al., 2000), nor predict what may happen in more
peraluminous compositions (Sato et al., 1991). Concerning the
existence of triclusters in our liquids, we note that such struc-
tures have been shown to be dynamically stable in the system
CAS (e.g., molecular orbital calculations of Kubicki and Top-
lis, 2002) and are predicted to occur in significant concentra-

Fig. 5. Viscosities at constant temperature in the system
Symbol shapes as in Figure 2. Closed symbols are data fro
at 50 mol.% SiO2. Other data of Riebling (1964) at higher
in viscosity. Error bars represent experimental precision f
data. (a–c) Data at 1600°C along the 75, 67, and 50 mo
All data represent direct measurements except values sho
(Table 4).
tions in molecular dynamic simulations of calcium aluminosili-
cate liquids (Nevins and Spera, 1998; Morgan and Spera, 2001;
Benoit et al., 2001). Spectroscopic data also support this hy-
pothesis. For example, in anorthite glass there is evidence for
�5% of nonbridging oxygens (Stebbins and Xu, 1997) but no
evidence for more than 1% of high coordinate Al (Baltisberger
et al., 1996; Stebbins et al., 2000). If the NBO are not associ-
ated with Al, then they are most reasonably associated with Ca,
in turn implying the presence of triclusters (cf. Eqn. 3). In this
respect, it is of note that we may predict the number of NBO in
anorthite liquid at 1600°C using the value of 	G(3) fitted to our
viscosity data (Table 6) and Eqn. 4. A value of 3.8% of total
oxygens as NBO is calculated, in good agreement with the

Al2O3-SiO2 as a function of 100*MgO/(MgO � Al2O3).
tudy, and open symbol represents data of Riebling (1964)
f 100*MgO/(MgO � Al2O3) clearly indicate a maximum
from this study and experimental accuracy for literature
2 isopleths respectively. (d) 50 mol.% SiO2 and 850°C.
d), which are viscosities interpolated using fits to Eqn. 1
MgO-
m this s
values o
or data
l.% SiO
wn on (
value measured by 17O NMR (Stebbins and Xu, 1997). Fur-
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thermore, the values of 	G(3) derived from the viscosity data
are comparable to enthalpies of formation of triclusters in
calcium-bearing melts predicted by Kubicki and Toplis (2002).
Finally, in situ high-temperature Raman spectra of anorthite
liquid (Daniel et al., 1995) show that there are temperature-
dependent changes in the Raman spectrum above the glass
transition and that the frequencies at which these changes occur
are indicative of subtle changes in the stretching vibrations of
bridging oxygens, exactly what would be expected if triclusters
are being formed. It is also of note that no spectral changes
associated with the formation of high coordinate Al were
observed (Daniel et al., 1995).

As discussed above, three different triclusters of variable
Si/Al may exist. In the system Na2O-Al2O3-SiO2 the viscosity
data of Toplis et al. (1997) showed that position of the viscosity
maximum is a systematic function of silica content, showing
greatest offset from the join Na/Al � 1 at 67 mol.% SiO2. This
observation may be simply explained if triclusters involving
only one Al dominate at all silica contents, as discussed by
Toplis et al. (1997). However, in the system CaO-Al2O3-SiO2

there is no systematic shift in the position of the viscosity
maximum as a function of silica content (Fig. 4). This obser-
vation implies that there is no single tricluster species which
dominates in all liquids, but may be explained if the average
number of Al per tricluster is a function of silica content (e.g.,
variable relative proportions of triclusters associated with 1, 2
and/or 3 Al). Indeed, this would explain why values of 	G(3)

and bond strength of AlXS vary as a function of silica content
(Table 6). In this respect, we note that confirmation of the
presence or absence of triclusters with 1 and/or 2 Al in anor-
thite glass using 17O NMR is probably not possible, because the
peaks associated with these environments overlap those of the

