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AnsrnLcr

Within the framework of the Adam-Gibbs (configurational entropy) theory of viscosity,
it is shown that for a given composition, the ratio of parameters B" (a temperature inde-
pendent constant) to S.(f") (the configurational entropy at the glass transition) is propor-
tional to the height of the average potential energy barrier to viscous flow (Ap) and the
size of the rearranging domains at the glass transition tz*(f")1. The ratio BJS,(T,) is eval-
uated for several silicate and aluminosilicate compositions of variable polymerization. It
is found that the ratio B"/5,(Tr) shows simple compositional variations that correspond
closely to those that may be expected qualitatively for the height of the potential energy
barrier to viscous flow. Assuming that z*(7") is a constant for all compositions, the avail-
able data for B/S,(T) are parameterized as a function of Ap. The physical basis of this
parameteization will therefore allow extension to more complex systems as additional
data become available. The A" term in the Adam-Gibbs equation (another temperature
independent constant) shows only minor compositional variation (-2.6 * 1), but the vari-
ation that does exist is found to be a linear function of B"ltefiahedron. The proposed
pararneteizations of B"|S,(T) and A" are shown to be sufficient for estimating the glass
transition temperature to within 15-20 K. Calculated glass transition temperatures may be
combined with existing models for viscosities in the range 10-105 Pa.s. Interpolation pro-
vides the whole viscosity curve and thus also an estimate of the departure from Arrhenian
behavior. Although fuither work is necessary to verify and extend the parameterizations
to compositions of direct geological relevance, this work represents a step toward a fully
generalizable predictive model of silicate melt viscosity based within a physical
framework.

IntnonucrroN close to the glass transition. In contrast to these empirical

The ability to estimate silicate melt viscosity reliably approaches, three other approaches (configurational en-

is fundamental for understanding and predicting diverse tropy theories, Adam and Gibbs 1965; free-volume the-
processes of interesr to the geologicaf and apitiea sci gies' 9:l:1 

and Grest 1919; and mode coupling theory,

ences, such as convection in crusial -ug,ou 
-ihu*b"rr, 

Gdtze l99I) have attempted to link quantitatively viscous

melt migration in the mantle, the nature oiexplosive vol- 1el^alation 
time to some structural property of the melt.

canism, or the transport of melts used for glass making, Of these three, the Adam-Gibbs (configurational entropy)

metallurgy, and waite disposal. The compiositional and tfeolV.can account for the non-Arrhenian behavior quan-

temperaiure ranges of interest to both geolbgical and ap- titatively as well as several other properties of a wide
plied disciplin"J *" very large, making dir-ect viscosiiy r-ange of silicate compositions. (For further details of the

measurements of all the compositions of interest impos- theory and its application to silicate melts the reader is

sible. This has led to various attempts at predictive mod- referred to Richet 1984 and Bottinga and Richet 1996).

els that, for compositions of geoiogicai inrerest, have ^.l1tlT1*y,theAdam-Gibbs(A-G)theory(Adamand
been reasonably successful at teirperalures well above the Gibbs 1965; Richet 1984) relates viscosity (q) to absolute
glass transition lBottitrgu ana Weitt l9i2; Shaw l9j2). temperature (?") and the configurational entropy of the

However, these empirical models do not take into account system at that temperature [S"(D] through the relation:

departures from Arrhenian behavior (an important char-
acteristic of silicate melts, e.g., Richet 1984; Richet and 

log'o l(z) : A" + BJTS"(D (1)

Bottinga 1995) and are thus of little use at temperatures where A" and B" are temperature independent constants
(Richet 1984). The configurational entropy is not, how-

* E-mail: mtoplis@crpg.cnrs-nancy.fr ever, a constant at all temperatures, and it is indeed the
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temperature dependence of this term that results in non-
Arrhenian behavior. At a given temperature above the
glass transition the configurational entropy of the melt is:

s"(D : s.(4) + Ii" c;*n ar Q)
where S.(d) is the configurational entropy of the melt at
the glass transition temperature, and Ci"' is the config-
urational heat capacity of the melt phase (i.e., C-o<n -

Cchs(rs)). Strong evidence in favor of the application of
the A-G theory to silicate melts is provided by the fact
that values of S.(Z-) estimated from viscosity curves
agree well with values of this parameter obtained inde-
pendently by appropriate calorimetric cycles of relevant
glass and crystalline materials (e.g., Richet 1984; Bottin-
ga et al. 1995).

Despite the numerous demonstrations that the Adam-
Gibbs theory successfully describes the temperature de-
pendence of silicate melt viscosity, the theory has not
been used in a predictive sense because of a lack of ad-
equate models to describe the compositional variation of
the parameters A", B", and S.(7.). Calculation schemes for
Ci"', on the other hand, do exist for a wide range of
silicate compositions (Richet and Bottinga 1985, 1986).
Hummel and Arndt (1985) and Tauber and Arndt (1987)
assumed A" and B" to be linear functions of composition
along the anothite-albite and anorthite-diopside binaries,
but the results of Tauber and Arndt (1987) as well as the
data of Neuville and Richet (1991) suggest that such an
assumption is probably not valid, as clearly illustrated in
Figure 1 for the binary join CaSiO.-MgSiO, (Neuville
and Richet 1991). Before describing the compositional
dependence of each of these terms it is instructive to con-
sider their physical significance, to interpret their varia-
tions within the framework of a physical model.

