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Abstract—Five hundred eighty-five viscosity measurements on 40 melt compositions from the ternary system
CaMgSi,0O, (Di)-CaAl,Si,O4 (An)-NaAlSi;Og4 (Ab) have been compiled to create an experimental database
spanning a wide range of temperatures (660—-2175°C). The melts within this ternary system show near-
Arrhenian to strongly non-Arrhenian properties, and in this regard are comparable to natural melts. The
database is used to produce a chemical model for the compositional and temperature dependence of melt
viscosity in the Di-An-Ab system. We use the Vogel-Fulcher-Tammann equation (VFT: log n = A + B/(T
— C)) to account for the temperature dependence of melt viscosity. We also assume that all silicate melts
converge to a common viscosity at high temperature. Thus, A is independent of composition, and all
compositional dependence resides in the parameters B and C. The best estimate for A is —5.06, which implies
a high-temperature limit to viscosity of 10> Pa s. The compositional dependence of B and C is expressed
by 12 coefficients (b;_, 5 6, ;-1 ¢) representing linear (e.g., b;_, ;) and higher order, nonlinear (e.g., b;_,.¢)
contributions. Our results suggest a near-linear compositional dependence for B (<10% nonlinear) and C
(<7% nonlinear). We use the model to predict model VFT functions and to demonstrate the systematic
variations in viscosity due to changes in melt composition. Despite the near linear compositional dependence
of B and C, the model reproduces the pronounced nonlinearities shown by the original data, including the
crossing of VFT functions for different melt compositions. We also calculate values of T, for melts across the
Di-An-Ab ternary system and show that intermediate melt compositions have T, values that are depressed by
up to 100°C relative to the end-members Di-An-Ab. Our non-Arrhenian viscosity model accurately reproduces
the original database, allows for continuous variations in rheological properties, and has a demonstrated
capacity for extrapolation beyond the original data. Copyright © 2005 Elsevier Ltd

1. INTRODUCTION the non-Arrhenian temperature dependence of viscosity in the
compositional system diopside (CaMgSi,Og4, Di)-Anorthite
(CaAl,Si,04, An)-Albite (NaAlSi;Og, Ab). We adopted the
Vogel-Fulcher-Tammann (VFT) equation (Vogel, 1921;
Fulcher, 1925; Tammann and Hesse, 1926)

The prediction of viscosity for naturally occurring silicate
melts remains one of the major challenges in petrology, volca-
nology, and geochemistry because of the role viscosity plays in
the formation, transport, and eruption of magma (e.g., Ding-
well, 1995; Spera, 2000). Previous models for forecasting the B
viscosity () of silicate melts as a function of temperature and logn=A+—— (1)
composition have been limited by adopting a strictly Arrhenian T-C
formulation (e.g., Bottinga and Weill, 1972; Shaw, 1972;
Prusevich, 1988; Persikov, 1991; Persikov, 1998) or by com-
positional restrictions (e.g., Baker, 1996; Hess and Dingwell,
1996). There are now published values of experimentally de-
termined viscosities for most common silicate melt composi-
tions and for temperature ranges pertinent to natural magmas
(e.g., Dingwell, 1995; Richet and Bottinga, 1995). These data
clearly demonstrate that predictive models for viscosities of
natural melts must accommodate both Arrhenian and non-
Arrhenian temperature dependencies (Angell, 1985; Russell et
al., 2002). In this regard, the recent work by Giordano and
Dingwell (2003a) is a substantial improvement over previous
models (e.g., Bottinga and Weill, 1972; Shaw, 1972; Persikov,
1998) because it allows for a non-Arrhenian temperature de-
pendence and accurately reproduces viscosities over a wide
range of anhydrous, natural melt compositions.

The purpose of this paper is to present a chemical model for

as a purely empirical means of describing the non-Arrhenian
temperature dependence of melt viscosity (Angell, 1991; Bot-
tinga et al., 1995; Richet and Bottinga, 1995; Rossler et al.,
1998). The ternary system is of general interest to geochemists
because two of the end-member compositions serve as simple
rheological analogues for natural basaltic (Di) and rhyolitic
(Ab) melts. The system also contains melts that show a sub-
stantial range of fragilities (Angell, 1985), although the total
range in fragility is much less than that found in molecular or
organic glass-melt systems. Relative to other geologically rel-
evant melts, the Di-An-Ab system contains strong to fragile
melts showing near-Arrhenian to highly non-Arrhenian tem-
perature dependencies, respectively.

There is an extensive database of published viscosity exper-
iments on Di-An-Ab melts, and we use these data to solve for
13 coefficients that describe the compositional dependence of
the parameters in the VFT equation (Eqn. 1). An important
premise in our model is that all silicate melts converge to a

* Author to whom correspondence should be addressed (krussell@ common, high-temperature limiting value of viscosity (e.g.,
eos.ubc.ca). Myuller, 1955; Frenkel, 1946; Angell, 1985; Russell et al.,
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Table 1. Optimal model parameters (A, B, C) from fitting VFT equation to viscosity datasets for 40 individual melt compositions in the system

Di-An-Ab.
Label! N AT (K) Sources? A B C RMSE

Di 71 987-2312 a* b, c, d, e, f, g* —4.44 4384 728 0.13
An 67 10832449 d, e, g h* i —4.71 5572 796 0.15
Ab 75 997-2003 e, g h* j, k1 —5.35 12396 371 0.14
AbsyAns, 29 1098-1860 h*, m —4.76 7386 666 0.16
Ang,Ab, 4 1123-1199 m —2.52 5486 751 0.17
Ang,Ab, g 5 1098-1199 m —12.08 15072 497 0.07
Ab,sAn,5 10 1789-1875 h* —=5.97 8449 646 0.05
AbgyAny, 12 15321874 h* —10.42 28371 -390 0.03
Ang,Abs, 6 1098-1223 m —4.17 7263 660 0.10
AnssAb,s 8 1078-1258 m -9.13 13262 474 0.05
Any,Absg 5 1073-1248 m —3.33 7129 635 0.03
Ans,Abg, 6 1073-1248 m —3.74 7858 597 0.04
An;,Ab,, 6 1073-1248 m —=5.97 10910 492 0.08
Di, Angg 5 1100-1153 o 0.83 2920 857 0.02
DisyAns, 10 1473-1873 d —2.41 2116 976 0.01
DisgAng, 9 1448-1873 d —2.56 2273 934 0.01
Di,,Ang, 19 1073-1873 d, i —4.36 4926 787 0.11
DizAn,, 15 1053-1873 d, o -5.99 7036 680 0.16
Di,pAng, 19 1021-1873 d, i —4.02 4451 765 0.12
Dig,Ansg 14 1003-1773 i —4.31 4435 749 0.12
DigyAn,, 19 1003-1873 d, i —4.84 4866 720 0.14
DigyAn, 6 1573-1823 d —3.67 3930 640 0.00
Di;Ab,, 9 948-1100 n 1.05 3030 692 0.07
DisoAbs, 20 933-1823 k,n —4.76 6699 564 0.12
DigsAbs 5 1623-1823 k —4.64 6510 332 0.00
Dig, ,Ab;5 ¢ 6 988-1074 n —1.69 3734 707 0.01
Di;sAb,s 9 1473-1863 k —2.32 2349 868 0.01
Digg 3Ab5 5 7 947-1053 n -0.99 3658 683 0.01
DigyAb,, 9 947-1099 n —0.51 3518 682 0.03
Di,sAb,5 10 1423-1873 k —3.88 7505 462 0.00
Di, ,Absg g 10 948-1124 n —0.44 4701 599 0.03
DiyAby, 16 988-1223 n —6.92 14229 260 0.05
Di, g sAngg gAbs, 5 6 1020-1123 n —1.07 4351 705 0.01
Di;g ;Ans gAbss g 9 963-1074 n -0.21 3658 675 0.03
Diss ;An, sAbsg, 8 963-1098 n —2.93 5119 641 0.01
Di,, ,Ang gAb,, 9 963-1124 n —-2.39 6286 556 0.04
Di,g ,An, 5 sAbse 5 8 963-1099 n —1.61 4930 624 0.01
Di;s 9An,, ;Ab,, 5 9 9661124 n —1.70 4762 643 0.03
Diy; gAn,; ¢Ab,g ¢ 7 988-1100 n —4.09 6420 599 0.02
Dis, ;An;,Ab ¢ 5 8 9881124 n —6.86 8703 544 0.03