Fig. 6. Activation energy to viscous flow for compositions in the
system CaO-Al2O3-SiO2 at 75 mol.% SiO2 calculated using all the
concentric cylinder measurements of this study. Open symbols are data
from series ‘a’ and closed symbols from series ‘b’. Error bars represent
estimated uncertainty of �1%.
dominant bridging oxygen environments Si-O-Al and Si-O-Si
(Kubicki and Toplis, 2002). The same problem is encountered
at lower silica content where the peak associated with triclus-
ters surrounded by 3 Al overlaps that of the Al-O-Al environ-
ment (Stebbins et al., 2001). Thus, further spectroscopic and
theoretical studies are required to quantify the relative propor-
tions of triclusters and to constrain their possible temperature
dependence.

Another point of note is that the activation energy to viscous
flow is almost perfectly inversely proportional to the relative
proportion of MNBO (i.e., both show the same variation as a
function of Ca/(Ca � 2Al) as shown in Figs. 7 and 8). This is
consistent with a central role of NBO in the viscous flow
mechanism of deploymerised liquids, in agreement with previ-
ous studies (Stebbins, 1991; Toplis, 1998). In peraluminous
liquids where the number of NBO becomes vanishingly small,
it is possible that triclusters may play an intermediate role
analogous to that inferred for fivefold coordinated silicon
and/or aluminium in depolymerised compositions (Stebbins,
1995), and that the activation energy in the peraluminous field
is related to the energy of the formation and destruction of such
species.

Turning now to the system MgO-Al2O3-SiO2, we note that
the values of 	G(3) and average bond strength of AlXS inferred
from viscosity measurements are very different from those
derived from the calcium-bearing system (Table 6). The in-
ferred average bond strength of AlXS is almost identical to that
of MgNBO, pointing to a network-modifying role of AlXS in
these liquids. Indeed, NMR studies of MgO-Al2O3-SiO2

glasses similar or identical to those studied here show clear
evidence for a population of Al in fivefold coordination (Mc-
Millan and Kirkpatrick, 1992; Toplis et al., 2000) in support of
this conclusion. However, in the peraluminous glasses studied
by Toplis et al. (2000) it is found that the observed number of
Al5 is not sufficient to account for the stoichiometric excess of
Al over Mg, thus Al[4] associated with triclusters may also be
present. However, it is possible that at 1600°C liquid structure
is different from that at the glass transition. Indeed, one of the
striking features of the MAS data (compared to data from the
corresponding Na or Ca bearing systems) is that the variation of
viscosity across the metaluminous join at temperatures close to
the glass transition is very different from that at 1600°C (Fig.
5c,d), consistent with a significant temperature dependence of
liquid structure. We note that both molecular dynamics simu-
lations and spectroscopic study of highly peraluminous liquids
inply that the formation of high-coordinated aluminium species
is favoured with increasing temperature (Poe et al., 1992), thus
it is possible that such species dominate in Mg-bearing liquids
at 1600°C, although further spectroscopic data are required to
confirm this conclusion.

The other striking feature of the data in the MAS system is
that derived values of 	G(3) are systematically close to zero,
implying that Al has no thermodynamic preference to be
charge-balanced by Mg. We note that this conclusion would be
compromised if Eqn. 3 did not describe the components present
in the liquid, for example, if a proportion of Mg were tetrahe-
drally coordinated. In this case the number of MgNBO for a
given bulk composition would be smaller than predicted and a

maximum in viscosity in the field of Mg/2Al � 1 would be
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possible. However, in this case, the viscosity maximum should
occur closer to the metaluminous join at 75 mol.% SiO2 than at
50 mol.% SiO2, but this would not appear to be the case
(Fig. 5). Moreover, although some X-ray scattering studies
have inferred that Mg may occur in tetrahedral coordination in
silicate glasses and liquids, such results are controversial
(Brown et al., 1995) and NMR data suggest that Mg is octa-
hedrally coordinated in simple silicate glasses (Fiske and Steb-
bins, 1994). We therefore prefer the interpretation that Al has
no thermodynamic preference to be charge-balanced by Mg.
Indeed, several other independent lines of evidence suggest that
this may be the case. The most direct evidence is the thermo-
chemical data of Roy and Navrotsky (1984) which show that
enthalpies of mixing along the join SiO2-MgAl2O4 are close to
zero, consistent with no significant association of Mg and Al.
Further support is provided by square-wave voltammetry mea-
surements of liquids in the temperature range 1300 to 1600 °C
(Wiedenroth and Rüssell, 2003). In that study (of the system