Pnysrcar, srcNrFrcANcE oF A-G pARAMETERS

A"

Although Adam and Gibbs (1965) did not discuss the
physical significance of the A" term in detail, an analogy
may be made with kinetic theory (the Adam-Gibbs theory
being a molecular-kinetic theory). In the case of a reac-
tion that takes place through a single thermally activated
process with an activation enthalpy A,H" and activation
entropy AS,, it may be shown (e.g., Putnis 1992) that the
rate of reaction is:

rate : u exp {AS"/R} exp {-AII"/R?} (3)

where u is the frequency with which atoms attempt to
partake in the reaction, R is the gas constant, and Z is
absolute temperature. In the case of viscosity the "reac-
tion rate" is inversely proportional to r, the relaxation
time. Therefore, using the Maxwell relation (r : q/G-;
Dingwell and Webb 1989), it may be shown that:

log 
"t 

: log G- - log rate (4)

where G- is the infinite frequency (unrelaxed) bulk mod-
ulus. Combining Equations 3 and 4 gives:
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Frcunn 1. Variation of (a) A", (b) ,B", and (c) S.(7,) for the
system CaSiOr-MgSiO, (Neuville and Richet 1991; values per
gram formula weight) showing the highly non-linear variation of
these parameters, even in compositionally simple joins of con-
stant polymerization.

log tr : log G- - logo - L5.12.303 R + LH"1L303 RZ
(5)

Therefore, the sum of the temperature independent terms,
A., is:

A" : log G- - logu - AS/2.303 R (6)

For molten silicates, log G- has a relatively constant val-
ue (log c- : 10 * 0.5; Dingwell and Webb 1989, 1990).
As discussed by Dingwell and Webb (1989), the frequen-
cy u may be expected to be on the same time scale as the
"vibration of the liquid quasi-lattice" at infinite temper-
ature, and thus also relatively constant for silicate com-
positions, in the range 1013-1014 Hz. Activation entropies
should be similar in magnitude to 2.303 R, thus the vari-
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ation in A" may be expected to be less than -r2 for dif-
ferent molten silicates.

B"

The B" term is commonly considered analogous to the
activation energy in an Arrhenian model of viscous flow.
Indeed, ,8" is related to the potential energy barrier to
viscous flow, but is not equal to it as is often assumed.
Adam and Gibbs (1965) showed that its magnitude is
given by:

B" = nu Ap sf/k (7)

where no is the total number of particles in the system,
Ap is the average potential energy barrier to structural
rearrangement, sj is the configurational entropy of the
smallest rearranging unit, and k is Boltzmann's constant.
The observation that a single value for B" may be fit to
the viscosity curve of a silicate melt whose heat capacity
is known (Richet 1984; Bottinga and Richet 1996) there-
fore implies that all of the terms on the right hand side
of Equation 7 have a negligible temperature dependence.
This in turn implies that the microscopic mechanism (or
mechanisms) controlling viscous flow in a given melt
does not change in its average energy barrier to rear-
rangement, or average entropy of the smallest rearranging
units, at least in the range 10-101, Pa.s, over which the
A-G theory has been shown to be applicable (Bottinga et
al. 1995). Although one may expect the height of the
potential energy barrier to viscous flow to be a simple
function of composition, it is very likely that the config-
urational entropy of the smallest rearranging unit will not
show linear variations as a function of composition, a fact
that may be responsible for variations in B, such as those
shown in Figure 1.

s"(r")
Due to a lack of knowledge concerning the details of

the relation between compositional factors and configu-
rational entropy quenched in at the glass transition
tS.(4)1, no model currently exists for the calculation of
this parameter. However, the macroscopic configurational
entropy at any temperature must be the sum of the con-
figurational entropy of the units of which the melt is com-
posed, and of which the smallest ones dominate (see dis-
cussion in Adam and Gibbs 1965). At the glass transition,
this may be expressed as:

S.(f,) : N,(2,) sI (8)

where N,(d) is the total number of subsystems at the
glass transition temperature (subsystem refers to the
"smallest region that can undergo a transition to a new
configuration without a requisite simultaneous configu-
rational change on or outside its boundary," see Adam
and Gibbs 1965, p. l4l cf. Bottinga and Richer 1996).
With increasing temperature above the glass transition it
is inferred that sf is approximately constant (because B"
is temperature independent), but the number of subsys-
tems gets larger with increasing temperature, thus leading

to an increase in the configurational entropy of the mac-
roscopic system.

The ratio BJS,(T) and prediction of Q
Even though calculation of both B" and S.(d) requires

estimation of the configurational entropy of the smallest
rearranging units in the melt (sI), it is clear from Equa-
tions 7 and 8 that their ratio does not (F,q. 9).

BJS,(T) -- {n,lN,(7,)}.{Arr/k} (9)

The value of nnlN,(T,) is independent of the quantity of
melt considered (and thus the definition of one mole of
melt) and is in fact equal to the number of particles per
smallest rearranging unit, i.e., the size of the rearranging
units or z* in the terminology of Adam and Gibbs (1965).
Therefore we have the general equation

B"tS"(r) :  z*(d) Ap/k (10)

that shows that variations in the ratio B"/5,(7,) may be
due to changes either in the size of the smallest rearrang-
ing units at the glass transition tz*(fr)l or changes in the
height of the average potential energy barrier to viscous
flow (Ap).

The ratio B"/5,(Tr) is of interest because it is a neces-
sary parameter for the calculation of the glass transition
temperature (f,). If I" is assumed to occur at the 10'' Pa.s
viscosity isokom (an assumption that is supported by ca-
lorimetric measurements performed at laboratory cooling
rates for a wide range of silicate compositions, see Richet
and Bottinga 1995), then rezrffangement of Equation 1
shows that:

Tr  :  B t  S,(7, \ '  I  l (  l2-  A " ) .
(1  1 )

Thus, the ability to predict: (1) the ratio B"lS.(7"), and (2)
the parameter A" permits the calculation of 2".