RMSE denotes root mean square error.

! Labels are reported as nominal (mol%) compositions that may not sum to 100.

2 (a) Kirkpatrick (1974); (b) Licko & Danek (1986); (c) Neuville & Richet (1991); (d) Scarfe et al. (1983); (e) Sipp et al. (2001); (f) Sykes et al.
(1993); (g) Urbain et al. (1982); (h) Cranmer & Ulhmann (1982); (i) Taniguichi (1992); (j) N’Dala et al. (1984); (k) Scarfe & Cronin (1986); (1) Stein
& Spera (1993); (m) Hummel & Arndt (1985); (n) Tauber (1987); (o) Tauber & Arndt (1987); *low-temperature experiments not used.

2002; Russell et al., 2003). This assumption requires the pa-
rameter A to be a constant, independent of melt composition;
compositional dependence is accommodated solely by varia-
tions in B and C terms. The main attributes of the chemical
model are that it reproduces the original data to within exper-
imental error, captures the full range of rheological behaviour
observed in the system Di-An-Ab, and can predict smooth,
continuous transitions in rheology (e.g., strongly non-Arrhe-
nian to near-Arrhenian) as a function of changes in melt com-
position.

2. THE DATA SET

One of the benefits of working on a classic system such as
the Di-An-Ab ternary system is that there is a wealth of
experimental data. Viscosity measurements have been pub-
lished for melts that span the full compositional range of the

system and for wide ranges of temperature. Our original com-
pilation considered more than 825 viscosity measurements de-
riving from experiments on 53 different melt compositions. The
number of measurements associated with each melt composi-
tion varies substantially; most of the data are for the end-
member and binary compositions.

Not all of the published data were used in the model. Melts
in the Di-An-Ab system comprise the oxide components SiO,,
Al,O5, MgO, CaO, and Na,O; however, we only considered
viscosity data for melts having strictly ternary compositions
(+/-2 mol%). We elected to drop experimental data from some
of the early pioneering papers (e.g., Kozu and Kani, 1935;
Machin et al., 1952; Machin et al., 1954) where there was no
independent analysis of the nominal melt composition (i.e.,
electron microprobe analysis), or the reported uncertainties on
the viscosity data were excessive (> *0.5 log units). In several
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Fig. 1. Ternary diagram Di-An-Ab shows the range of melt compo-
sitions in the experimental database and the total number of viscosity
measurements at each melt composition. The data set used for model-
ing was restricted to 40 compositions and 585 experiments (Table 1).
Dashed boxes denote compositional domains where data are absent or
sparse. Letters denote melt compositions from the literature that are used
below: (A) DigoAnagAbyg, (B) DixAngAbyg, and (C) Di, 5 jAngy ¢Abs, 5.

cases we benefited from having multiple data sets of viscosity
for the same melt composition and over the same range of
temperatures. If there were discrepancies between the two data
sets, we adopted the more recent data, believing them to be
more precise and the melt compositions to be better character-
ized (e.g., An,qo; Sipp et al. [2001] vs. Hummel and Arndt
[1985]; Table 1). We also rejected experiments where partial
crystallization occurred (or was suspected) during the measure-
ment procedure (Kozu and Kani, 1935; Machin et al., 1952).
Our analysis also excluded all viscosity measurements made at
elevated (>1 atm) confining pressures or in the presence of
H,O (e.g., Kushiro, 1978; Brearley et al., 1986; Taniguchi,
1992; Schulze et al., 1999). The selection process left us with
585 viscosity: T(K) data points collected on 40 different melt
compositions (Fig. 1; Table 1). The data are evenly distributed
along the binaries but are relatively sparse within the ternary (N
= 8). The data span a temperature range of 660 to 2175°C and
values of log m range from —1.25 to 14.5 Pa s (Fig. 2A).
The main problems encountered in the data compilation
exercise concerned the compositions of the experimental melts
and included (a) a lack of independent chemical analysis or
relatively poor (<100%) analysis of the experimental materials
(Kozu and Kani, 1935; Machin et al., 1952; Machin et
al.,1954), (b) substantial discrepancies between the nominal
and measured compositions, and (c) nonstoichiometric melt
compositions that lie outside of the true ternary system (e.g.,
Machin et al., 1952; Machin et al., 1954). Consequently, all
compositions were converted to mole fractions of Di, An, and
ADb from the mole fractions of the oxides (e.g., Xs,03) Using
the following sequence of calculations: (i) Xp; = 4 X005 (i)
Xan = 4 Xcao - Xpis and (iii) Xap = 8 Xx1203 - 2 Xan OF Xap
= 8 Xna2o- The Ab component was computed using both
Al,O; and Na,O contents, which provided an independent
check on melt composition. Ideally, the two methods returned
equivalent values. If the two values were in close agreement,
we accepted the representation that provided a total closest to

100 mol%. Where the differences were >4 mol%, we dropped
the data from further consideration; such discrepancies usually
indicated a loss of Na,O. The recalculated normalized melt
compositions are reported as mole fractions of Di, An, and Ab
in Table 2.

As the data were compiled and evaluated, we made every
attempt to assess and assign experimental uncertainties (i.e., 1
o) to the viscosity measurements. These estimates derive from
the original publication or from our analysis of the dispersion in
the original experimental data. Values of log m were assigned
values for 1 ¢ uncertainties on log 1 of 0.15 to 0.25.

3. VFT FUNCTIONS AND INDIVIDUAL DATA SETS

The VFT equation (Eqn. 1) has three adjustable parameters
that accommodate the temperature dependence of melt viscos-
ity, and they are expected to vary for different melt composi-
tions (e.g., Richet and Bottinga, 1995; Hess et al., 1996). The
parameter A is the value of log m (Pa s) at infinite temperature,
and C is the temperature (K) at which viscosity becomes
infinite. The parameter B (units of K) is proportional to the
activation energy associated with viscous flow and represents
the potential energy barrier obstructing the structural rearrange-
ment of the melt. We anticipate that these parameters have
different degrees and forms of compositional dependence.