Fig. 7. Activation energy to viscous flow calculated u
compositional series, as detailed in Table 4. Symbols as in
‘a’ and symbols with a dot are series ‘b’.
Na2O-MgO-CaO-Al2O3-SiO2), it was found that the standard
reduction potential of trace amounts of iron showed maximum
values when (Na2O � CaO)/Al2O3 � 1, but not when (Na2O
� CaO � MgO)/Al2O3 � 1, an observation interpreted to
imply that Mg does not charge balance tetrahedrally coordi-
nated Al3� in those liquids. We note too that Mysen et al.
(1980) reached an analogous conclusion concerning the (in)
ability of Mg to stabilise Fe3� in tetrahedral coordination.
Therefore, in conclusion there is evidence that in the system
MAS, AlXS is incorporated as a network-modifier and that it
may occur in abundance, even in liquids with Mg/2Al � 1.

To summarise, the results presented here combined with
those of Toplis et al. (1997) imply that the structure of ternary
aluminosilicate liquids close to the charge-balanced join is
sensitive to the identity of the low field strength metal cation
present. These differences involve both the degree of departure
from the classical model of silicate melt structure (these depar-
tures being greatest when Mg is the metal cation and smallest
when Na is the metal cation) as well as the structural role of

ly data over an identical range of temperature for each
2. For Ca-bearing compositions open symbols are series
sing on
AlXS (exclusively triclusters for Na-bearing liquids, dominantly
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triclusters for Ca-bearing liquids, and dominantly high coordi-
nate Al for Mg-bearing liquids). The degree of departure from
the classical model of melt structure (i.e., the equilibrium
constant of Eqn. 3) is a reflection of the stability of charge-
balanced Al in tetrahedral coordination and may be rationalised
in terms of relative energetic stabilities determined by Roy and
Navrotsky (1984). On the other hand, although the structural
role of AlXS also appears to be related to the field strength of

Fig. 8. Theoretical variations of the relative proportions of the three
species of Eqn. 3 as a function of M2�O/(M2�O � Al2O3). Solid lines
are values calculated assuming that the equilibrium constant of Eqn. 3
(K) is 0; dashed lines are values calculated with lnK � �5.

Fig. 9. Theoretical variation of average bond strength as a function of
M2�O/(M2�O � Al2O3) assuming different bond strengths of AlXS rela-
tive to Al[4]-M and MNBO, as discussed in the text. For example, thick solid

[4]
line is bond strength of AlXS identical to that of Al -M (1), and thin
dashed line a bond strength of AlXS identical to that of MNBO (0).
the metal cation, further work is required to understand the
detailed roles of cation charge and cation size on the relative
stabilities of triclusters and high coordinate Al.

4.2. Implications for the Polymerisation State of
Silicate Liquids

As mentioned above, many physical and thermodynamic
properties show smooth variations when plotted as a function
of ‘NBO/T’, and the use of NBO/T as a quantitative measure of
the polymerisation state of the liquid is becoming more wide-

Fig. 10. Examples of fits of viscosity data at 1600°C using parameters
of Eqns. 3, 4, and 5 for compositional series (a) CAS75 and (b) MAS67.
A complete summary of best fit parameters is shown in Table 6.
spread. However, in light of the results and discussion above it
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is clear that values of NBO/T calculated assuming that all Al is
associated with metal cations may not be a true reflection of the
polymerisation state. This in turn may be important when
constructing models to describe the compositional dependence
of physical and thermodynamic parameters. In the next section
we will quantify the real values of NBO/T for the liquids
studied here, then qualitatively discuss the implications of our
results for natural silicate liquids of interest to the earth sci-
ences.