CovrposrrroNAr, vARrATroN oF B JS "(T r)
Using data from the literature, the compositional de-

pendence of the ratio B"|S"(T) for the following simple
silicate and aluminosilicate compositions will be consid-
ered: (1) fully polymerized network liquids, (2) sodium
silicates, (3) alkali tetrasilicates, (4) the joins CaSiO.-
MgSiO. and Ca.Al,Si.O,,-Mg,Al,Si,O,,, and (5) the sys-
tem NarO-CaO-SiOr.

Fully polymerized 6'network" liquids

SiOr, the compositionally simplest silicate system, is
generally considered to consist of a fully polymerized
network of silicate tetrahedra with the vast majority of O
atoms playing "bridging" roles. Richet (1984) used the
viscosity data of Urbain et al. (1982) and the calorimetric
data of Richet et al. (1982) to report a set of Adam-Gibbs
parameters for SiO, melt that give a value for B"lS"(Tr)
of 16 700 Oable 1). Below 1600 K. however. the viscos-
ity data ofHetherington et al. (1964) diverge significantly
from those of Urbain et al. (1982). As discussed by Ri-
chet (1984), the former measurements may have been af-
fected by sample impurities whereas some doubt exists
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Teele 1. Summary of Adam-Gibbs parameters

siort
sio,+
Arbs
Arbll
JadS
Jadll
Neph$
Nephll
Ant
ort
NaO 15#
Nao 2t
Nao 25#
Nao 251
Nao 3#
Nao 33t
Nao 35#
Na0.4#
Nao 45#
Wo 0"-
Wo 7.'
Wo 13--
Wo 25""
Wo 50-"
Wo 75.-
Wo 88-.
Wo 100".
Gr 0""
Gr 25""
Gr 50--
Gr 75--
Gr 100. .
N25CS70tt
N20CS70tt
N1 5CS70tt
N10CS70tt
N5C565tt
N10CS65tt
N1 5CS65tt
N20CS6stt

o .12
1.45
245

-2 45
-2.52
- 2 3 2

2 3 8
- 2 . ) l

-204

255
-1.87

-  t . o J
-  t . / o

1 . 9 1
-2.33
-  1 .OZ

o .  t J

c . 1 I

- 3  25
_ J . J C

- J  O /
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-3  41

z o J

2 7 8
261

-  t . o d

1 8 0
-1  75
-2.33
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- 1 . 8 4
-  1 .88

2.07

85 000
99 980

1 45 800
137 520
141 000
1 1 7 0 1 0
1  16  100
120470
1 40 800
114600
1 36 840
102340
74820
82 850
71 450
77 970
79770
86 970
84750
86600
96 200
98 650

1 05 300
1 1 1 7 0 0
104150
95 600
79450

123230
'141290

141 560
132970
1 04 060
66 580
69 230
64910
82 390
69 370
72450
73 300
76 930

5 .10
5 .10
9.45
4.72
9.52
7.43
7.51
/ o b

9 2 0
7.08

12 22
9 8 3
/ J O

823
7 1 2
7 9 5
8 0 3
8.72
847
5.40
6 .10
6.39
6.87
7 .14
b.bv

6 . 1 3
5 0 4
8 0 7
9 3 8
9 3 9
8 8 4
7 0 2
0 + o

o  J /

5 6 8
6.54
6 8 4
6.88
6 6 0
6 4 8

16667
19604
15429
15771
1 4 8 1  1
15748
15459
15727
15304
t o  t o o

1 1 1 9 8
1 0 4 1  1
10  166
10 067
10035
I 808
I 934
9974

10006
16037
15770
15438
15328
15644
15568
15595
15764
15270
15063
15076
15042
14823
10307
10868
11 428
12598
10  142
10s89
1 1  1 0 6
11 872

A" Jrd;.x- J/slil:k. B.tsnd
15800
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15200
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Frcunr 2. Variation of B"/S"(4,) for "fully polymerized" al-
uminosilicates Alb : NaAlSirOr; Jad - NaAlSirOu; Neph :
NaAlSiO.; An : CaAl.SirOr. Filled symbols calculated using
viscosity data for compositions exactly along the join SiOr-
NaAlSiOo. Open symbols calculated using viscosity data for
compositions inferred to contain no non-bridging O atoms (see
text for details). Error bar represents +l7o

Other aluminosilicate compositions, which are gener-
ally considered to consist of a fully polymerized network
of silicate and aluminate tetrahedra, include albite, jade-
ite, nepheline, anorthite and orthoclase. Using the A-G
equations given by Toplis et al. (1997a) for thejoin SiO,-
NaAlSiOo and by Richet (1984) for anorthite (summa-
rized in Table 1), it is found that four of these composi-
tions show similar values of BJS,(T,) in the range
14 800-15 400 (Fig. 2). Howevet it has recently been
suggested that, at least for compositions on the join SiOr-
NaAlSiOo, melts along the subaluminous join may con-
tain some non-bridging O (NBO) atoms and that the fully
polymerized case actually occurs slightly within the per-
aluminous field (Toplis et al. 1997a, 1997b). The latter
authors provide viscosity data for compositions that are
close to the inferred fully polymerized state. If these vis-
cosity data are used, and it is assumed that changes in
the configurational heat capacity are negligible over the
small compositional range from the metaluminous join
into the peraluminous field (an assumption supported by
the calorimetric data of Richet 1982). then within <+l%o
a constant value for the ratio B"|S,Q) (15 x 750) is cal-
culated (Fig. 2). It is possible that anorthite melt also
contains some NBO (Toplis and Dingwell 1996; Stebbins
and Xu 1991) and that the corresponding "fully poly-
merized" composition may also have a value of B"lS,(Tr)
higher than that shown in Figure 2. Viscosity data for
orthoclase unfortunately are lacking at temperatures close
to the glass transition, but Richet (1984) reported that the
A-G parameters that best fit the available viscosity data
provide a value for B"{S,(T) of 16200, which is close to
values for the other aluminosilicate network liquids dis-
cussed above.