To provide a baseline for future comparisons, we begin by
fitting the VFT equation to the experimental data for each of the
40 different melt compositions (Fig. 1; Table 1). The optimal
parameters (A, B, and C) for the VFT equation are obtained for
each melt composition by minimization of the y* function:

B 2
logn,— | A +
REE =

X=2

where 7 is the number of experimental observations [log 7;:T;]
for each melt composition, and o; denotes the experimental
uncertainty on each measurement of log n (cf. Press et al.,
1986; Russell et al., 2003).

The model parameters for each melt composition are re-
ported in Table 1. We also report the root mean square error
(RMSE) for each optimization as a relative measure of fit
quality (Press et al., 1986). How well the model curves describe
the data is purely a reflection of the quality of the viscosity
measurements (e.g., precision and accuracy) and the distribu-
tion (Alog m:AT) of the data. The optimized VFT functions
reproduce most of the experimental data to within £0.25 log n
(Fig. 2B). Furthermore, the residuals are evenly distributed
across the full range of viscosities (Fig. 2B). Also shown in
Figure 2 are the model parameters obtained for each of the 40
melt compositions: A (-12—-1), B (2,000-28,400), and C (-390—
976). The range of model parameters found for the entire suite
of melt compositions is substantially larger than the range
defined by the end-member melts (Di, An, and Ab). The solu-
tion space bounded by the end-member melts encloses very few
of the binary and ternary melts (Fig. 2C,D).

Several of the fits produce physically unrealistic solutions
(Fig. 2C,D, grey shaded fields) corresponding to values of A
>0 and values of C <0 K. The three melt compositions
associated with these unphysical solutions (Table 1) are

2

O;
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Fig. 2. Results of fitting the VFT function to individual viscosity data sets compiled for each melt composition (Table
1). (A) The entire data set plotted as log n (-1.3-14.5) vs. reciprocal T(K) (920-2450 K). (B) Values of log m predicted
by model VFT functions compared to original data; dashed lines denote *0.5 log units of viscosity. Values of adjustable
parameters (e.g., A, B, C) by fitting VFT equation to individual data sets are plotted as (C) A vs. B, and (D) B/1000 vs.
C. Parameters for Abg,An,, plot off-scale of abscissa axis. End members (e.g., Di, An, Ab) are indicated by large open
circles joined by solid lines. Grey shaded boxes denote solution space that is physically unreasonable.

An,yAbg,, (C = —390), Di,,Ang, (A = 0.83), and Di;yAb,,
(A = 1.05). The value of B obtained for An,,Abg, (e¢.g., B =
28,400; Table 1) is also somewhat suspect. To a first approx-
imation, values of B relate to the “degree of polymerization,”
and hence, to the average bond strength of the silicate network.
On this basis one would expect the highest value of B to
correspond to Ab melts (B,, = 12,396) and not to an inter-
mediate compound.

To a large extent, these physically unrealistic solutions result
because there are too few data or the data do not span a large
enough viscosity range to uniquely constrain the adjustable
parameters A, B, and C. For example, the two data sets for
Di,,Ang, and DisoAb,, are sparse, cover a small range of
temperatures (<150°C), and include only high viscosity data
(n = 10° - 10" Pa s). Consequently, the high-temperature
limits, as represented by the parameter A, are only weakly
constrained. Similarly, the value of C (low-T limiting behav-
iour) obtained for An,,Abg, melts has large uncertainties be-
cause, although there are more (N = 12) experimental data,

they cover only low viscosity (e.g., m = 10% - 10* Pa s)
measurements. If we momentarily drop the three nonfeasible
fits from consideration, the range of model parameters (e.g., A,
B, and C) for the 40 melt compositions is substantially reduced
(A: —12 to —0.5; B: 2000 to 15,070; C: 260 to 976).

4. THE CONSTANT “A” CONCEPT

Fitting the VFT function to individual viscosity data sets
does not necessarily lead to unique values of the model param-
eters A, B, and C (Russell et al., 2002). Even where the
experimental data span a wide range of viscosity values (e.g.,
10%-10"2 Pa s), there are multiple combinations of values of A,
B, and C that can describe the data equally well. Stated another
way, many viscosity data sets do not uniquely constrain the
values of the VFT parameters. Indeed, our previous modeling
of data for the end-member melt compositions Di-An-Ab dem-
onstrated that all three melts could be modeled with a common
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Table 2. Model parameters B and C derived from simultaneous fitting VFT functions to the global dataset and solving for a common value of A
(—4.62 £ 0.66 (95% cl)). Melt compositions have been recalculated, normalized, and reported as mol% of Dp, An, and Ab (see text).

Label Di An Ab NBO/T B c RMSE
Di 1.00 0.00 0.00 2 4577 719 0.13
An 0.00 1.00 0.00 0 5452 801 0.15
Ab 0.00 0.00 1.00 0 10950 427 0.14
Abs,Ang, 0.00 0.50 0.50 0 7160 677 0.17
Ang,Ab, 0.00 0.90 0.10 0 7330 688 0.17
Ang,Ab, 0.00 0.82 0.18 0 6931 705 0.07
Ab,sAn, 0.00 0.75 0.25 0 6401 733 0.12
AbgoAny, 0.00 0.20 0.80 0 9330 495 0.04
Ang,Ab,, 0.00 0.62 038 0 7711 645 0.11
AngsAb, 0.00 0.55 0.45 0 7815 632 0.07
AngAbs, 0.00 0.41 0.59 0 8525 588 0.03
Ang,Abg, 0.00 0.35 0.65 0 8362 562 0.04
AngAb,, 0.00 0.30 0.70 0 9187 546 0.08
Di,Ango 0.10 0.90 0.00 0.105 6565 724 0.03
Dis,Ansy, 0.50 0.50 0.00 0.667 6079 521 0.04
DissAn,, 0.58 0.42 0.00 0.817 5997 513 0.04
Di,yAng, 0.20 0.80 0.00 0.222 5238 773 0.12
DioAny, 0.30 0.70 0.00 0.353 5242 757 0.21
Di,Ang, 0.40 0.60 0.00 0.500 5152 733 0.13
Dig,Ansg 0.64 0.36 0.00 0.941 4752 734 0.12
DigyAn,, 0.80 0.20 0.00 1.333 4611 732 0.14
DigoAn,, 0.90 0.10 0.00 1.636 6163 376 0.00
DisyAb, 0.29 0.01 0.70 0.339 7739 504 0.10
Dis,Abs, 0.50 0.00 0.50 0.667 6502 572 0.12
DiysAb 0.95 0.00 0.05 1.810 6446 339 0.00
Digs ,Ab,s 0.85 0.01 0.14 1.478 5838 628 0.02
Di,sAb,s 0.75 0.00 0.25 1.200 7276 287 0.03
Digy 3Abs0 7 0.68 0.02 0.30 1.030 6263 588 0.03
DigyAb, 0.59 0.01 0.40 0.837 6735 558 0.07
DiysAb.s 0.25 0.00 0.75 0.286 9295 332 0.01
Disg»Abso g 021 0.00 0.79 0.235 8925 440 0.05
DiyAbo, 0.10 0.00 0.90 0.105 10662 371 0.06
Di g sAn gAbs, 5 0.18 0.52 0.30 0.198 7293 600 0.03
Disg 5Ans oAbss 5 0.38 0.06 0.56 0.469 7228 539 0.04
Diss A, sAbsg 4 0.55 0.14 031 0.759 6489 594 0.02
Di,, 5Ang gAbog 0.21 0.10 0.69 0.235 8601 475 0.05
Diog »An, 5 sAbsg 5 0.28 0.17 0.55 0.326 7619 528 0.03
Diss 9An, 7Ab,s 5 0.36 0.22 0.42 0.439 7322 550 0.04
Di; 4An,; ¢Abog ¢ 0.43 0.28 0.29 0.548 6887 584 0.02
Dis, ,Any,Ab 5 0.51 0.33 0.16 0.685 6585 609 0.04

value of A implying a common viscosity (e.g., 1, = 10™>*04)

at high T (Russell et al., 2002; Russell et al., 2003).