4.2.1. In the systems CAS and MAS

As described earlier, if values of 	G(3) are known, we can
quantify the relative proportions of MNBO, AlXS, and Al[4]-M
as a function of composition. Furthermore, if an assumption is
made about the structural role of AlXS, the total number of
NBO (to M and possibly Al) and the number of tetrahedral
cations may be quantified, allowing real values of NBO/T to be
calculated. These values may then be compared with those
calculated assuming that, wherever possible, Al is charge-
balanced by Ca or Mg (which we will call the nominal values).

For example, in the calcium-bearing system we will assume
that AlXS is incorporated in triclusters, such that Al remains in
tetrahedral coordination and that there are no NBO associated
directly with Al. In this case there is good first-order agreement
between real and nominal values of NBO/T (Fig. 11a), al-
though in detail discrepancy increases with decreasing silica
content at a given Ca/2Al, and as Ca/2Al approaches 1 for a
given silica content (Fig. 11a). The real value of NBO/T in
anorthite liquid is predicted to be 0.08 compared to the nominal
value of zero. This corresponds to a little less than 4% of all
oxygens as NBO, as mentioned previously. The calculated
offset is greatest along the 50 mol.% SiO2 isopleth because
these liquids are richer in Al at a given Ca/(Ca � 2Al) and also
because the estimated value of 	G(3) is less negative than at
higher silica content.

The offsets of real NBO/T from nominal values are consid-
erably more dramatic in the magnesium-bearing system
(Fig. 11b). In this case it has been assumed that AlXS is not
tetrahedrally coordinated, and that AlXS creates additional
NBO. Because the number of NBO associated with AlXS is not
known with certainty, we illustrate values of NBO/T calculated
assuming 1 and 3 NBO per AlXS (Fig. 11b). In both cases
calculated values of NBO/T are significantly higher than the
nominal ones, this offset being greater at lower silica content in
each case. For the case of 1NBO per Al , NBO/T is predicted

Table 6. Values of variables in Equations 3, 4, and 5 (see text for
details) used to fit viscosity data at 1873K.

Series
	G(3) at 1873K

(kJ/mol) InK
Bond strength

AlXS

CAS75 �90 �5.79 �0.58
CAS67 �76 �4.88 �0.42
CAS50 �66 �4.27 �0.45
MAS75 �8 �0.49 �0.11
MAS67 �3 �0.19 �0.08
MAS50 �0.2 �0.01 �0.03
XS

to vary little along a given silica isopleth, whereas if 3NBO per
AlXS are assumed then liquids are predicted to become more
depolymerised as the metaluminous join is approached. In this
latter case, the real value of NBO/T in the magnesian equiva-
lent of anorthite liquid is predicted to be 2.3 compared to the
nominal value of zero, and �65% of all oxygens are predicted
to be NBO (rather than zero!). In summary, the real polymeri-
sation state of Mg-bearing liquids is very different from that
predicted assuming that Mg charge balances Al, being signif-

Fig. 11. NBO/T calculated assuming that all Al is associated with
charge-balancing cations (NBO/Tnom) compared to values calculated
using fit parameters to the viscosity data (NBO/Tvisc). In the peralumi-
nous field the deficit in metal cations is expressed as a negative number
of NBO when calculating NBO/Tnom. (a) For the system CaO-Al2O3-
SiO2, calculation of (NBO/Tvisc) is made assuming that AlXS is in
triclusters, with all Al in tetrahedral coordination and no NBO associ-
ated directly with Al. The thin dashed line is 1:1. Numbers indicate the
silica content. (b) For the system MgO-Al2O3-SiO2, NBO/Tvisc is
calculated assuming that AlXS is not in tetrahedral coordination. Solid
lines represent values of NBO/Tvisc assuming that each AlXS creates 3
NBO and dashed lines assuming 1 NBO. Numbers indicate silica
content, in italics for the case of 1NBO per AlXS.
icantly more depolymerised in all cases.
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4.2.2. In natural systems

The results presented herein have some bearing on the com-
positions of natural granitic systems which have nominal
NBO/T close to zero and which may even be peraluminous.
Although these liquids are generally rich in alkalies rather than
alkaline earths, the results presented here and those of Toplis et
al. (1997) may be used to infer that the number of NBO may be
greater than expected and that any AlXS present will most likely
remain in tetrahedral coordination in some sort of tricluster.