The join SiO,-Na,O
Melts in the system SiOr-NarO are structurally differ-

ent from the fully polymerized network liquids described

Oo
F*

(

' gfw gram formula weight.
t Parameters taken from Richet (198a) An - CaAlrSi,Oei Qr -

KAlSi3Os.
+ Parameters calculated using the viscosity data of Hetherington et al

(1964) for temperatures below 1600 K and the calorimetric data of Richet
et  a l .  (1982).

S Parameters taken trom Toplis et al. (1997a) tor compositions exactly
along the join SiO.-NaAlSiO. Alb : NaAlSi.Ou; Jad : NaAlSi,O"; Neph
: NaAlSiO".

Parameters calculated using the viscosity data of Toplis et al (1997a)
tor compositions close to the join SiO,-NaAlSiO4 and containing no non-
bridging O atoms.

# Parameters calculated using the viscosity data of Knoche et al (1 994)
and the model of Richet and Bottinga (1985) for values of q..' Naxcor-
responds to xNaro:(1 - x)SiO" (molar).

** Parameters taken from Neuville and Richet (1991). Woxcorresponos
to rcasiO3:(lOO-x)MgSiO" (molar) Grx corresponds to xCa"Al"Si"O,,:
(1 00-x)Mg3Al,Si30,, (molar)
tt Parameters calculated using the viscosity data summarized by Bansal
and Doremus (1986), and the model of Richet and Bottinga (1985) for
values of C;-' NaxCSycorresponds to xNa"O: (10o-x-y)CaO: ySiO, (mo-
lar)

over whether the latter measurements represent structur-
ally relaxed, equilibrium viscosities. If the low-tempera-
ture data of Hetherington et al. (1964) are used rather
than those of Urbain et al. (1982), a better fit to the vis-
cosity curve is obtained and a value of 19 600 is calcu-
lated for BJS,Q) Qable 1).

i
I I

I
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Frcuns 3. Variation of B"/5,(7,) along the join SiOr-Na,O.
The solid line was calculated using Equations 13 and 17, and
values for B"lS.(T,)sio.: 19600; B"/S.(2"),uo.*, :9950; and g'o,/
dr"o.u - 0.33 (see text for details). Error bar represents +17o.-

above in that sodium occupies network modifying roles,
thus non-bridging O atoms are present. Combining A-G
parameters for the three sodium silicates reported in Ri-
chet (1984) with those calculated from the more recent
viscosity data of Knoche et al. (1994) (Table 1), it is
found that the calculated values of B"|S"(T) show an ex-
tremely well-defined variation as a function of SiO, con-
tent (Fig. 3). At silica contents in the range 61-55 mol%o,
B.lS,(Tr) shows an approximately constant value close to
l0 000, while at higher SiO, contents its value rises in a
non-linear, but smooth fashion toward that defined for
pure SiO, (16 700-19 600).

Alkali tetrasilicates

In contrast to the join SiOr-NarO where the state of
polymerization varies as a function of composition, that
of the alkali tetrasilicates (MrSi*On, where M is Li, Na,
K, Rb, Cs) is constant, the only variable being the nature
of the monovalent cation. Although the relevant viscosity
and calorimetric data are not available for all of these
compositions, the values of their glass transition temper-
atures (Mazurin et al. 1987) may be used to estimate val-
ues of B"/S.(d) using Equation 11 (assuming that all al-
kali tetrasilicates have the same value of A" as that
determined for NarSioO' as will be justified below). In
this case it is found that the ratio B"lS,(7,) increases from
Li to Cs. Furthermore, this increase is found to be a linear
function of the radius of the cation in octahedral coordi-
nation (Fig. 4).

Alkaline earth silicates and aluminosilicates
In contrast to the systems considered above, which

contain a single network modifying cation, the two joins
CaSiO.-MgSiO. and Ca.AlrSi,O,r-Mg,AlrSirO,, studied
by Neuville and Richet (1991) provide important data for
systems containing two different network modifying cat-
ions. Using the values for the Adam-Gibbs parameters
extracted by Neuville and Richet (1991) it is observed
that despite the non-linear variations of B, and S"(2.)

I Knoche et al 1994
v Richet 1984

11400
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10800
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Frcunr 4. Variation of B"lS,(7,) for alkali tetrasilicates
(MrSi4Or) as a function of ionic radius in octahedral coordination
(values taken from Shannon 1976). Enor bar represents +17o.

across both of these joins (Fig. l) the ratio of these two
parameters is constant to within +2Vo (Fig.5a). In addi-
tion, the values of B.lS"(Tr) for the pyroxene and the gar-
net compositions are very similar in magnitude (and sim-
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FrcunB 5. (a) Variation of B"lS"(7,) along the joins CaSiO.-
MgSiO, (pyroxenes) and Ca.AlrSi.O,r-MgrAlrSi.O,, (garnets).
An error bar of +l7o is shown. (b) Values of B./5.(7,) for Ca-
and Mg-bearing compositions compared with alkali-bearing
compositions as a function of z'r (z - ionic charge; r : ionic
radius. See text for details)
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FIcunn 6. Variation of B"/5"(T) along the 65 and 70 mol%o
SiO, isopleths in the system NarO-CaO-SiOr. The solid line was
calculated using Equations 13 and 16, and values of BrlS.(7,)*"o_
." : 16 000; B"/S.(Q)"".." : 9950; and {g*"o.,/g,uo_."} : 0 31
(see text for details).