4.1. Constant “A” and Ternary Melt Compositions

We have used a similar approach to fit VFT functions to the
data for all 40 melt compositions simultaneously. Specifically,
each melt composition is allowed a unique value of B and C, but
the optimization requires that all of the melts share a common, but
unknown, value of A. This approach reduces the total number of
adjustable parameters from 3*N (e.g., 120; Table 1) to 2*N + 1
(81, Table 2). The solution is obtained by minimization of the
function:

B

2
logn;; —| A + —1—
& [ Ti,.f_cj] 3)

Xzz_j 2

j=17=1 o

where j is the index for each melt composition, i is the index
for each of m; experiments in the j™ data set and ;> Ti; and

0, ; are the corresponding data. The solution returns a single
value for A and N and different values for B; and for C;.

The results of the global optimization are summarized in
Table 2 and Figure 3. The optimization reproduces virtually
all of the original data to within 0.5 log units, and the
residuals between model and experiment are randomly dis-
tributed (i.e., no correlation with log m; Fig. 3A). There is
also very little degradation in the quality of the fits of VFT
functions to each melt composition based on the correspond-
ing RMSE (Table 2). The inset to Figure 3A directly com-
pares the residuals arising from the fits to individual melt
compositions (Table 1) to the residuals deriving from the
constant A optimization (Table 2). There is essentially no
difference, despite the fact that the latter optimization uses
39 fewer adjustable parameters.

The optimization returns an estimate on A of —4.62 +/-
0.66 (95%), representing a common high-temperature limit-
ing value for silicate melt viscosity (e.g., 10*° Pa s). The
optimal values of B and C for all melt compositions are
plotted in Figure 3B. The range of values of B (4570-10950)



5338 J. K. Russell and D. Giordano

of
< | Tt
17
e
= A=-462|
2 (+ 0.66)
(A) 1

0 2 4 6 8
log n (Observed)

10 12

11000}
10000}
9000}
8000}
7000}
6000} i

B Parameter
[ ]

5000}

4000f

200 300 400 500 600 700 800 900
C Parameter

Fig. 3. Results of simultaneously fitting VFT functions to entire
viscosity data set for unique values of B and C and a common value for
A (Table 2). (A) Values of log n predicted by model VFT functions
compared to original data; dashed lines denote *0.5 log units of
viscosity. Inset compares residuals (model observed) due to fitting each
data set independently vs. fitting them simultaneously for a constant
value of A. (B) Optimal values of B and C associated with the constant
A model.

and C (287-801) is considerably smaller than that achieved
by fitting each composition independently. This is because
the common A assumption causes strong coupling between
all of the adjustable parameters. This coupling lends stability
to the optimization and actually reduces the range of B and

C values that can be chosen to describe the experimental
data sets.

In the situation where the data for an individual melt
composition are few, or only cover a small range of tem-
perature, the optimal parameters from the constant A model
can be quite different (cf. AnssAb,s in Table 1 vs. Table 2).
Conversely, the optimal values of B and C for compositions
having a wide range of viscosity data tend not to change
appreciably. For example, the model curves for the three end
members, based on a common value of A, have values of B
and C (Table 2), similar to those obtained by fitting each
data set independently (Table 1): Di (4577 and 719 vs. 4384
and 728), An (5452 and 801 vs. 5572 and 796), and Ab
(10950 and 427 vs. 12396 and 371). The values of B and C
for the end-member melts (Di, An, Ab) now enclose many of
the parameter values obtained for the binary and ternary melt
compositions (Fig. 3B). The maximum value of B is ascribed
to the most polymerized composition, Ab (10,950), and the
minimum to Di (4577), which is the least polymerized melt.
The An end member defines the maximum in C (801),
whereas the minimum in C (287) comes from the composi-
tion Di,sAb,s. The model values for Ab-An melts lie essen-
tially along the binary join defined by the end members. This
is also true for Di-An melts. Melts along the binary Di-Ab or
ternary melts lie outside of the field bounded by the three
end members.

In summary, the optimization based on a common, but
unknown, value of A for all ternary melts accurately repro-
duces the experimental data (Fig. 3A). This optimization has
two additional attributes. Firstly, forcing the melts to con-
verge to a common value of viscosity at high temperature
induces a strong coupling between data sets that stabilizes
the range of solutions for small data sets (e.g., Ang,Abg;
Table 1; Table 2). Secondly, the optimization provides our
best experimental estimate of the high-temperature limits to
silicate melt viscosity (e.g., 10+ Pa s), which accord with
the range of values suggested by theory (e.g., Myuller, 1955;
Frenkel, 1959; Angell, 1985; Toplis, 1998; Russell et al.,
2003).

5. A CHEMICAL MODEL

Below we develop a compositional model for the non-
Arrhenian temperature dependence of melt viscosity in the
system Di-An-Ab. The value A is treated as independent of
composition, but unknown. The parameters B and C are

Table 3. Multicomponent model for temperature and compositional dependence of melt viscosity in system Di-An-Ab. Data are fit simultaneously
to the VFT equation for a constant value of A (—5.06 = 0.3) and compositional coefficients for the B and C terms. Confidence limits (95%) on model

parameters are also reported in brackets.

B Coefficients

C Coefficients

Di An Di An Ab
Di 5092 (415) - 696 (21) - -
An —377 (910) 6070 (438) - —84.8 (60) 775 (20) -
Ab —3091 (1733) —2960 (1624) 11890 (701) —150 (114) 166 (106) 373 (33)

RMSE

1469 (Average 36.7)

0.3
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Fig. 4. Multicomponent model for temperature-dependent melt vis-
cosity in system Di-An-Ab (Table 3). (A) Values of log n predicted by
multicomponent melt model compared to original data; dashed lines
denote *£0.5 log units of viscosity. (B) Model VFT curves (solid lines)
predicted by multicomponent model compared to original data for
end-member melt compositions (Di, An, and Ab), and (C) for the
midpoint compositions of the binaries Di-An, Di-Ab, and Ab-An.
Dashed line shows previous fit to Dis,Ans, data set (Table 2). Vertical
bars denote 3 o uncertainties on experimental data.

assumed to have a compositional dependence on the mole
fractions of melt components (x;) given by

B =b;x; + byx, + b3x; + by ,X X, + by 3X;X3 + by3xoxs (4)
and
C =cX; + X,y + C3X3 + € 5X Xy + €1 3X X3 + Cu3XpX;3 ()

where the subscripts 1, 2, and 3 refer to the end-member
components Di, An, and Ab, respectively. The first three terms
in Eqns. 4 and 5 represent a purely linear dependence of B and
C on melt composition; the last three coefficients are nonlinear,
allowing for the possibility of higher order interactions between
end-member components. In total there are 13 model parame-
ters including A, bp;, ban, baps bpi.an, Poi.ab Dan.av Cois Cans
Cab> Cpian, Cpiap and Ca, ap (Table 3). The optimization
problem is linear in the unknowns (e.g., b;, b; ;, ¢;, and ¢; ;) and
solved via minimization of

] A + (bppyXppi T banXani T PanavXanXa 2
)(2—21[10{;7),-—( (Dp Dp. AnX An, An, AbX A b)):|

T, — (CDpXDp,i + CanXani T banabXanXan)

(6)

where the summation is over all n experiments (e.g., 585) and
each data array includes values of log m;, T; and xp; ;, X, ;> and
Xapi- The values of the 13 model coefficients are reported in
Table 3 with their corresponding confidence limits. All values
are significant at the 95% confidence level, except for the term
bp; an TEpresenting possible higher order interactions between
Di and An on the B parameter. The implication is that inter-
actions between Di and An are purely linear; however, for
simplicity we have elected to leave this term in the model.