Another field of application is Mg-rich liquids produced by
partial melting of the mantle. Such liquids are generally depo-
lymerised, but in light of the results above it is of interest to
consider whether they are not in fact more depolymerised than
expected. This will potentially be the case if the molar ratio
(Na2O � K2O � CaO)/Al2O3 � 1, such that a proportion of the
aluminium remains to be charge-balanced. To assess this pos-
sibility, we have concentrated on experimentally produced liq-
uids, first of all because they represent a wider range of com-
position than lavas erupted and sampled at the Earth’s surface,
and secondly because reported compositions are unambigu-
ously those of liquids, which is not always the case of whole
rock analyses. Consideration of available data shows that de-
spite being the richest in MgO, liquids produced by high
degrees of melting at high pressure (Walter, 1998) never have
molar (Na2O � K2O � CaO)/Al2O3 � 1, mainly because
Al2O3 contents are not particularly high. On the other hand,
certain liquids relevant to Mid-Ocean Ridge Basalt petrogen-
esis, produced by partial melting of peridotite at 1 GPa, do have
(Na2O � K2O � CaO)/Al2O3 � 1. Of particular note are
liquids produced by extensive melting of source compositions
poor in clinopyroxene (Pickering-Witter and Johnston, 2000;
Schwab and Johnston, 2001) and those produced by small
degree melting of fertile mantle at low pressure (Baker et al.,
1995). In both of these cases it is the high concentrations of
Al2O3 which lead the ratio (Na2O � K2O � CaO)/Al2O3 to be
close to or less than 1, and it is possible that in these cases a
proportion of Al may be in a network-modifying role rather
than associated with Mg. Another family of natural liquids
which may be concerned are high-Mg andesites, in particular
low-Ca boninites. Indeed, consideration of glass compositions
reported by Ohnenstetter and Brown (1996) shows that on an
anhydrous basis the ratio (Na2O � K2O � CaO)/Al2O3 is
significantly less than 1, although the role of water clearly must
also be taken into account when calculating the polymerisation
state. In conclusion, it is likely that diverse natural liquids may
have a structure and polymerisation state somewhat different
from that predicted by simply assuming that all Al is associated
with charge-balancing cations. In these cases ‘real’ values of
NBO/T will be higher than expected because a proportion of Al
may be present in network-forming triclusters and/or a net-
work-modifying high coordination state.

5. CONCLUDING REMARKS

In light of the results presented above, one should be aware
that the calculation of the polymerisation state of silicate liq-
uids must be treated with caution, whether in simplified ‘ana-

log’ systems such as anorthite–diopside, or in natural systems.
Furthermore, it should be appreciated that the deviations of
NBO/T from nominal values is a complex function of the
composition of the liquid, in particular the nature of the mono-
valent and divalent metal cations. We also note that the above
work relates only to a pressure of one atmosphere and that
natural liquids, which are often produced and transported at
depth, are equilibrated at higher pressures. For example, high
coordinate Al is known to be favoured at high pressure (Yarger
et al., 1995). As a further complication, studies of amorphous
silicates at high pressure have also proposed hybrid structures
which involve both high coordinate Al and triclusters (Daniel et
al., 1996; Poe et al., 2001). We therefore conclude that there is
a need for more spectroscopic information, particularly at high
pressure, but we note that the data presented here provide a
stringent test of any structural models at one atmosphere and
constitute a necessary starting point for studies at higher pres-
sure.
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