ilar to that of anorthite composition) although the ratio
B"lS,(7,) of the aluminosilicate garnet compositions is
consistently slightly lower than that of the pyroxenes.
Furthermore, comparison of the values of B"lS,(T.) for the
depolymerized compositions containing the divalent cat-
ions Mg and Ca with those for the alkali tetrasilicates
(Fig. 5b), shows that the value for CaSiO. lies close to
the extrapolation of the alkali data when plotted as a func-
tion of z2r, where z is the cationic charge and r is the
cationic radius. The significance of this observation will
be discussed below.

Mixed alkali-alkaline earth silicates

Viscosity data for the system Na,O-CaO-SiO, (data
taken from compilation of Bansal and Doremus 1986)
provide an opportunity to study the variation of B.lS.(7")
in a system containing two different network-modifying
cations, whose end-member values of B|S,(T) are sig-
nificantly different. Along the 65 and 70 molvo SiO,iso-
pleths in this system, values for BJS"(T) vary as a
smooth function of Na/Ca between the limits defined by
the Ca and Na end-members (Fig. 6). However, although
intermediate compositions show values in the range de-
fined by those of the end-members, they do not simply
lie on an ideal mixing line between them, but below it.
Identical behavior is also observed on ioins at 75 and 60
molTo SiOr.

Vrscous FLow MEcHANTsMs

It is clear from Figures 2-6 that the ratio B"|S,Q,)
shows relatively simple variations as a function of com-
position, which may be parameterized. Before attempting
such a parameterization, it is instructive to assess to what
extent the observed variations in B"/5"(T) may be ex-
plained in terms of the two parameters, Ap and z*(d)
(Eq. 10). Although there is no way to estimate the mag-
nitude or compositional dependence of the second of
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these terms, we know that the height of the potential en-
ergy barrier (Ap) is controlled by the microscopic mech-
anism(s) responsible for viscous flow. Our understanding
of such mechanisms has improved greatly in recent years,
due in large part to elegant demonstrations by NMR spec-
troscopy of the close link between viscous relaxation
times and oxygen bond-breaking and reforming events
(Farnan and Stebbins 1994; Stebbins et al. 1995). It is
now possible to predict qualitatively how Ap will vary
as a function of composition, and thus to assess whether
Ap is a major or minor factor contributing to observed
variations in B.l S 

"(T ").

ColrposrrroNs coNTATNTNG A srNGLrt
NETWORK.MODIFYING CATION

There is now a general consensus that in melts con-
taining abundant NBO, the primary mode of viscous flow
occurs through the attack of a tetrahedral Si or Al cation
by an NBO to produce temporarily a high-coordinate net-
work former (see Stebbins 1995). The presence of such
high-coordinate species not only is predicted from mo-
lecular dynamics (MD) simulations (see Poole et al.
1995), but also has been observed directly, even in glass-
es quenched at one atmosphere pressure (Stebbins 1991).

If one considers such a process in detail, it is clear that
the activation energy required for the formation of a high-
coordinate network former from interaction with an NBO
will consist of two distinct contributions. The first is that
required to remove the network-modifying cation from
the vicinity of the O with which it is associated (its NBO).
The second is the energy required to attach this "free"
NBO to the coordination shell of the network-forming Si
or Al to form the high-coordinate species. Although the
magnitude of the second contribution should be more or
less independent of the nature of the network-modifying
cation, the first will be a function of the identity of that
cation and may be expected to be inversely correlated to
the self-diffusivity of that cation in that melt. LaTourrette
et al. (1996) have shown recently that the self-diffusivi-
ties of Mg and Ca in a depolymerized composition at
temperatures between 1623-1773 K are identical within
error. This observation, and the very similar values of 81
S.(4) for CaSiO. and MgSiO. (Fig. 5), suggest that Ap
could be the dominant factor controlling the ratio B"/
S.(d). Hofmann (1980) and more recently LaTourrette
and Wasserburg (1997) have shown that for a wider range
of cations self-diffusivity in depolymerized melts is, to a
first approximation, a linear function of z2r, where z is
the charge and r is the cationic radius (although the self-
diffusivity data for Mg and Ca show that this general
trend is not always followed). The observed linear vari-
ation of B"|S,(T") as a function of cationic radius for the
alkali tetrasilicates (Fig. 3), and the fact that the value of
BJS,(7,) for CaSiO. also lies near this trend when plotted
as a function of z'r (Fig. 5b), suggest further that B"lS,(7,)
is proportional to the self-diffusivity of network-modify-
ing cations, and that Ap is the dominant factor controlling
the ratio. A z'r dependency of cationic self-diffusion thus

O 70 mol% SiO2

o 65 mol% SiO2
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provides an explanation for the significantly higher values
of B"/S.(2") for melts consisting primarily of divalent cat-
ions compared with monovalent cations.