The accuracy of the model is summarized in Figure 4, which
shows the distribution of residuals and the predicted VFT
functions for 6 of the 40 melt compositions in the original
database. The multicomponent chemical model reproduces
most of the original data to within 0.5 log units (Fig. 4A),
although the deviations at higher values of viscosity (10% - 10'4
Pa s) are larger than observed in Figures 2B and 3A. It is
important to realize that the chemical model (Table 3) explic-
itly incorporates the effects of both melt composition and
temperature on viscosity whilst using many fewer adjustable
parameters (13 vs. 81). In contrast, the previous model VFT
functions (Tables 1 or 2) depended only on the quality of the
viscosity measurements (e.g., precision and accuracy) and the
distribution (Alog 1:AT) of the data. The ability of the chemical
model to reproduce the original data (Fig. 4A) is excellent
given these considerations and the inherent uncertainty in the
compositions of many of the experimental melts.

The multicomponent model generates VFT functions that
accurately reproduce the data for the end-member compositions
(Fig. 4B) and for the 50:50 compositions on the binaries Di-An,
Di-Ab, and Ab-An. One of these melt compositions (Dis,Ans,)
is characterized only by high-temperature data, yet our model
reproduces those data well (Fig. 4C). Our predicted VFT func-
tion for this composition (solid line) is substantially different
from that obtained by fitting that composition independently
(Fig. 4C, dashed line; Table 1). The VFT curve derived from
our chemical model is much more consistent with the pattern of
data derived from other melt compositions on the Di-An binary.
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Table 4. Values of B and C calculated for experimental melt compositions using multicomponent model (e.g., Table 3). Also reported are calculated

values of Tg and fragility indices (see text).

Label B C X RMSE T,' Fp? F,’ F,.*
Di 5092 696 87 0.18 995 0.70 56.9 0.54
An 6070 775 73 0.17 1131 0.69 54.2 0.52
Ab 11890 373 155 0.23 1070 0.35 26.2 0.21
Abs,Ans, 8125 624 28 0.20 1100 0.57 39.4 0.40
Ang;Ab, 6382 750 21 0.46 1124 0.67 51.3 0.50
Ang,Ab,q 6696 726 6 0.23 1119 0.65 48.6 0.48
Ab,sAn,s 6970 706 4 0.13 1115 0.63 46.5 0.46
AbgoAn,, 10253 480 15 0.23 1081 0.44 30.7 0.29
Ang,Abs, 7578 662 7 0.22 1106 0.60 425 0.43
AnssAb,s 7962 635 2 0.10 1102 0.58 40.3 0.40
An,yAbsg 8804 577 7 0.23 1093 0.53 36.1 0.36
An,,Abg, 9196 551 5 0.19 1090 0.51 345 0.34
AnyyAb,, 9527 528 17 0.33 1087 0.49 332 0.32
Di,oAngy 5934 759 44 0.59 1107 0.69 54.3 0.52
DisyAns, 5487 715 10 0.20 1036 0.69 55.0 0.53
DisgAn,, 5411 709 12 0.23 1026 0.69 55.2 0.53
DiyyAng, 5814 746 12 0.14 1087 0.69 54.4 0.52
DisoAng, 5697 734 21 0.24 1068 0.69 54.5 0.52
Di,oAng, 5588 723 50 0.25 1051 0.69 54.7 0.52
Dig,Ansg 5357 705 17 0.17 1019 0.69 55.4 0.53
DigyAny, 5227 699 16 0.16 1005 0.70 56.0 0.53
DigoAn, o 5156 697 4 0.16 999 0.70 56.4 0.54
DisyAb,, 9200 442 55 0.49 982 0.45 31.1 0.29
DisoAbs, 7701 498 59 0.34 950 0.52 35.9 0.36
DigsAbs 5285 673 2 0.12 983 0.68 54.1 0.52
Dig, ,Ab,s ¢ 5697 632 66 0.66 966 0.65 493 0.49
Di,sAb,s 6212 588 11 0.22 952 0.62 44.6 0.45
Digo 3Absg 6517 569 53 0.55 951 0.60 425 0.43
DigyAby, 7096 531 66 0.54 947 0.56 38.8 0.39
Di,sAb,s 9611 426 43 0.42 989 0.43 30.0 0.27
Di,g,Absg g 9950 416 100 0.63 999 0.42 29.2 0.26
DiyAb, 10957 391 82 0.45 1034 0.38 27.5 0.23
Di, g sAnyg gAbs, 5 6989 650 89 0.77 1059 0.61 44.1 0.44
Disg sANs gAbss g 8184 492 1 0.08 972 0.51 34.6 0.34
Diss ,An,, sAbs, , 6654 583 43 0.46 973 0.60 425 0.43
Di,, »Ang gAb,, 9238 469 62 0.52 1010 0.46 31.8 0.30
Diyg ,An, 5 sAbsg 5 8198 522 53 0.52 1002 0.52 35.6 0.35
Diss0An,, ;Aby, 5 7388 564 8 0.19 997 0.57 39.3 0.39
Diy; gAnyy (Abag o 6642 611 3 0.12 1000 0.61 43.8 0.44
Dis, ,An;,Ab ¢ 5 6052 652 12 0.24 1006 0.65 48.4 0.48

' T, values are temperatures at which melt has a viscosity of 10'* Pa s; Fragility indices include: * fragility (F); * steepness index (F,,); * kinetic

fragility (F,,,) (see text for definitions).

The optimal value for A is —5.06 = 0.3 (n, = 103 Pa
s), which agrees well with the high-temperature limit in vis-
cosity of 10°*°*! Pa s suggested by theoretical considerations
(e.g., Glasstone et al., 1941; Frenkel, 1946; Myuller, 1955). For
example, a high-T limit to silicate melt viscosity is suggested
by considering the timescales of relaxation processes in melts
(Angell, 1991; Richet and Bottinga, 1995; Angell et al., 2000).
The Maxwell relationship (7 = m/G.,) constrains the lower
limits to melt viscosity. Using ~10'® Pa for the bulk shear
modulus (G..) of melt at infinite frequency and a relaxation
timescale (1) of the melt limited by the quasi-lattice vibration
period (~10~'* s), the lower limiting value to viscosity (1..)
should approximate 10~**! Pa s (Dingwell and Webb, 1989;
Angell, 1991; Toplis, 1998; Angell et al., 2000). Our estimate
of the high-T limit to melt viscosity (10-°°*%3 Pa s) is also in
excellent agreement with experimental observations on low-T
glass-forming systems (e.g., Angell, 1991; Angell et al., 2000).
These studies suggest that, at temperatures well above T, both

strong and fragile melts commonly converge to a common
viscosity of 107 Pa s (e.g., Angell, 1991; Angell et al., 2000).

The predicted values of B and C for all 40 melt compositions
are reported in Table 4 and their covariation shown in Figure 5.
The properties of the end-member melt compositions define a
field that captures the B and C values for all binary and ternary
melt compositions. The B and C parameters vary nearly lin-
early along the Ab-An and Di-An joins; compositions between
Ab and Di show a slightly nonlinear relationship between B
and C.

6. DISCUSSION

6.1. Compositional Dependence of B and C

The exact nature of the compositional dependence of B and
C is portrayed explicitly by plotting them against Xp; and X,
(Fig. 6). The value of B changes almost linearly with increasing
Xp; along the Di-An join (Fig. 6A) as is suggested by the
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Fig. 5. Values of B and C predicted by multicomponent model for
VFT functions in system Di-An-Ab. Solid circles denote values of B
and C computed for experimental melt compositions (Table 4) used in
calibration of the model. Values of B and C are also calculated for
binary compositions (solid lines) and for melt compositions
Di,An,Ab, _,, (dashed line).

confidence limits on the value of by, 5, (Table 3). The varia-
tions in B with increasing x,; become increasingly nonlinear at
higher Ab contents (Fig. 6A,B). The variations in B along the
Di-Ab join is slightly more nonlinear than the variations ob-
served along the An-Ab binary (cf. Table 3).

Values of C along the Di-An and Di-Ab joins vary nonlin-
early with composition, although the departure from linearity
for Di-An is slight (Fig. 6C). Plotted against X ,,,, model values
of C decrease nonlinearly with increasing x,,, content to form
a convex lenslike pattern (Fig. 6D). Along the Di-Ab join, there
is a negative component to the nonlinearity (concave up curve),
whereas the An-Di join contains a positive nonlinear contribu-
tion (concave down curve). However, values of C decrease
nearly linearly with increasing x,, for melts along the join
Di,An,Ab,, as indicated by the dashed lines in Figure 6C,D.

The nature of the model dictates that values of B and C for
all binary and ternary melts must be bounded by the prop-
erties of the end-member melts (e.g., Di, An, Ab). A level of
self-consistency is demonstrated by the fact that calculated
values of B and C for all melts in the database plot coher-
ently along the appropriate binary join or within the field
enclosed by the end-member melts. We also plotted the
calculated values of B and C for each melt against the
corresponding values of NBO/T (Mysen, 1986; Mysen et al.,
1982; Table 2; Fig. 6E,F). The range of NBO/T in this
system is from O (An, Ab) to 2 (Di). Model values of B show
a strongly nonlinear relationship against NBO/T for binary
melt compositions. The pattern shown in Figure 6E echoes
that seen in Figure 6A, although the nonlinearity is more
pronounced. Calculated values of C show a much simpler
relationship with NBO/T (Fig. 6F) that is also sympathetic
with the pattern observed between C and xp,; (Fig. 6C). The
trends observed between calculated values of B and C and
corresponding NBO/T values suggest that, although it does
not capture the full compositional dependencies of B and C,
NBO/T could serve as a proxy for Xp;.

The compositional dependence of B and C are summarized
in a series of contoured ternary plots (Fig. 7). The lowest values
of B reside in Di (5092 K) and An (6070 K); Ab (11890 K) has
the highest value (Fig. 7A). Contours of B are nearly parallel to
Di-An, indicating that values of B increase gradually and
smoothly from Di-An towards Ab. Contours of C show a
gradual increase from Ab (373 K), to Di (696 K), to An (775)
(Fig. 7B). Along the three binary joins, the largest variations
are between the Ab end member and An (A = 402) or Di (A =
323), whereas between Di and An there is only a slight change
(A =179).

We have also portrayed the nonlinear component of the B
and C parameters as a function of composition. The contours
used in Figure 7C,D show the nonlinear components of B and
C as a percentage of the absolute values reported in Table 4.
For example, our model requires the end-member melt com-
positions to lie on the 0% contour. Contours for the B param-
eter show a near-linear compositional dependence along the
Di-An join (Table 3; Fig. 6A). The maximum nonlinear con-
tribution to values of B is ~10% and coincides with composi-
tions along the join DigyAb,y-Ang,Ab,, (€.2., XA, = 0.5). The
nonlinear component to C appears more complicated, although
most of the ternary system shows <*3% departure from a
strictly linear compositional dependence. The largest depar-
tures from linearity are along the Di-Ab (-7%) and An-Ab
(+6%) joins (cf. Table 3; Fig. 6D). Some of the apparent
complexity in the contour patterns of the nonlinear contribu-
tions to B (Fig. 7C) and C (Fig. 7D) could result from gaps in
the data. We do not consider this an issue where the contours
are smooth and regular in geometry. However, there may be
less confidence in domains where the contours show relatively
pronounced changes in behaviour and there are no data. For-
tunately for our description of the compositional dependence of
C, the least constrained portion of the system coincides with the
smallest nonlinear contributions to C (cf. Fig. 1 vs. Fig. 7D).

6.2. Model Predictions

Our intent is to create a chemical model that captures the full
rheological behaviour of melts in the system Di-An-Ab using
the basic VFT equation (Eqn. 1). This requires the model to
predict the temperature dependence (Arrhenian and non-Arrhe-
nian) of melt viscosity across the full compositional range of
the Di-An-Ab ternary system. Furthermore, an effective model
is one that accommodates the pronounced changes in rheology
that can arise from relatively small, continuous changes in melt
composition or temperature.

We illustrate the power of this model by plotting model VFT
functions for a variety of melt compositions across the temper-
ature range 900 to 2500 K (=625-2225°C; Fig. 8). VFT
functions are plotted for individual melt compositions at 10
mol% increments along each of the binaries (Fig. 8A-C). Melts
from the Di-An binary (Fig. 8A) all show relatively fragile
(e.g., non-Arrhenian) rheological behaviour. At high tempera-
tures, melt viscosity along the join varies by <1 log unit,
whereas at lower temperature (<1000 K) the variation in
viscosity is >7 orders of magnitude.

The model VFT functions for melts along the Ab-An
binary show quite a different pattern. These melts span the
full range of behaviour, from strong (Ab) to fragile (An), and
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Fig. 6. Values of B and C calculated with multicomponent model for melts in system Di-An-Ab plotted against
compositional parameters: (A) B vs. Xp;; (B) B vs. X5 (C) C vs. X3 (D) C vs. X5 (E) B vs. NBO/T; and (F) C vs.
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intermediate melts have intermediate properties. The conse-
quence of this is an important crossover in viscosity as a
function of temperature. At high temperatures in the interval
1250 to 2500 K, Ab and Ab-rich melts always have the
highest viscosity. Below 1200 K, An and An-rich melts have
higher viscosity. This behaviour is also found in natural
melts between rhyolite (e.g., Ab) and basalt (e.g., An; Gior-
dano and Dingwell, 2004). Melts along the join Di-Ab also
involve a strong (Ab) and more fragile (Di) end member, but
define yet another pattern in VFT functions. At high tem-
peratures these melts show a pronounced variation in vis-
cosity with composition (=3 log units at 2500 K). With
increasing Di content, these melts move gradationally to
lower values of viscosity. This behaviour is consistent at

temperatures in excess of 1100 K. However, below 1100 K
a weak crossover develops whereby Di and Di-rich melts
have higher viscosities than some of the more Ab-rich melts.