Compositions containing two different network-
modifying cations

In a melt where more than one mechanism is active,
the average energy barrier to viscous flow (Ap""r) will be
controlled by two factors: (1) the energy barrier associ-
ated with each individual mechanism, and (2) the relative
proportions of each mechanism. This may be summarized
by the equation:

ALr-, : I,V,Ap, (r2)
where V, is the fraction of mechanism i operating, and
Ap, is the energy barrier of mechanism, L For example,
in a depolymerized melt containing two different net-
work-modifying cations, there will be two potential
mechanisms of viscous flow (one for each cation), each
having its own energy barrier. If the two end-member
energies are the same, then one would expect no variation
in the average energy barrier for intermediate composi-
tions (Eq. 12). However, in cases where the two end-
member mechanisms have significantly different energy
barriers, then we may expect a smooth variation of the
average barrier from one end-member to the other as a
function of composition. The exact form of this variation
will depend on the relative frequencies of the two end-
member mechanisms, which may depend not only on the
relative mole fractions of participating species in the melt
but also on the magnitude of the end-member energy bar-
riers, with lower energy routes possibly favored over
higher energy routes.

The variations of B1S.(f.) described above show ex-
actly these features. For example, along the two Ca-Mg
binary joins where the end-member values of BJS,Q.)
are very similar (Fig. 5a), there is almost no variation of
B"lS,(7,) for intermediate compositions, whereas along
the Na-Ca binary joins (Fig. 6) there is a smooth variation
between the two end-member values with a clear devia-
tion to values lower than the 1:1 mixing line for inter-
mediate compositions. Such data are also consistent with
Ap being the dominant factor affecting the ratio B"lS"(7").

Compositions containing no network-modifying cations

It is clear that in silicate melts containing no NBOs,
viscous flow cannot take place through the mechanism
described above. McMillan et al. (1994) recently have
discussed and proposed viscous flow mechanisms in pure
SiO, and fully polymerized aluminosilicate melts. In the
case of pure silica, those authors proposed that it was
necessary to break a strong Si-O-Si bond, whereas in the
case of a fully polymerized aluminosilicate it was pro-
posed that a weaker Si-O-Al bond may be broken forming
a threefold-coordinated O atom and fivefold-coordinated
Al during the viscous flow event. A similar process has
been proposed recently for fully polymerized alumino-
silicates by Toplis et al. (1997b), who suggested that mi-

gration of a charge-balancing cation away from its Al
may lead to the disruption of an Si-O-Al bond to form a
threefold-coordinated O atom (tricluster) without the need
to form a high-coordinate Al. In either case, one may
expect the energy barrier for viscous flow in silica to be
higher than that in aluminosilicates, as observed (Table
1). Viscous flow in fully polymerized aluminosilicates
that contain a single charge-balancing cation will be dom-
inated by a flow mechanism involving aluminate teffa-
hedra, and therefore similar for all compositions, at least
in the range 75-50 mol%o SiO, where aluminate tetrahe-
dra are abundant, as observed for albite, jadeite, and
nepheline compositions (Fig. 2). In addition, it is note-
worthy that B"|S,(T-) is greatest for orthoclase composi-
tion and smallest for anorthite composition (Table l),
which is in qualitative agreement with expected variations
in the strength of the Al-O-Si bond (e.g., Seifert et al.
1982). Therefore, these observations are also consistent
with a dominant role for Ap in controlling B"|S,(T).

Compositions of variable polymerization

In contrast to the joins described above, melts along
the Na,O-SiO, binary vary from highly depolymerized to
fully polymerized. In depolymerized melts where every
silicate tetrahedron is adjacent to a tetrahedron containing
at least one NBO the formation of fivefold-coordinated
Si through interaction with an NBO should be the unique
mechanism of viscous flow. This should be the case for
compositions with silica contents less than 67 molvo, (if
the minor effect of the disproportionation reaction 2Q: :

Q, + Q' (e.g., Mysen 1995) is ignored), and thus the
energy barrier to viscous flow may be expected to be
relatively constant in this range. At higher silica contents,
however, an increasing proportion of viscous flow events
may occur through the mechanism that operates in pure
silica (which involves silicate tetrahedra with no NBO,
i.e., Qo species). Given that the energy barrier for a mech-
anism involvirg Q" species is considerably higher than
that involving NBOs attached to Na, an increase in the
average height of the energy barrier to viscous flow may
be expected as the silica content increases from 67-100
mol%o. lt is clear that the values of BJS.Q) along the
binary join SiO,-Na,O show exactly this behavior, with
an approximately constant value at SiO, contents less
than 67 molvo, and a change to increasing values at high-
er SiO, contents, implying that the variation of BJS,(Tr)
along this join of variable polymerization may also be
explained by a dominant role for Ap.

Variations in z*(4)

As shown above, variations of B"lS,(7") for a wide
range of silicate compositions show the same features that
one would predict qualitatively for variations of the po-
tential energy barrier to viscous flow. Based on such an
observation it is tempting to postulate that z*(Tr) may be
a constant for all silicate melts at their glass transition
(when defined at a constant cooling rate), and thus that
z*, the size of the rearranging regions, is the factor that
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defines the calorimetric glass transition. Indeed, Bottinga
and Richet (1996), in their recent discussion of the Adam-
Gibbs theory, quoted the results of independent studies
by Duval et al. (1990), Sokolov et al. (1993), and Moy-
nihan and Schroeder (1993) that provide evidence for dis-
crete domains in SiO, and BrO. glasses whose physical
size was extremely similar in both cases. Such evidence
is therefore also compatible with the idea that z*(4) may
be a constant, at least for network liquids such as silicate
melts. The only surprising implication of such a conclu-
sion is that the energy barrier for viscous flow in fully
polymerized aluminosilicates such as albite or anorthite
is very similar to that of a highly depolymerized com-
position such as CaSiOr. However, as discussed above,
the self-diffusion data suggest a general zrr dependence
of self-diffusivity for network-modifying cations that may
account for the relatively high values of Ap for the di-
valent cations. Furthermore, if viscous flow in fully pol-
ymerized compositions requires only the breaking of an
Al-O-Si bond, without the formation of a high-coordinate
Al (Toplis et al. 1997b), then it is possible rhat the energy
required is about the same order of magnitude as that in
depolymerized Ca-bearing compositions. It is also of note
that the intermediate composition Ca.AlrSi.O,, has a val-
ue of B1S.(d) identical to that of the two end-members
CaSiO, and CaAlrSirO' consistent with Equation 12.

Pa.nlnanrpnrzATroN

BJS"(Tr\

Although the present analysis cannot prove that 2*(I")
is a constant for all silicate glasses, the compositional
variations of B"/5,(7,) presented above may be explained
solely in terms of Ap, which is consistent with such a
postulate. Furthermore, making this assumption allows us
to parameterize values of B"/5,(7") within the framework
of a physical model that may be checked and extended
to more complex compositions as further data become
available. If the ratio B"/5,(7,) is directly proportional to
Ap, then each viscous flow mechanism. l, has an asso-
ciated value of B"/S.(7"), thus:

tB"/s.(r,)1",, : l, v, [8"/s"(T)], (  l3 )
where [.B./S.(f,)]""- is the average B"|S,(T) of a given
composition, and V, is the fraction of mechanism I op-
erating. Even based on the available data, we can estimate
the magnitude of BtS,(T),for almost all the end-member
mechanisms likely to occur in geological melts with the
important exception of those involving iron. These are:
(1) that occurring in SiO, [preferred value of BJS,Q) :
19 6001; (2) that occurring in fully polymerized alumi-
nosilicates (15 700); and (3) one mechanism associated
with each network-modifying cation (NBO-Na = 9950,
NBO-K : l0 300, NBO-Mg = 15 800, and NBO-Ca :
16 000).

Once the end-member values of B"|S"(T), have been
defined, a method for calculating the relative probabilities
(tF,) is required for compositions in which more than one
mechanism is operating. In a general case, the absolute

probability of a given mechanism (,1r,) may be governed
by two terms (Eq. 14).

V, :  0 ,o , (14)

where o, is the physical probability of the necessary com-
ponents interacting (a function of the mole fractions of
the necessary components), and S, is a weighting factor
that increases the relative probability of lower energy
mechanisms [in the simplest case 0, may be inversely
proportional to B.lS,(Tr),1. Unfortunately, of the data sets
presented above, only two may be used to test and cali-
brate values for V,, although these cover the two impor-
tant cases of mixtures of different network-modifying cat-
ions (the system NarO-CaO-SiO,) and a join varying
from depolymerized to fully polymerized (SiO,-Na,O).

In the case of melts in the system CaO-NarO-SiOr, the
two flow mechanisms are: (l) an NBO attached to Na
interacting with a silicate tetrahedron and (2) an NBO
attached to Ca interacting with a silicate tetrahedron. The
physical probabilities (to,) are {X[NBON,].X[Si]] and
{XlNBO..l.X[Si]], respectively, where XINBO*"1 and
X[NBO."] are the number of non-bridging O atoms at-
tached to Na and Ca, respectively, and X[Si] is the num-
ber of Si atoms. Therefore, the fraction of flow events
occurring through NBOs attached to Na is:

V*uo_"u = (Q*uo_*" {XINBO*.I.Xtsrl}y
(0""o.*, {xlNBoN.l.xtsil }
* d""o.^ {xtNBoc"l.xlsil}) (15)

which may be simplified to:

V*uo-*o : X[NBO""I/(X[NBON"]
+{0*o{"/0*"*,}x[NBoc,]) (16)

If the data for the Ca-Na join at 70 mol%o SiO, are fit to
Equations 13 and 16, a value for the ratio {$""o-""/$."o_
.") of 0.36 is found to reproduce all of the intermediate
data points to within 17o. Such a value for Q"uo_""/$*uo_.^
is considerably less than the B.lS,(7") ratio of the end-
members (-0.63), suggesting that g, may not simply be
inversely proportional to B.lS,(7"),. However, another
possibility is that only one of the two NBOs attached to
divalent cations is available for viscous flow. In this case,
the value X[NBO."] would be half the value expected,
giving rise to an apparent ratio {g"uo_""/S""o_",} of 0.31.
If a value for {g*"o ""/Q"uo_"" } of 0.31 is assumed, and the
variation of B"|S.(T) on the join Na-Ca is calculated us-
ing Equations 13 and 16, it is found that the data points
lie very close to the predicted curve, as shown in Figure
6. Additional data on different pseudo-binary joins in-
volving monovalent and divalent cations clearly are re-
quired to constrain the dependence of ratios of $, on the
values of B"lS,(7") of the end-members and the valence
state of the cations involved.

In the case of the system SiOr-NarO, the two potential
mechanisms of viscous flow are: (1) interaction of an
NBO and a silicate tetrahedron and (2) that occurring in
pure SiO, which may involve 4Qa species (McMillan et



488 TOPLIS: SILICATE MELT VISCOSITY

al. 1994). The physical probabilities may therefore be
{XlNBO".l . Xtsil}, and (X[Qa])a, respectively. In this
case the relative probability of the NBO mechanism will
be:

v"uo"u : {xlNBo*^l.xtsil xtxtNBo""l.xlsil }
* {(0.,o,/Q"uo"J .(XlQ"ly}) (t1)

where $.,o, is the weighting factor of the mechanism op-
erating in pure SiO, (the Q" mechanism). It is clear that
the (XlQ^l)' term in Equation 17 will result in a highly
non-linear variation of B"lS"(7,)^, along this join as in-
deed observed (Fig. 3). If the data along the join SiO,-
NarO are fit to Equations 13 and 11 and 0.,o,/flu"o_*, is
considered a free variable, the values of B"/S.(d) along
this join may be reproduced rather well (as shown in Fig.
3). The quality of the fit is similar using end-member
values of BJS"Q) for SiO, of 16700 or 19600, and the
value of 0r,o,/0*uo,""is approximately 0.66 times the ratio
of the end-member values of B"|S,(T) in each case.