We have also plotted the model VFT functions for melt
compositions having equal proportions of An:Ab (Fig. 8D),
Di:Ab (Fig. 8E), and Di:An (Fig. 8F). VFT curves are calcu-
lated for melts at increasing increments (e.g., 10 mol%) of the
third component. For melts having equal proportions of An and
Ab, increasing Xp,; causes a gradual decrease in melt viscosity
(Fig. 8D). The only aberration is at temperatures below 1000 K
where there is a minor crossover involving Di-rich melts. A
quite different pattern emerges for melts having equal Di-Ab
contents (Fig. 8E). Regardless of the An content, these melts
show essentially uniform values of Arrhenian-like viscosity
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Fig. 7. Model variations in B and C across the system Di-An-Ab. Ternary system contoured for: (A) values of B; (B)
values of C; (C) nonlinear compositional component (%) of B; and (D) nonlinear compositional component (%) of C.

over the temperature interval 1500 to 2500 K. Below this
temperature the melts show strongly non-Arrhenian behaviour,
and the effect of An-content is to increase viscosity at constant
temperature. At 1150 K, the apparent values of viscosity across
this system vary by at least 6 orders of magnitude. The last
system features equal proportions of An and Di and increasing

Ab content (Fig. 8F). The pattern that emerges is very similar
to that shown in Figure 8C for Ab-Di melts; this reflects the fact
that the viscosity of Di and An melts has similar temperature
dependencies (Fig. 8A).

The measure of a model is its capacity to reproduce and
explain the data used in its calibration and to make predictions
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beyond the original data set. As discussed earlier, there are
portions of the Di-An-Ab ternary system for which there are no
reliable viscosity data (Fig. 1). To demonstrate the capacity of
this model for extrapolation, we selected representative com-
positions from several domains where data are scarce (Fig. 1;
Table 5). The predicted viscosity-temperature relationships for
these melts are compared to the few experiments that are
available.

We did not use the viscosity data for the melt
Di, 5 ;An,, ¢Abs, 5 from Tauber (1987) to calibrate our model
because there was a 4 mol% Ab discrepancy between the
nominal and measured composition of the melt. Here we have
used the reported composition (wt% oxides; Tauber, 1987) to
compute the model VFT parameters and corresponding viscos-
ity: T(K) properties of the melt (Table 5). The comparison
between model and data (solid dots, Fig. 9) is within the
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Table 5. Predicted values of B and C for melt compositions not used to calibrate model (Fig. 1) and their calculated values of Tg and fragil-

ity.

Sample No. 23 No. 14 No. 5 No. 5! No. 52
Source Tauber (1987) Kozu and Kani (1935) Kozu and Kani (1935) — —
Di 13.1 20 60 60.2 59.8
An 30.6 60 20 20.1 19.9
Ab 54.3 20 20 17 229
A —5.06 —5.06 —5.06 —5.06 —5.06
B 8253.4 6514.5 6112.6 5840.4 6377.9
C 544.3 682.9 626.1 618.6 633.3
Tg (K) 1028 1065 984 961 1007
Fp 0.53 0.64 0.64 0.64 0.63
F. 36.3 47.6 46.9 479 46
F» 0.36 0.47 0.47 0.48 0.46

Composition No. 5 was modified by reducing ' or increasing 2 Na,O by 0.4 wt%.

uncertainty of the viscosity measurements and is very good if
the vagaries of melt composition are considered. The data of
Kozu and Kani (1935) were not included in our model because
the compositions of experimental melts were not measured
independently. We have computed the model VFT functions
for these two melts using the reported nominal compositions
(Table 5). The data for the melt Di,,An,,Ab,, cover only a
small range of temperatures (open triangles, Fig. 9), but are
well described by the model VFT function. We also reproduce
the viscosity measurements for DigyAn,yAb,, (Kozu and Kani,
1935) in that the model curve goes through the middle of the
data set and parallels the low-T measurements (crosses, Fig. 9).
The shaded field denotes the area covered by a family of VFT
functions resulting from adding or subtracting up to 0.4 wt%
Na,O to the nominal composition (Table 5). The dispersion in
the Kozu and Kano (1935) data for this melt could have many
sources but is easily explained by small differences between the
nominal and actual Na,O contents of the melt.
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Fig. 9. Prediction of viscosity for specific melt compositions not used
to calibrate model (see Fig. 1) and compared to experimental data. (A)
DigyAnypAbyg; (B) DisgAnggAb,g; and (C) Di, 5 ;Ansg Abs, 5 (see Ta-
ble 5). Dashed lines contain the family of VFT curves predicted for the
melt Dig,An,,Ab,, and accounts for variations in Na,O contents of
*0.4 wt%.

6.3. Implications

This chemical model for melt viscosity represents an empir-
ical parameterization of the VFT equation for the effects of
composition; it uses no theoretical basis for assigning compo-
sitional dependence to the adjustable parameters (e.g., A, B,
and C). In particular, the component basis we used was adopted
for convenience (e.g., over simple oxides) after restricting the
model to strictly ternary (e.g., Di-An-Ab) melt compositions.
This basis is perfectly adequate for the mathematical descrip-
tion of the compositional dependence of viscosity. However,
these components are not intended to be (and are unlikely to be)
representative of the structural units (e.g., speciation) in the
melt that mix and control variations in melt viscosity. This
choice of components also restricts the model’s capacity for
extrapolation out of the strictly ternary system. The chemical
model does, however, provide a vehicle for exploring the
implicit role of composition on other melt properties, including
the glass transition temperature (T,; e.g., Angell, 1997; Toplis
etal., 1997; Toplis, 1998) and melt fragility (e.g., Angell, 1985;
Angell, 1991; Rossler et al., 1998; Giordano and Dingwell,
2003b).

6.3.1. Glass transition temperatures

Conventionally, a measure of T, is given by the temperature
at which a melt achieves a viscosity of 10'? Pa s (e.g., Richet
and Bottinga, 1995; Webb and Knoche, 1996; Sipp et al.,
2001). We have used our viscosity model to calculate the
corresponding values of T, for melt compositions across the
Di-An-Ab ternary system (Table 4):

T,=C+ TN (7)
where B and C vary with the composition of the melt. Results
are summarized in Figure 10, where model values of T, are
plotted against the mole fraction of Di, Ab, and An and by
contouring the ternary for values of T, (Fig. 10D).

The highest model value of T, corresponds to An (1131 K).
The minimum T, value (947 K) does not coincide with an
end-member melt composition, but occurs on the Di-Ab binary
at =60 mol% Di (Fig. 10A-D). Values of T, change nonlin-
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Fig. 10. Calculated glass transition temperatures (T,) across system Di-An-Ab defined as the temperature where melt
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early with increasing Di content along both the Di-An and
Di-Ab joins (Fig. 10A). T, values along the Di-An binary are
always lower than the T, values associated with the end mem-
bers. This depression in apparent T, values is even more
pronounced (up to =90°C) along the Di-Ab binary (Fig.
10A,B). In contrast, values of T, decrease linearly with increas-
ing Ab content along the binary An-Ab (Fig. 10B,C). The T,
values for ternary melt compositions are also depressed relative
to T, values of the end-member melt compositions. This im-
plies that values of T, along the binaries or within the ternary
cannot simply be predicted using the T, values for the end-
member melt compositions.