These limited data show that parameterization within
the framework of Equations 13 and 14 successfully de-
scribes the variation of B"|S,(T) on joins where two dif-
ferent viscous flow mechanisms are operating, giving
hope that values of B"lS,(7,) of more complex composi-
tions may also be parameterized within this framework.

A, and the prediction of Q
To estimate glass transition temperatures it is also nec-

essary to predict the magnitude of the A"term (Eq. 11).
As shown in Table I, absolute values of A. for different
compositions show a restricted range from -1.5 and
-3.7, which may be expected based on Equation 6.
Therefore, to a first approximation, a value of -2.6 ! |
may be used, which corresponds to an error of l-50-70
K in the calculated values of d for typical silicate melts.
However, it is clear that if detailed knowledge of 7. is
desired then a better estimate of A" is required. Indeed, it
is interesting to note that the rald,o B"lS.(7") is constant
along the join CaSiO,-MgSiO,, therefore, the pronounced
minimum in glass transition temperature along this join
(Neuville and Richet 1991) must be attributed to varia-
tions in A" alone. Thus, in this case, and maybe in other
cases such as the Na-K mixed alkali joins discussed by
Richet (1984), variations in the glass transition tempera-
ture are not caused directly by variations in S.(fr) (i.e.,
Eq. 1) but indirectly through the A. term (see Eq. 6, Fig.
1). However. if all the available data are considered to-
gether, there is no single equation that relates A" to either
S.(2") or B" (Fig. 7a and b). One possible explanation for
this dispersion is that A" is related to some molar property
of the melt, but which does not correspond to one gram
formula weight. Toplis et al. (1997a) have suggested that
S.(d) may be linked to mixing of tetrahedral sites. If the
variation of A" is considered as a function of B"l[tetra-
hedral (i.e., Si + Al), a very satisfactory linear correlation
is observed (Fig. 7c). Although the physical significance
of this empirical correlation remains to be explained in
detail, it may be used to recover values of A, for the wide
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range of compositions of very variable polymerization
described above to within +0.3, which corresponds to an
error in calculated glass transition temperature of approx-
imately t15-20 K.

Prediction of viscosity

Reliable estimation of the glass transition temperature
is clearly an important step toward the prediction of vis-
cosity at higher temperatures. However, the present anal-
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ysis cannot be used to predict the entire viscosity curve
using the Adam-Gibbs theory because the absolute values
of B" and S.(f") are not known, but only their ratio. Once
a robust model for the calculation of configurational en-
tropy at the glass transition as a function of composition
becomes available, the absolute values of B. and S.(T")
may be assessed and combined with values to. 6*r (Ri-
chet and Bottinga 1985, 1936) to calculate the entire vis-
cosity curve (Eqs. I and 2). In the meantime, the value
of { may be combined with estimates of viscosity in the
low-viscosity range (10-105 Pa.s) using models such as
those of Bottinga and Weill (1972) or Shaw (1972). At
least two high{emperature viscosities (and thus the gra-
dient of the log viscosity-inverse temperature curve at
high temperature) and the glass transition temperature
may be fit to the commonly used Thmann-Vogel-Fulcher
(TVF) equation (an equation that is found to reproduce
closely the experimentally determined viscosity curves
over large temperature ranges) to estimate the whole vis-
cosity curve. Such a procedure will indicate the degree
of departure from Arrhenian behavior, thus representing
a significant improvement on these existing models.

Suulrlny

The results presented here indicate that the ratio B"l
S.(f,) for a wide range of simple silicate compositions
shows variations as a function of composition that are
directly proportional to those which one may expect qual-
itatively for variations in the height of the potential en-
ergy barrier to viscous flow. However, it is clear that
much work remains to be done to verify the underlying
assumptions (i.e., the constancy of z* at the glass tran-
sition) and to extend the model to compositions of geo-
logical interest. For example, end-member values for B"/
S.({) for flow mechanisms involving Fe need to be de-
fined, although the case of Fe is complicated by the fact
that it may occur in the divalent or trivalent state, as well
as the fact that the structural role of Fei* may also be a
function of the redox conditions (Virgo and Mysen 1985).
It is also possible that the dependence of B"lS,(7") on a,r
(Fig. 3) observed for the monovalent cations may be ex-
trapolated to H, thus providing an estimate of the values
of B"/5,(T) in hydrous depolymerized melts. It is clear
that the study of pseudobinary joins containing combi-
nations of two different network modifiers is required to
constrain how Q, varies as a function of composition. Fur-
thermore, an essential extension of the model to compo-
sitions of geological interest is to consider intermediate
joins where both network modifiers and aluminate tetra-
hedra are abundant (e.g., NarSirOs-NaAlSirO6). If such
studies are found to support the validity of the present
parameterization then other elements whose structural
role is known to be more complex (e.g., B B, Ti) may be
studied. In these cases variations of B"/S.([) may pro-
vide evidence of viscous flow mechanisms involvins
these cations.
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