The predicted values of T, for the end-member melt composi-
tions (Di, An, Ab) are 994 K, 1131 K, and 1070 K. These values
agree well with calorimetric measurements of T, for the end-
members Di (1003-1009 K), An(1135-1143 K), and Ab (978—
1076 K) based on a cooling/heating rate of 5 K/min(Webb and
Knoche, 1996). Figure 10D shows explicitly the relationship be-
tween the calorimetric T, values measured by Webb and Knoche
(1996) and those calculated by our model at a viscosity of 10'* Pa

s. We have made the comparison for 20 of the ternary melt
compositions reported by Webb and Knoche (1996). We excluded
several compositions which showed discrepancies between the
nominal and measured composition (e.g., several glasses from
Tauber, [1987]). In such instances, we are unable to predict T, (n
~ 10'? Pa s) accurately because the calculated values of B and C
might be for compositions different from those measured by Webb
and Knoche (1996).

Figure 10D shows excellent agreement between the calorimet-
ric T,’s and the values predicted by our model. This coincidence
suggests that, for these melts at least, the timescale of thermal
relaxation during the calorimetric experiment (5K/min) is matched
by the characteristic relaxation timescale of melts at 10'* Pa s.
Calorimetric measurements performed at a more rapid cooling/
heating rate would result in higher values of T, and would only
match the rheological T,’s corresponding to the faster character-
istic relaxation timescales found at lower viscosities. We can
improve on this comparison by solving for the optimal 7, to best
match the calorimetric Tg values of Webb and Knoche (1996).
This is achieved by entering the calorimetric Tg into Eqn. 7 with
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Ab An

Fig. 11. Calculated indices for melt fragility in system Di-An-Ab and
summarized as contour plots (see text). Contoured values of (A) fra-
gility (Fp, = C/B), (B) steepness index (m = B/[T, (]—C/Tg)z]), and (C)
F,), fragility (F,,, = 2[T,/T,,, - 0.5]).

the appropriate values of A (-5.06), B, and C for each melt
composition. Solving the system of equations for ny, returns a
value of 10'22*%! Pa s (open circles, Fig. 10D).

6.3.2. Melt fragility

The viscosity model can also be used to compute several
indices for melt fragility (Table 4). Fragility (F) was a concept
developed by Angell (1985) to distinguish two extreme behav-
iours of glass-forming liquids: strong (Arrhenian-like) and
fragile (non-Arrhenian). Values of fragility can be calculated
from the adjustable parameters in the VFT equation: F, = C/B
(Fp = D! as developed by Angell, 1985; Angell, 1991). Low
values of F correspond to strong liquids, whereas high F values
correspond to fragile liquids. The strong/fragile classification is
used to compare the sensitivity of liquid structure to tempera-
ture changes. Melts that are fragile easily assume a large variety
of configurational states in response to thermal perturbations;
strong liquids resist structural change, even if subjected to large
temperature variations. An alternative method of ranking strong
to fragile liquids is the steepness index (m), which is calculated
as B/[Tg (1- C/Tg)z] (e.g., Plazek and Ngai, 1991; Bohmer and
Angell, 1992; Rossler et al., 1998). Essentially, the steepness
index (m) represents the derivative of log n with respect to the
reduced temperature at T,. A third and final method of classi-
fying strong and fragile melts is based on the F,, fragility
index (e.g., Richert and Angell, 1998; Martinez & Angell,
2001), which is computed as F,,, = 2[T,/T,,, - 0.5] where T,
is as defined above (see Table 4) and T, is the temperature at
the half way point (log scale) between the high temperature
relaxation time limit and Tg where 7 = 107 s. Given our best
estimate of A (-5.06), the Maxwell relationship suggests a high
temperature relaxation time limit of 107> s, and thus, T, , is the
temperature corresponding to a viscosity of 10> Pa s (Table 4).

All three fragility indices have been computed for the full
range of compositions within the Di-An-Ab ternary system
(Table 4; Fig. 11). The contoured plots for each index show
that, although the numerical values differ (Fp: 0.35-0.7; m:
26-57; F,5: 0.2-0.55), the three different indices provide the
same insights. The strongest melt (lowest fragility index) is Ab,
and the most fragile melt is Di, although An is only slightly less
fragile. The contoured plots show a smooth gradual rise in
fragility index from Ab to Di and An; indeed the contours
closely parallel the Di-An join. The fragility of binary and
ternary melts can be directly predicted from the fragility indices
of the Di, An, and Ab alone. Fragility indices for mixtures in
this system are linear combinations of the end members. This is
in stark contrast to predicted values of Tg where binary and
ternary melt compositions are substantially depressed relative
to the end member properties.

7. CONCLUSIONS

We have presented a chemical model for the compositional
and temperature dependence of melt viscosity in the ternary
system Di-An-Ab. Temperature dependence of melt viscosity
was ascribed to the VFT equation which features three adjust-
able parameters: A, B, and C. We assume that all silicate melts
converge to a common viscosity at high temperature, which
makes A independent of composition. All compositional de-
pendence is therefore embedded in the parameters B and C; the
compositional dependence of these parameters involves a linear
and a higher order, nonlinear component. Optimal values for
the 13 parameters (A, b;_, , ¢ Cj— »_¢) are obtained by solving
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a system of equations based on 585 experimental measure-
ments of viscosity on 40 different melt compositions.

The best estimate for A is —5.06, which implies a high-
temperature limit to viscosity (n,) of 105°¢ Pa s. This value
accords well with several other lines of inquiry. For example, a
high-T limit to melt viscosity is implicit to Shaw’s (1972)
Arrhenian model for silicate melt viscosities and is given by In
7, (poise) = -(1.5 M + 6.4), where M is a composition-
dependent variable. For a wide range of melt compositions, the
range of high-T viscosity values converge to 10~ to 10 Pa s.
Our result of 1, = 105% Pa s is also supported by experi-
mental observations on lower temperature glass-forming sys-
tems (e.g., Angell, 1991; Angell et al., 2000) and theoretical
arguments involving Maxwell’s relationship (7 = n/G..) ap-
plied to timescales of relaxation processes in melts (e.g., Glas-
stone et al., 1941; Myuller, 1955; Frenkel, 1959; Dingwell and
Webb, 1989; Toplis 1998; Angell et al., 2000).

The optimization returns 12 coefficients that capture the
compositional dependence of B and C. The compositional
dependence of B and C is almost linear except for a 10 and 7%
nonlinear component in each, respectively. Taken together, the
13 parameters listed in Table 3 constitute a model that can
generate accurate VFT functions for melts across the Di-An-Ab
system. The model is continuous and accommodates marked
changes in rheology with composition. Despite the near-linear
compositional dependence of B and C, the model is capable of
reproducing the pronounced nonlinearities exhibited by the
original data (e.g., crossing VFT functions for different melt
compositions). The model also has a demonstrated capacity for
extrapolation beyond the original database.
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